Weierstraß-Institut für Angewandte Analysis und Stochastik (WIAS)

im Forschungsverbund Berlin e. V.

Annual Research Report 2002

Berlin 2003 ISSN 1437-7489

Edited by Weierstraß-Institut für Angewandte Analysis und Stochastik (WIAS) Mohrenstraße 39 D – 10117 Berlin Germany

Fax: + 49 30 2044975 E-Mail: preprint@wias-berlin.de World Wide Web: http://www.wias-berlin.de/

(Edition of 13th March 2003)

Contents

1 Vorwort / Foreword 5

2 Wissenschaftlicher Beirat / Scientific Board 9

3 Aufgabenstellung und Struktur / Mission and Structure 10 3.1 Aufgabenstellung / Mission . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 3.1.1 Mikro-, Nano- und Optoelektronik / Micro-, nano-, and optoelectronics 11 3.1.2 Optimierung und Steuerung technischer Prozesse / Optimization and control of technological processes . . . . . . . . . . . . . . . . . . . . . 11 3.1.3 Phasenübergänge / Phase transitions . . . . . . . . . . . . . . . . . . . . 11 3.1.4 Stochastik in Natur- und Wirtschaftswissenschaften / Stochastics in natural sciences and economics . . . . . . . . . . . . . . . . . . . . . . 12 3.1.5 Strömungs- und Transportprobleme in Kontinuen / Flow and propagation processes in continua . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 3.1.6 Numerische Methoden der Analysis und Stochastik / Numerical methods of analysis and stochastics . . . . . . . . . . . . . . . . . . . . . . . . 13 3.2 Organisatorische Struktur / Organizational Structure . . . . . . . . . . . . . . . 13 3.2.1 Forschungsgruppe Partielle Differentialgleichungen und Variationsgleichungen / Research Group Partial Differential Equations and Variational Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 3.2.2 Forschungsgruppe Laserdynamik / Research Group Laser Dynamics . . 15 3.2.3 Forschungsgruppe Numerische Mathematik und Wissenschaftliches Rechnen / Research Group Numerical Mathematics and Scientific Computing 15 3.2.4 Forschungsgruppe Nichtlineare Optimierung und Inverse Probleme / Research Group Nonlinear Optimization and Inverse Problems . . . . . 16 3.2.5 Forschungsgruppe Stochastische Systeme mit Wechselwirkung / Research Group Interacting Random Systems . . . . . . . . . . . . . . . . 17 3.2.6 Forschungsgruppe Stochastische Algorithmen und Nichtparametrische Statistik / Research Group Stochastic Algorithms and Nonparametric Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.2.7 Forschungsgruppe Kontinuumsmechanik / Research Group Continuum Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 3.2.8 Wissenschaftlich-technische Dienste / Scientific Technical Services . . . 18

4 Research Results and Applied Projects 20 4.1 Research Group Partial Differential Equations and Variational Equations . . . . 20 4.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 4.1.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 Simulation of the modulation response of strained multi-quantum-well lasers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 Dissipative Schrödinger-Poisson systems . . . . . . . . . . . . . . . . . 26 Physical modeling and numerical simulation of heat and carrier transport for high-power semiconductor devices semiconductor devices . . . . . . 29

Stationary solutions of two-dimensional heterogeneous energy models with multiple species near equilibrium . . . . . . . . . . . . . . . . . . 32 Optimal control of surface heat treatments . . . . . . . . . . . . . . . . 35 Hysteresis phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 Quasilinear parabolic systems with discontinuous coefficients and mixed boundary conditions on two-dimensional space domains . . . . . . . . . 40 Numerical simulation and optimization of SiC single crystal growth by sublimitation from the gas phase . . . . . . . . . . . . . . . . . . . . . 43 Approximation and optimization of curved mechanical structures . . . . 47 4.2 Research Group Laser Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . 48 4.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 4.2.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 Dynamics of semiconductor lasers . . . . . . . . . . . . . . . . . . . . 49 Multiscale systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 Homoclinic bifurcations . . . . . . . . . . . . . . . . . . . . . . . . . . 61 4.3 Research Group Numerical Mathematics and Scientific Computing . . . . . . . 65 4.3.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 4.3.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 Two-dimensional numerical simulation of a DMFC (Direct Methanol Fuel Cell) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 Thermal convection in sedimental basins . . . . . . . . . . . . . . . . . 69 Finite element methods for surface diffusion . . . . . . . . . . . . . . . 71 Two- and three-dimensional unsteady melt-flow simulation in Czochralski crystal growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 Large-scale static and dynamic process simulation . . . . . . . . . . . . 76 Simulation of microwave and semiconductor laser structures . . . . . . 79 pdelib — Algorithms and software components for the numerical solution of partial differential equations . . . . . . . . . . . . . . . . . . . . 82 3D Delaunay mesh generation . . . . . . . . . . . . . . . . . . . . . . . 83 PARDISO, improved parallel efficiency for direct sparse LU-factorization 85 Visualization of numerical simulations and production of presentations . 87 4.4 Research Group Nonlinear Optimization and Inverse Problems . . . . . . . . . 88 4.4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 4.4.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 Direct and inverse diffraction problems in microoptics . . . . . . . . . . 90 Optimization problems with random and nonsmooth data . . . . . . . . 95 Regularization of severely ill-posed problems and applications . . . . . 98 Integral equation methods for problems of mathematical physics . . . . 99 Path planning for industrial robots in car industry . . . . . . . . . . . . 100 4.5 Research Group Interacting Random Systems . . . . . . . . . . . . . . . . . . . 102 4.5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 4.5.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 Stochastic dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 Low temperature phases in models with long-range interactions . . . . . 107 Gibbs measures of highly disordered systems . . . . . . . . . . . . . . . 109 Interacting catalytic branching processes . . . . . . . . . . . . . . . . . 111 Probabilistic Cellular Automata . . . . . . . . . . . . . . . . . . . . . . 115

Finite and infinite dimensional systems of diffusions with interaction . . 117 Stochastic models and numerical algorithms for coagulation problems . 121 Efficient control of stochastic particle methods for rarefied gas flows . . 123 4.6 Research Group Stochastic Algorithms and Nonparametric Statistics . . . . . . 125 4.6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 4.6.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 Statistical data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 Applied mathematical finance . . . . . . . . . . . . . . . . . . . . . . . 137 Numerical analysis of complex stochastic models . . . . . . . . . . . . 145 4.7 Research Group Continuum Mechanics . . . . . . . . . . . . . . . . . . . . . . 153 4.7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 4.7.2 Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156 Stability and relaxation of flows in porous materials . . . . . . . . . . . 156 Wave propagation in porous and granular materials . . . . . . . . . . . 159 Thermodynamic modeling of porous and granular materials . . . . . . . 162 Stress analysis of thin wafers . . . . . . . . . . . . . . . . . . . . . . . 164 Kinetic solution of sample initial and boundary value problems . . . . . 166 4.8 Projects interconnecting research groups . . . . . . . . . . . . . . . . . . . . . 168 On a nonlocal model of image segmentation . . . . . . . . . . . . . . . 168 Upscaling of microscopically calculated characteristics to macroscopic state equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 Sharp interface model for eutectic tin/lead alloy . . . . . . . . . . . . . 173 Micro-macro transitions of the atomic chain for various scalings . . . . 176 Phase transitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

5 Scientific-technical Services 183 5.1 Bibliothek / Library . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183 5.2 Fachinformation / Science Information . . . . . . . . . . . . . . . . . . . . . . 185 5.3 Rechentechnik / Computer Department . . . . . . . . . . . . . . . . . . . . . . 187

6 Publications, Scientific Life 189 6.1 Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 6.1.1 Monographs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189 6.1.2 Articles in Refereed Journals . . . . . . . . . . . . . . . . . . . . . . . 189 6.1.3 Contributions to Collected Editions . . . . . . . . . . . . . . . . . . . . 197 6.2 Preprints, Reports . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 6.2.1 WIAS Preprints Series . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 6.2.2 WIAS Reports Series . . . . . . . . . . . . . . . . . . . . . . . . . . . 207 6.2.3 WIAS Technical Reports Series . . . . . . . . . . . . . . . . . . . . . . 207 6.2.4 Preprints/Reports in other Institutions . . . . . . . . . . . . . . . . . . . 208 6.3 Membership in Editorial Boards . . . . . . . . . . . . . . . . . . . . . . . . . . 210 6.4 Talks, Posters, and Contributions to Exhibitions . . . . . . . . . . . . . . . . . 211 6.4.1 Talks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 6.4.2 Posters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228 6.4.3 Contributions to Exhibitions . . . . . . . . . . . . . . . . . . . . . . . . 229 6.5 Visits to other Institutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 6.6 Academic Teaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234

6.7 Calls, Awards and Distinctions, Habilitations, Ph.D. Theses, and Undergraduatedegree Supervision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 6.8 WIAS Conferences, Colloquiums, and Workshops . . . . . . . . . . . . . . . . 239 6.9 Visiting Scientists . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242 6.9.1 Guests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242 6.9.2 Scholarship Holders . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 6.9.3 Doctoral Candidates and Post-docs supervised by WIAS Collaborators . 248 6.10 Guest Talks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249 6.11 Membership in Organizing Committees of non-WIAS Meetings . . . . . . . . . 259 6.12 Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261 6.13 Grants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 266

Index 271

1 Vorwort / Foreword

Das Weierstraß-Institut für Angewandte Analysis und Stochastik (WIAS) legt hiermit Kollegen, Förderern und Kooperationspartnern des Instituts seinen Jahresforschungsbericht 2002 vor. Der Bericht gibt in seinem ersten Teil Auskunft über die gemachten Fortschritte und die erzielten Resultate, gegliedert nach Forschungsgebieten, Projekten und Einzelthemen. Im zweiten Teil wird ein Überblick über das wissenschaftliche Leben am WIAS gegeben.

The Weierstrass Institute for Applied Analysis and Stochastics (WIAS) herewith presents its Annual Scientific Report 2002 to its colleagues, supporters, and cooperation partners. In its first part, the report informs about the progress made and the results obtained in 2002, divided into research areas, projects, and single topics. The second part gives a general account of the scientific life at WIAS.

In wissenschaftlicher Hinsicht war das Jahr 2002 wiederum erfolgreich. Die Arbeiten am Forschungsprogramm 2001–2003 wurden weitergeführt. Es gelang dem Institut, in Zeiten knapper werdenden Geldes und wachsender Konkurrenz seine Stellung als führende Institution im Bereich der mathematischen Behandlung konkreter Problemstellungen aus komplexen Anwendungsfeldern nicht nur zu halten, sondern weiter auszubauen. Dabei konnten wesentliche Beiträge sowohl zur Lösung konkreter Anwendungsprobleme als auch zu innermathematischen Problemstellungen geleistet werden, und die interne Verflechtung innerhalb des Instituts sowie die Anzahl der interdisziplinär bearbeiteten Aufgabenstellungen aus Industrie, Wirtschaft und Wissenschaft nahmen weiter zu.

From a scientific point of view, the year 2002 has again been successful. Work on the Research Program 2001–2003 has been continued. In spite of the growing shortness of money and a growing competition, WIAS succeeded in defending and even strengthening its position as a leading institution in the mathematical treatment of concrete problems from complex fields of applications. Essential contributions to the solution of both concrete application problems and purely mathematical problems could be made. There was an increase in the internal integration within the institute as well as in the number of tasks from industry, economy, and sciences that were treated interdisciplinarily.

Die positive Entwicklung spiegelt sich einerseits wider in der im Vergleich zum Vorjahr deutlich gesteigerten Drittmitteleinwerbung, wobei es dem Institut erfreulicherweise gelang, die Einwerbung von Drittmitteln aus der Wirtschaft erneut merklich zu erhöhen; andererseits war die Anzahl der in referierten Fachzeitschriften erschienenen Publikationen und der eingeladenen Vorträge auf internationalen Tagungen erfreulich.

The positive development is reflected, on the one hand, by the distinctly increased third-party funds that have been raised in 2002, compared to last year’s funds, and, much to our satisfaction, the institute succeeded again in raising substantially more funds from industry. On the other hand, also the number of publications that appeared in refereed journals and the number of invited talks at international conferences were positive.

Besonders augenfällig wird der hohe Stellenwert, den die am WIAS geleistete Arbeit in der Scientific Community hat, wiederum im Bereich der Berufungen: Im Berichtsjahr 2002 ergingen drei Rufe an Mitarbeiter des Instituts auf Professuren, davon eine auf einen Lehrstuhl im Ausland, eine auf eine C3-Professur im Inland, und eine auf eine Juniorprofessur.

The high rank of WIAS’ research work in the scientific community becomes again especially clear in the field of calls: in 2002, three calls to professorships were received by WIAS collaborators, including one to a full professorship abroad, one to a C3 (associate) professorship in Germany, and one to a Junior Professorship. We are very proud that for the first time two

Besonders erfreulich war dabei, dass erstmalig zwei Mitarbeiterinnen berufen wurden. Insgesamt sind nunmehr seit der Gründung des Instituts im Jahre 1992 schon 24 Rufe an Mitarbeiter/innen des Instituts auf Professuren erfolgt (davon zwölf auf C4-Professuren und sieben auf Professuren im Ausland), eine Bilanz, die sich bei einer Zahl von derzeit 54 etatisierten Wissenschaftlern wirklich sehen lassen kann.

female collaborators have received calls. Altogether, since the institute’s foundation in 1992, 24 calls have been received by collaborators of WIAS (including twelve to C4 (full) professorships and seven to professorships abroad). This is a remarkable output, given a number of 54 scientists now in our budget.

Die an sich schon intensive Kooperation mit den mathematischen Institutionen im Raum Berlin wurde weiter vertieft. Besonderes Augenmerk galt weiterhin der Zusammenarbeit mit den Berliner Hochschulen. Dabei wurden im Berichtsjahr zwei gemeinsame Berufungen mit der Technischen Universität Berlin in die Wege geleitet: Sowohl für die Berufung des Leiters der Forschungsgruppe „Nichtlineare Optimierung und Inverse Probleme“ auf eine C4-S-Professur für „Numerische nichtlineare Optimierung“ als auch für die Berufung des Leiters der Forschungsgruppe „Stochastische Systeme mit Wechselwirkung“ auf eine C4-S-Professur „Vernetzte stochastische Systeme“ wurden Berufungslisten erarbeitet. Es steht zu erwarten, dass am Ende des Jahres 2003 insgesamt fünf gemeinsame Berufungen auf C4-S-Professuren mit den Berliner Universitäten realisiert sein werden. Für die Einrichtung einer weiteren C4-S-Professur für „Partielle Differentialgleichungen“ an der Humboldt-Universität zu Berlin zur gemeinsamen Berufung des Leiters der Forschungsgruppe „Partielle Differentialgleichungen und Variationsgleichungen“ wurden die Voraussetzungen geschaffen.

The cooperation with the mathematical institutions in Berlin and its environs, having already been intensive, has been further strengthened. Our main attention was again directed to the cooperation with the Berlin universities. In 2002, two joint appointments with the Technical University of Berlin have been lined up: Suitable applicants have been chosen for the appointment of the head of the research group “Nonlinear Optimization and Inverse Problems” to a C4 special professorship for “Numerical Nonlinear Optimization” as well as for the appointment of the head of the research group “Interacting Random Systems” to a C4 special professorship for “Networked Stochastic Systems”, and we hope that at the end of the year 2003 altogether five joint appointments to C4 special professorships with the Berlin universities will be concluded. The foundations have been laid for the establishment of one further C4 special professorship, this one for “Partial Differential Equations” at Humboldt University of Berlin for the head of the research group “Partial Differential Equations and Variational Equations”.

Neben diesen Aktivitäten und neben der Zusammenarbeit mit den Hochschulen durch die vielfältigen von Mitarbeitern des WIAS abgehaltenen Lehrveranstaltungen, die Beteiligung an Sonderforschungsbereichen, Schwerpunktprogrammen und Graduiertenkollegs der DFG, war das absolute wissenschaftliche Highlight des Jahres die erfolgreiche Einwerbung des DFG-Forschungszentrums FZT 86 „Mathematik für Schlüsseltechnologien“ an der Technischen Universität Berlin zusammen mit den

Besides these activities and besides the cooperation with the universities through manifold teaching activities by WIAS collaborators, the participation in DFG Collaborative Research Centers, Priority Programs, and Graduate Colleges, the absolute scientific highlight of the year 2002 has been the successful proposal for the DFG Research Center “Mathematics for Key Technologies” at the Technical University of Berlin together with the three Berlin universities and the Konrad-Zuse-Zentrum für drei Berliner Universitäten und dem Konrad- Zuse-Zentrum für Informationstechnik Berlin. Durch das Forschungszentrum werden für zunächst vier Jahre jährlich mehr als fünf Millionen Euro an DFG-Fördergeldern nach Berlin fließen, um in Berlin einen international sichtbaren „Leuchtturm“ der Forschung in angewandter Mathematik zu errichten.

Informationstechnik Berlin (Konrad Zuse Center for Scientific Computing Berlin). Through the Research Center, DFG funds of more than five million euros will flow to Berlin in each of the next four years, at first, to erect in Berlin a “beacon” of research in Applied Mathematics to be visible to the whole world.

Das WIAS engagiert sich in erheblichem Maße finanziell und personell am Erfolg des Zentrums: Der Institutsdirektor ist Vorstandsmitglied des Zentrums, seine beiden Stellvertreter Mitglieder des Rates des Zentrums, und Mitarbeiter des Instituts sind an insgesamt 12 Teilprojekten des Forschungszentrums als Teilprojektleiter beteiligt. Insgesamt acht weitere wissenschaftliche Mitarbeiter und mehrere studentische Hilfskräfte konnten aus Zentrumsmitteln am WIAS eingestellt werden.

WIAS is committed to the success of the Center by providing considerable financial and personal resources: The Director of WIAS is a member of the Center’s Executive Board and both his deputies are members of its Council. WIAS collaborators participate in the management of 12 subprojects of the Center. Altogether, eight more scientific collaborators and several student assistants could be employed by WIAS from Center funds.

Unverändert bleibt es das übergeordnete Ziel des Instituts, Grundlagenforschung und anwendungsorientierte Forschung miteinander zu verbinden und durch neue wissenschaftliche Erkenntnisse zur Fortentwicklung innovativer Technologien beizutragen. Die Erfüllung dieser Aufgabe wird angesichts der zunehmenden Mittelknappheit in allen Bereichen immer schwieriger. Bisher hat sich das WIAS erfolgreich dem wissenschaftlichen Wettbewerb um die Fördermittel gestellt und die erfolgten Kürzungen durch vermehrte Anstrengungen in der Drittmitteleinwerbung weitgehend kompensieren können. Allerdings gibt es hierfür eine Grenze: Eine hinreichende Grundausstattung ist unerlässlich, damit das Institut auch weiterhin erfolgreich im wissenschaftlichen Wettbewerb bestehen kann.

Our primary aim remains unchanged: to join fundamental research with application-oriented research, and, by new scientific insights, to contribute to the advancement of innovative technologies. The accomplishment of this mission becomes more and more difficult in view of the growing shortness of funds in all areas. Thus far, WIAS has successfully taken up the challenge of the scientific competition for additional funds from support programs and has been able to compensate for the financial cuts by an intensified effort in the raising of thirdparty funds. But there is a limit to this: A sufficient basic equipment is imperative for the institute to remain successful in the scientific competition.

Die Herausforderungen im Jahr 2003 werden für das WIAS erheblich sein. An allererster Stelle steht dabei die für Anfang Juli angesetzte Evaluierung durch den Senat der Leibniz- Gemeinschaft (WGL). Hier gilt es, die bei der letzten Evaluierung durch den Wissenschaftsrat im Jahre 1997 erzielte positive Bewertung zu bestätigen. Die Mitarbeiter des Instituts sehen diesem für die weitere Entwicklung entschei-

The challenges in 2003 will be considerable for WIAS. First of all, there is the evaluation by the Senate of Leibniz Association (WGL) in July 2003. We will strive to confirm the positive results obtained by us in the 1997’s evaluation by the German Science Council. WIAS’s collaborators are facing this event, that will be decisive for the institute’s future, in eager anticipation. It is our firm conviction denden Event mit gespannter Erwartung und der festen Überzeugung entgegen, in den vergangenen Jahren hervorragende Arbeit geleistet zu haben.

that we did a very good job in the last years.

Wie in den vergangenen Jahren hoffen wir, dass dieser Bericht möglichst vielen Kollegen und Förderern aus Industrie, Wirtschaft und Wissenschaft zur Information dienen und Anregungen zur Zusammenarbeit geben möge.

As in the last years we hope that as many colleagues and supporters as possible from industry, economy, and sciences might find this report informative and might be encouraged to start to cooperate with us.

Berlin, im Januar 2003 / in January 2003

2 Wissenschaftlicher Beirat / Scientific Board

Prof. Dr. C. J. van Duijn Prof. Dr. G. Dziuk Prof. Dr. H. Föllmer

Dept. Mathematics Albert-Ludwigs-Univ. Freiburg Humboldt-Univ. zu Berlin and Computer Science Institut für Angewandte Math.-Naturwiss. Fakultät II TU-Eindhoven Mathematik Institut für Mathematik P.O. Box 513 Hermann-Herder-Str. 10 Unter den Linden 6

NL–5600 MB Eindhoven 79104 Freiburg 10099 Berlin The Netherlands

Prof. Dr. A. Gilg Prof. Dr. F. R. Götze Prof. Dr. D. Kröner

SIEMENS AG Universität Bielefeld Albert-Ludwigs-Univ. Freiburg CTPP2 Fakultät für Mathematik Institut für Angewandte Mathematik Otto-Hahn-Ring 6 Postfach 10 01 31 Hermann-Herder-Str. 10

81739 München 33501 Bielefeld 79104 Freiburg

Prof. Dr. U. Langer Prof. Dr. M. Niezgódka PD Dr. L. Overbeck

Johannes Kepler Univ. Linz Interdisciplinary Centre for Deutsche Bank AG Institut für Analysis Math. and Comput. Modelling Risk Management und Numerik Warsaw University Altenberger Str. 69 Pawienskiego 5 A Taunusanlage 12

A–4040 Linz Pl–02-106 Warsaw 60325 Frankfurt am Main Österreich Poland

Dr. A. Schuppert

BAYER AG Technische Entwicklung ZT-TE 2.2, Gebäude K 9

51368 Leverkusen

3 Aufgabenstellung und Struktur / Mission and Structure

3.1 Aufgabenstellung / Mission

Das Weierstraß-Institut für Angewandte Analysis und Stochastik (WIAS) im Forschungsverbund Berlin e. V. verfolgt als Institut der Leibniz-Gemeinschaft (WGL) Forschungsziele, die von gesamtstaatlichem Interesse und überregionaler Bedeutung sind. Entsprechend den Empfehlungen des Wissenschaftsrats betreibt das WIAS projektorientierte Forschungen in Angewandter Mathematik, insbesondere in Angewandter Analysis und Angewandter Stochastik, mit dem Ziel, zur Lösung komplexer Problemkreise aus Wirtschaft, Wissenschaft und Technik beizutragen. Die Herangehensweise ist dabei ganzheitlich, d. h. am WI- AS wird der gesamte Problemlösungsprozess von der interdisziplinären Modellierung über die mathematisch-theoretische Behandlung des Modells bis hin zur konkreten numerischen Simulation betrieben.

As a member of Leibniz Association (WGL), the Weierstraß-Institut für Angewandte Analysis und Stochastik (Weierstrass Institute for Applied Analysis and Stochastics/WIAS) in Forschungsverbund Berlin e.V. strives for research results of supraregional and national interest. Following the recommendations of the German Science Council, WIAS engages in project-oriented research in applied mathematics, particularly in applied analysis and applied stochastics, aiming at contributing to the solution of complex economic, scientific, and technological problems. WIAS approaches this aim integrally, pursuing the entire problemsolving process from the interdisciplinary modeling over the theoretical mathematical analysis of the model to concrete numerical simulations.

Die Forschungen am WIAS konzentrierten sich im Berichtsjahr auf die folgenden Schwerpunktthemen, in denen das WIAS besondere Kompetenz bezüglich Modellierung, Analysis und Simulation besitzt:

Research at WIAS focused, in the time under review, on the following main fields, in which the institute has a special competence in the modeling, analysis, and simulation.

• Mikro-, Nano- und Optoelektronik,

• Optimierung und Steuerung technischer Prozesse,

• Phasenübergänge,

• Stochastik in Natur- und Wirtschaftswissenschaften,

• Strömungs- und Transportprobleme in Kontinuen,

• Numerische Methoden der Analysis und Stochastik.

• Micro-, nano-, and optoelectronics;

• Optimization and control of technological processes;

• Phase transitions;

• Stochastics in natural sciences and economics;

• Flow and propagation processes in continua;

• Numerical methods of analysis and stochastics.

3.1. AUFGABENSTELLUNG / MISSION 11

Dabei wurden u. a. mathematische Problemstellungen aus den folgenden Bereichen bearbeitet^1:

Among others, mathematical problems from the following areas have been treated^2:

3.1.1 Mikro-, Nano- und Optoelektronik / Micro-, nano-, and optoelectronics

– Mikroelektronische Bauelemente (Technologie- und Bauelementesimulation von Halbleiterbauelementen; in FG 1 und FG 3)

– Simulation von mikroelektronischen Schaltkreisen und von Mikrowellenschaltungen (in FG 3)

– Modellierung und Simulation von Halbleiterlasern (in FG 1, FG 2 und FG 3)

– Diffraktive Optik (Simulation und Optimierung optischer Gitter; in FG 4)

– Microelectronic devices (technology and device simulation of semiconductor devices, in FG 1 and FG 3)

– Simulation of microelectronic circuits and of microwave circuits (in FG 3)

– Modeling and simulation of semiconductor lasers (in FG 1, FG 2, and FG 3)

– Diffractive optics (simulation and optimization of optical gratings, in FG 4)

3.1.2 Optimierung und Steuerung technischer Prozesse / Optimization and control of technological processes

– Simulation und Steuerung chemischer Anlagen (in FG 2, FG 3 und FG 4)

– Robotik (Optimierung und inverse Modellierung von Mehrkörpersystemen; in FG 4)

– Probleme des Optimal Shape Design (in FG 1)

– Simulation and control of chemical plants (in FG 2, FG 3, and FG 4)

– Robotics (optimization and inverse modeling of multi-body systems, in FG 4)

– Problems of Optimal Shape Design (in FG 1)

3.1.3 Phasenübergänge / Phase transitions

– Wärmebehandlung und Schweißverfahren bei Stählen (Modellierung und Simulation; in FG 1)

– Phasenfeldmodelle (Simulation von Formgedächtnislegierungen, flüssig-fest- Übergängen und Phasenseparation; in FG 1, FG 3 und FG 7)

– Heat treatment and welding processes for steels (modeling and simulation, in FG 1)

– Phase-field models (simulation of shapememory alloys, liquid-solid transitions and phase separation, in FG 1, FG 3, and FG 7)

1In Klammern sind die Forschungsgruppen (FG) angegeben, in denen das Thema jeweils behandelt wurde. 2The research groups (FG) involved in the respective research are indicated in brackets.

– Stochastische Modellierung von Phasenübergängen und Spingläsern (in FG 5)

– Stochastic modeling of phase transitions and spin glasses (in FG 5)

– Verfahren der Züchtung von SiC- und GaAs-Einkristallen (in FG 1 und FG 7)

– Growth processes of SiC and GaAs single crystals (in FG 1 and FG 7)

3.1.4 Stochastik in Natur- und Wirtschaftswissenschaften / Stochastics in natural sciences and economics

– Stochastische Teilchensysteme und kinetische Gleichungen (Modellierung und Simulation von Koagulationsprozessen und Gasströmungen; in FG 5, FG 6 und FG 7)

– Modellierung von Aktien-, Zins- und Wechselkursen (in FG 6)

– Bewertung von Derivaten, Portfolio- Management und Risikobewertung (in FG 6)

– Nichtparametrische statistische Methoden (Bildverarbeitung, Finanzmärkte, Ökonometrie; in FG 6)

– Datenanalyse (Cluster- und Diskriminanzanalyse, Credit-Scoring; in FG 6)

– Stochastic particle systems and kinetic equations (modeling and simulation of coagulation processes and gas flows, in FG 5, FG 6, and FG 7)

– Modeling of stock prices, interest rates, and exchange rates (in FG 6)

– Evaluation of derivatives, portfolio management, and evaluation of risk (in FG 6)

– Nonparametric statistical methods (image processing, financial markets, econometrics, in FG 6)

– Data analysis (clustering and discriminant analysis, credit scoring, in FG 6)

3.1.5 Strömungs- und Transportprobleme in Kontinuen / Flow and propagation processes in continua

– Navier-Stokes-Gleichungen (in FG 3)

– Strömungen und Massenaustausch in porösen Medien (Wasser- und Stofftransport in Böden und in porösen Gesteinen, Zweiphasenströmungen und Modellierung von Brennstoffzellen; in FG 3 und FG 7)

– Thermomechanik poröser Körper und granularer Stoffe (Schall- und Stoßwellen, Streuung und Beugung; in FG 7)

– Navier-Stokes equations (in FG 3)

– Flows and mass exchange in porous media (water and materials transport in soils and porous rocks, two-phase flows, and modeling of fuel cells, in FG 3 and FG 7)

– Thermomechanics of porous bodies and of granular materials (sound waves, shock waves, dispersion and diffraction, in FG 7)

3.1.6 Numerische Methoden der Analysis und Stochastik / Numerical methods of analysis and stochastics

– Numerische Lösung partieller Differentialgleichungen (Finite-Volumen- und Finite-Element-Methoden, Vorkonditionierer, Gittergeneration, Fehlerschätzer und Adaptivität; in allen Forschungsgruppen, insbesondere in FG 3)

– Numerical solution of partial differential equations (finite-volume and finiteelement methods, preconditioners, grid generation, error estimators, and adaptivity, in all research groups, especially in FG 3)

– Numerik von Algebro-Differentialglei-chungen (in FG 3)

– Numerik von Integralgleichungen (Randelementmethoden, Waveletalgorithmen; in FG 4)

– Verfahren der nichtlinearen Optimierung (in FG 1 und FG 4)

– Stochastische Numerik (in FG 6)

– Monte-Carlo-Verfahren (kinetische Gleichungen, Koagulationsdynamik, Teilchensysteme; in FG 5, FG 6 und FG 7)

– Weiterentwicklung von Softwarepaketen des WIAS (WIAS-TeSCA,

ClusCorr98®, DiPoG, COG,
LDSL-tool, pdelib und andere,

siehe S. 261; in FG 1, FG 2, FG 3, FG 4 und FG 6)

– Numerics of differential–algebraic equations (in FG 3)

– Numerics of integral equations (boundary-element methods, wavelet algorithms, in FG 4)

– Nonlinear optimization techniques (in FG 1 and FG 4)

– Stochastic numerics (in FG 6)

– Monte-Carlo processes (kinetic equations, coagulation dynamics, particle systems, in FG 5, FG 6, and FG 7)

– Further development of WIAS software packages (WIAS-TeSCA,

ClusCorr98®, DiPoG, COG,
LDSL-tool, pdelib and others, see

page 261; in FG 1, FG 2, FG 3, FG 4, and FG 6)

3.2 Organisatorische Struktur / Organizational Structure

Zur Erfüllung seiner wissenschaftlichen Aufgabenstellung war das WIAS im Berichtsjahr 2002 nach fachspezifischen Gesichtspunkten in sieben Forschungsgruppen gegliedert; hinzu kamen die wissenschaftlich-technischen Dienste. Im Folgenden sind die Aufgaben dieser Abteilungen angegeben.

In order to fulfil its scientific mission WIAS has been divided, according to the mathematical fields treated there, into seven research groups and the scientific technical services. Please find in the following the tasks of these departments.

14 3. AUFGABENSTELLUNG UND STRUKTUR / MISSION AND STRUCTURE

3.2.1 Forschungsgruppe Partielle Differentialgleichungen und Variationsgleichungen / Research Group Partial Differential Equations and Variational Equations

Die Arbeiten der Forschungsgruppe befassten sich mit der qualitativen Analyse von Systemen nichtlinearer partieller Differentialgleichungen und, darauf aufbauend, mit der Entwicklung von Verfahren zu ihrer numerischen Lösung. Die betrachteten Gleichungen modellieren komplexe Phänomene und Prozesse insbesondere aus Physik, Chemie, Materialwissenschaften und Technik und bilden die Grundlage zu deren numerischer Simulation. Die Forschungsschwerpunkte der Forschungsgruppe lagen im Jahr 2002 auf den Gebieten

• Stoff-, Ladungs- und Energietransport in heterogenen Halbleiterstrukturen,

• Modellierung optoelektronischer Bauelemente unter Einbeziehung von Quantisierungseffekten,

• Phasenfeldmodelle, Züchtungssimulation und Hysterese-Phänomene bei Phasenübergängen.

The group has been working on the qualitative analysis of systems of nonlinear partial differential equations and, on this basis, on the development of methods for their numerical solution. The equations under study model complex phenomena and processes particularly from physics, chemistry, materials science, and technology and form the basis for their numerical simulation.

In 2002, the group’s research work focused on the areas

• Materials, charge, and energy transport in heterogeneous semiconductor structures;

• Modeling of opto-electronical components including quantization effects;

• Phase-field models, growth simulation, and hysteresis phenomena in phase transitions.

3.2.2 Forschungsgruppe Laserdynamik / Research Group Laser Dynamics

Die Arbeiten dieser Forschungsgruppe befassten sich mit der Modellierung, der qualitativen Analyse, der numerischen Untersuchung und der Steuerung dynamischer Systeme, die Prozesse in der Optoelektronik, in der Reaktionskinetik und in der Biochemie beschreiben. Das zentrale Forschungsthema der Gruppe war die

• Nichtlineare Dynamik von Mehrsektions- Halbleiterlasern.

The research of this group was concerned with modeling, quantitative analysis, numerical study, and control of dynamical systems describing processes in opto-electronics, in reaction kinetics and in biochemistry. The main topic of the group was the

• Nonlinear dynamics of multisection semiconductor lasers.

3.2.3 Forschungsgruppe Numerische Mathematik und Wissenschaftliches Rechnen / Research Group Numerical Mathematics and Scientific Computing

Die mathematische Modellierung naturwissenschaftlicher und technologischer Vorgänge erfordert die effiziente numerische Lösung von

The mathematical modeling of scientific and technological processes requires the efficient numerical solution of systems of nonlinear or-

Systemen nichtlinearer gewöhnlicher und partieller Differentialgleichungen sowie von großen Systemen von Algebro-Differentialgleichun-gen. Die Hauptaufgabe der Forschungsgruppe bestand in der Entwicklung, theoretischen Begründung und Implementierung numerischer Methoden zur Lösung solcher Systeme. Die Untersuchungen konzentrierten sich auf die Themenkreise

• Numerische Verfahren und Softwarekomponenten für die Lösung von Systemen partieller Differentialgleichungen (insbesondere in der Mikro-, Nano- und Optoelektronik, bei Phasenübergängen und bei Strömungs- und Transportvorgängen),

• Simulation von Höchstfrequenzschaltungen,

• Dynamische Simulation chemischer Prozesse.

dinary and partial differential equations as well as of large systems of differential–algebraic equations. The main task of the research group was the development, the theoretical substantiation and the implementation of numerical methods to solve such systems. The studies concentrated upon the topics

• Numerical methods and software components for the solution of systems of partial differential equations (particularly in micro-, nano- and optoelectronics, for phase transitions and for flow and propagation processes);

• Simulation of hyperfrequency circuits;

• Dynamical simulation of chemical processes.

3.2.4 Forschungsgruppe Nichtlineare Optimierung und Inverse Probleme / Research Group Nonlinear Optimization and Inverse Problems

Die Arbeiten dieser Forschungsgruppe befassten sich mit der theoretischen Analyse, Entwicklung und Implementierung numerischer Methoden für große Probleme der Optimierung und Inversen Modellierung. Die Themenschwerpunkte lagen in den Bereichen

• Modellierung und optimales Design diffraktiver Strukturen der Mikrooptik,

• Nichtlineare und stochastische Optimierung in der Verfahrenstechnik,

• Inverse Probleme der Elektromagnetik und Optik.

This research group was occupied with the theoretical analysis, development, and implementation of numerical methods for large problems originating from the fields of optimization and inverse modeling. The main areas of research were

• Modeling and optimal design of diffractive structures in micro-optics;

• Nonlinear and stochastic optimization in process engineering;

• Inverse problems of electromagnetics and optics.

3.2.5 Forschungsgruppe Stochastische Systeme mit Wechselwirkung / Research Group Interacting Random Systems

Die mathematische Analyse sehr großer Systeme und Strukturen mit wechselwirkenden Komponenten ist in zahlreichen Bereichen der Naturwissenschaften und in vielen technischen Anwendungen von Bedeutung. Die Forschungsgruppe befasste sich in diesem Zusammenhang im Berichtsjahr mit Fragestellungen aus den Gebieten

• Gleichgewicht und Dynamik von ungeordneten Systemen,

• Katalytische Verzweigungsstrukturen und wechselwirkende Diffusionen,

• Stochastische Teilchensysteme und kinetische Gleichungen.

The mathematical analysis of very large systems and structures with interacting components is important for various areas of the natural sciences and for many technical applications. In the year under review, the research group was concerned with problems from the following areas

• Equilibrium states and dynamics of disordered systems;

• Catalytic branching processes and interactive diffusions;

• Stochastic particle systems and kinetic equations.

3.2.6 Forschungsgruppe Stochastische Algorithmen und Nichtparametrische Statistik / Research Group Stochastic Algorithms and Nonparametric Statistics

Die Forschungsgruppe befasste sich mit Arbeiten zur Angewandten Stochastik und Finanzmathematik. Die Schwerpunkte lagen dabei auf den Bereichen

• Risikomessung, Bewertung und Simulation von Zinsderivaten sowie Portfolio- Optimierung,

• Stochastische Algorithmen und Turbulenztheorie,

• Nichtparametrische statistische Methoden der Bildverarbeitung und der Ökonometrie, Cluster- und Diskriminanzanalyse.

The research group worked on problems from Applied Stochastics and Financial Mathematics. The main topics came from the areas

• Risk evaluation, interest rate modeling, calibration and pricing of non-standard derivatives, and portfolio optimization;

• Stochastic algorithms and turbulence modeling;

• Nonparametric statistical methods in image processing and econometrics, clustering and discriminant analysis.

3.2.7 Forschungsgruppe Kontinuumsmechanik / Research Group Continuum Mechanics

Die Arbeiten dieser Forschungsgruppe befassten sich im Berichtszeitraum mit speziellen kontinuumsmechanischen und thermodynamischen Fragestellungen, die bei konkreten Anwendungsproblemen aus Naturwissenschaften und Technik auftreten. Die Arbeitsschwerpunkte lagen dabei in den Bereichen

The research group concentrated its work in the year under review on specific problems of continuum mechanics and thermodynamics that appeared in concrete applications in sciences and technology. The main areas of research were

• Wellenausbreitung und Massenaustausch in porösen Medien,

• Mikro-Makro-Übergänge.

• Wave propagation and mass exchange in porous media;

• Micro-macro transitions.

3.2.8 Wissenschaftlich-technische Dienste / Scientific Technical Services

Zur Versorgung der Forschungsgruppen mit Fachliteratur und Fachinformationen betreibt das WIAS eine wissenschaftliche Bibliothek, die den Charakter einer Spezialbibliothek hat, d. h. sie stellt aus eigenen Beständen und durch Mitnutzung fremder Bestände die Literatur für die wissenschaftliche Arbeit bereit. Dies geschieht in enger Zusammenarbeit mit der Fachinformation. Gehalten werden Zeitschriften, Serien, Monographien, Preprints, Reports und CD-ROMs.

In order to provide the research groups with specialized literature and with science information, WIAS has a Scientific Library with the character of a specialized library, making available the literature for the scientific work from its own stock or by using the stocks of other institutions, in close cooperation with the Science Information. The library offers journals, series, monographs, preprints, reports, and CD-ROMs.

Die Gruppe Rechentechnik ist zuständig für die Versorgung des Instituts mit den nötigen Kapazitäten im Bereich der EDV. Ihr obliegt neben der Hardware- und Software-Wartung das gesamte Systemmanagement und ferner die Betreuung des hausinternen Rechnernetzes.

The Computer Department is responsible for supplying the institute with the necessary electronical data processing facilities. Apart from maintaining the institute’s hardware and software, the department is in charge of the management of the entire computer system and of the internal computer network.

Die Verwaltung erledigt die für die Arbeitsfähigkeit des Instituts notwendigen verwaltungstechnischen und organisatorischen Aufgaben. Das WIAS ist mit derzeit sieben weiteren naturwissenschaftlichen Forschungsinstituten im Forschungsverbund Berlin e. V. (FVB) rechtlich zusammengeschlossen. Administrative Aufgaben werden im FVB zwecks einer effizienten einheitlichen Verwaltungsleistung ar-

The Administration attends to the administrative and organizational tasks thus enabling the institute to fulfil its mission. WIAS has legally joined forces with seven more scientific research institutes in Forschungsverbund Berlin e.V. (FVB). Aiming at an efficient homogeneous administrative performance within FVB, the FVB’s Common Administration and the institutes’ administrations share the administrabeitsteilig von der Gemeinsamen Verwaltung des FVB und den Institutsverwaltungen erbracht. Dem Geschäftsführer des FVB obliegt die Führung der Verwaltungsgeschäfte.

tive tasks. The Manager of FVB is in charge of the administrative business.

4 Research Results and Applied Projects

4.1 Research Group Partial Differential Equations and Variational Equations

4.1.1 Overview Im Einklang mit dem WIAS-Forschungspro-gramm hat die Forschungsgruppe ihre Arbeiten zur mathematischen Modellierung und Analyse von mikro- und optoelektronischen Bauelementen sowie von Phasenumwandlungen fortgesetzt. Ihre analytischen Arbeiten reichen von grundlegenden Untersuchungen zur Existenz, Einzigkeit und dem qualitativen Verhalten von Lösungen der Modellgleichungen über die Begründung, Implementierung und praktische Erprobung von Näherungsverfahren bis zur Installation von Lösungsalgorithmen bei Kooperationspartnern.

According to the WIAS research program the research group has continued its work in mathematical modeling and analysis of micro- and optoelectronic devices and phase transitions. The analytical work covers basic investigations on existence, uniqueness, and qualitative behavior of solutions to the model equations, foundation, implementation, and practical testing of approximative procedures up to the implemention of solution algorithms for cooperation partners.

Die Forschungsgruppe ist am DFG- Forschungszentrum „Mathematik für Schlüsseltechnologien“ mit folgenden Projekten beteiligt:

The research group takes part in the DFG Research Center “Mathematics for Key Technologies” with the projects:

• Formoptimierung und Kontrolle gekrümmter mechanischer Strukturen,

• Optimale Steuerung der Sublimations- Züchtung von SiC-Einkristallen,

• Quantenmechanische und makroskopische Modelle optoelektronischer Bauelemente.

• Shape optimization and control of curved mechanical structures;

• Optimal control of sublimation growth of SiC bulk single crystals;

• Quantum mechanical and macroscopic models for optoelectronic devices.

Durch Drittmittel werden auch weitere Arbeiten der Forschungsgruppe finanziert. Dazu gehören die im Rahmen des BMBF-Programms „Neue Mathematische Methoden in Industrie und Dienstleistungen“ geförderten Projekte:

Moreover, further research work of the group has been funded from external sources: The following projects have been supported by the BMBF Program “New Mathematical Methods in Industry and Services”.

• Optische Sensoren,

• Numerische Simulation und Optimierung der Züchtung von SiC-Einkristallen durch Sublimation aus der Gasphase.

• Optical sensors;

• Numerical simulation and optimization of SiC single crystal growth by sublimation from the gas phase.

Die DFG unterstützte die Forschungsprojekte:

• Multiskalenmodellierung thermomechanischer Körper,

• Enveloppenfunktionsapproximation für elektronische Zustände in Halbleiter- Nanostrukturen,

• Hysterese-Operatoren in Phasenfeld- Gleichungen,

• Zur Analysis von thermodynamischen Modellen des Stoff-, Ladungs- und Energietransports in heterogenen Halbleitern,

• Kopplung von van Roosbroeck- und Schrödinger-Poisson-Systemen mit Ladungsträgeraustausch,

• Physikalische Modellierung und numerische Simulation von Strom- und Wärmetransport bei hoher Trägerinjektion und hohen Temperaturen,

• Analytische und numerische Untersuchungen zur Strukturbildung in Halbleitern.

The DFG has sponsored the research projects

• Multi-scale modeling of thermomechanical bodies;

• Envelope function approximation for electronic states in semiconductor nanostructures;

• Hysteresis operators in phase-field equations;

• Analysis of thermodynamical models for the transport of mass, charge, and energy in heterogeneous semiconductors;

• Coupling between van Roosbroeck and Schrödinger-Poisson systems including exchange of carriers;

• Physical modeling and numerical simulation of current and heat transport at high carrier injection and high temperatures;

• Analytical and numerical investigations on structure formation in semiconductors.

Von der Industrie finanziert wurden die Projek- te: The projects

• Numerische Simulation von Temperaturfeldern bei der Bestrahlungshärtung von kompliziert geformten Bauteilen,

• Numerische Simulation und Optimierung von MQW-Lasern.

• Numerical simulation of temperature fields during beam hardening of workpieces with complicated shapes;

• Numerical simulation and optimization of MQW lasers

have been supported by industrial funds.

4.1.2 Projects

Simulation of the modulation response of strained multi-quantum-well lasers

Collaborators: U. Bandelow, H. Gajewski, A. Glitzky, R. Hünlich

Cooperation with: F. Fidorra, M. Krieg (MergeOptics GmbH, Berlin)

Supported by: MergeOptics GmbH

In cooperation with the company MergeOptics GmbH the electrical, thermal, optical and dynamical behavior of strained multi-quantum-well (SMQW) lasers was simulated for improving their performance. The simulations were carried out using the device simulator WIAS-TeSCA based on a drift-diffusion model which is self-consistently coupled to a heat-flow equation (see [1]) and to equations for the optical field. The main goal was the optimization of the modulation response of such lasers. For this purpose details of the structure (e.g., number of quantum wells, thickness of waveguides) and the doping were varied.

Methods and results are demonstrated here for some fictive edge-emitting ridge waveguide (RW) laser. The most important part of its transverse cross section is shown in Figure 1, the simulated P-I characteristic in Figure 2. Besides RW lasers we investigated also buried heterostructure lasers in more detail.

Fig. 1: Part of the transverse cross section of a RW-SMQW laser consisting of different materials M1, M2, and so on. There are also shown isolines of the power distribution of the fundamental optical mode.

Fig. 2: P-I characteristic of the laser. The modulation response was computed in four operating points as marked in the figure.

We describe two methods for the calculation of the modulation response. The first one is the AC analysis (small signal analysis in the frequency domain). Here WIAS-TeSCA computes complex amplitudes ^I(ω), ^P(ω) corresponding to a small harmonic modulation of the bias voltage with angular frequency ω and amplitude ΔU (ΔU = 0.05 mV). The complex response function is then given by H(ω) = ^P(ω)/^I(ω), or in a normalized form by H_n(ω) = H(ω)/H(0).

The squared modulus of H_n is seen in Figure 4. An excellent fit of H_n can be obtained according to the formula

H_n(ω) = e^{−jθ ω} 1 1 + jτω ω^2_r ω^2_r − ω^2 + jΓ_rω

. (1)

Fig. 3: Complex response functions H_n(ω). The symbols are results obtained by small-signal analysis while the lines are computed with (1) using extracted parameters as plotted in Fig. 5.

The last factor in (1) is well known from rate equation models (see [2]). The second factor is a low-pass filter while the first one describes some time delay. Both terms are due to parasitic effects, especially to the drift-diffusion transport through the device (see [3], too). The result of the fit is demonstrated in Figure 3. The extracted parameters f_r = ω_r/2π, Γ_r, τ and θ are presented in a more suitable form in Figure 5. The frequency f_{3dB} = ω_{3dB}/2π is also shown there where ω_{3dB} solves the equation |H_n(ω_{3dB})|^2 = 1/2. Let us note that a fit without using the parasitic terms gives insufficient results.

Fig. 4: Simulation results obtained by small-signal analysis in the frequency domain (left) and by pulse excitation in the time domain (right)

Fig. 5: Extracted parameters f^2_r , f^2_{3dB} (left) and Γ_r, τ^{−1}, (2πθ)^{−1} (right)

The second method is a current-driven transient simulation where a short rectangular pulse is added to the injection current (ΔI(t) = 0.1 mA, 0 ≤ t ≤ 0.02 ns). WIAS-TeSCA computes corresponding variations of the output power ΔP(t) which are seen in the right-hand side of Figure 4 for t ≥ 0.02 ns (to enhance clearness the result for I = 75 mA was omitted here). Corresponding to (1) the functions ΔP were fitted according to the formula

ΔP(t) = c_1 e^{−t/τ} + c_2 cos(ω_0 t + δ )e^{−Γrt/2}, t ≥ 0.02 ns, (2)

where ω^2_0 = ω^2_r − Γ^2_r /4, and c_1, c_2, δ depend on ω_r, Γ_r,τ, θ. The parameters extracted in this manner coincide well with the values found by the first method, and with (1) nearly the same frequency response functions as on the left hand side of Figure 4 are obtained. But let us note that this method requires very small time steps in order to get correct results.

References

1. G. ALBINUS, H. GAJEWSKI, R. HU^¨ NLICH, Thermodynamic design of energy models of semiconductor devices, Nonlinearity, 15 (2002), pp. 367–383.

2. S.L. CHUANG, Physics of Optoelectronic Devices, Wiley & Sons, New York, 1995.

3. M. KRIEG, Modellierung von Gewinnsättigung und Transporteffekten in Quantenfilmlasern mit Bilanzgleichungen, Shaker, Aachen, 2001.

Dissipative Schrödinger-Poisson systems

Collaborators: M. Baro, H.-Chr. Kaiser, H. Neidhardt, J. Rehberg

Cooperation with: P. Degond, N. Ben Abdallah (Université Paul Sabatier, Toulouse, France), V. Zagrebnov (Université de la Méditerranée (Aix-Marseille II) and Centre de Physique Théorique, France), P. Exner (Academy of Sciences of the Czech Republic, Prague), A. Jüngel (Universität Konstanz), A. Arnold (Westfälische Wilhelms-Universität Münster)

Supported by: DFG: “Kopplung von van Roosbroeck- und Schrödinger-Poisson-Systemen mit Ladungsträgeraustausch” (Coupling between van Roosbroeck and Schrödinger-Poisson systems with carrier exchange)

The description of semiconductor devices by drift-diffusion models (van Roosbroeck’s system) has been widely accepted for a long time. Moreover, there are well-developed software packages for calculating semiconductors based on drift-diffusion models. However, with the developing miniaturization of semiconductor devices less and less atoms are involved in the processes inside many devices with the consequence that quantum effects become more and more important. Hence, one has to improve the classical drift-diffusion description taking quantum effects at least partially into account. It would be more correct to use a complete quantum mechanical description of semiconductors right from the beginning; however, at present it is not possible to handle such a description numerically. Therefore one has to look for a model which uses a drift-diffusion description in regions where this is recommended and a quantum mechanical one in regions where quantum effects are dominating, for instance, in the active zone of a laser. Both descriptions seem to be incompatible. From the physical point of view it would be desirable to have at least a continuity of the current densities at the interface between the two subregions. This leads to the necessity to consider open quantum systems which are, in contrast to closed quantum systems, not yet well developed.

Considering current coupled models one has at first to find open boundary conditions for the Schrödinger operator. In [6, 7], the proposal was made to use for this purpose the Schrödinger operators with non-selfadjoint boundary conditions which in application to a one-dimensional Schrödinger operator H

Hg = − h̄^2 2 d dx 1 m d dx g +V g (1)

on the interval Ω := [a,b] ⊆ R, looks like h̄ 2m(a) g^′(a) = −κ_ag(a) and h̄ 2m(b) g^′(b) = κ_bg(b) (2)

κ_a,κ_b ∈ C_+. Non-selfadjoint Schrödinger operators of the above type and for higher spatial dimensions have been investigated in [2]. In contrast to self-adjoint boundary conditions, which are used in case of closed Schrödinger-Poisson systems, one has to redefine the carrier and current densities. The best way to find suitable definitions is to close the open system since in this case the definitions are clear. In [5], the minimal self-adjoint dilation of H was chosen for the Hamiltonian of the covering closed system. The minimal self-adjoint dilation itself was explicitly constructed in [4] and investigated there in detail. It turned out that the obtained expression of the carrier density is a straightforward generalization of the corresponding expression in the closed case. Indeed, if the carrier density in the closed case is given by

u_ρ (x) = ∞ ∑_{l=1}^ρl^{|ψ(x,λ}l^{)|2, x ∈ [a,b], (3)}

where λ_l, ρ(λ_l) and ψ(x,λ_l) denote the eigenvalues, the occupation numbers at the eigenvalue λ_l and the eigenfunction corresponding to the eigenvalue λ_l, respectively, then in the open case one finds u_ρ (x) = ∫ R dλ ⟨ ρ(λ )^T ( ψ(x,λ ,b) ψ(x,λ ,a) ) , ( ψ(x,λ ,b) ψ(x,λ ,a) )⟩ (4) where ρ^T (λ ) is the transposed density matrix and ψ(x,λ ,b), ψ(x,λ ,a) are the generalized eigenfunctions of the dilation. Hence one has the following correspondence:

λ_l ↔ λ

ψ(x,λ_l) ↔ ( ψ(x,λ ,b) ψ(x,λ ,a) )

∑^∞_{l=1} ↔ ∫ R dλ ρ_l ↔ ρ(λ ). (5)

The current density j_ρ , which is always zero in the closed case, is now constant and is, in general, different from zero. Moreover, one gets the representation

j_ρ = 1 2π ∫ R dλ tr(ρ(λ )C(λ )) (6)

where C(λ ) is related to the characteristic function of H. Using the redefined notion of carrier density, a dissipative Schrödinger-Poisson system was considered in [3] and we have shown that this system always has a solution. The electrostatic potential is always bounded by a constant which is determined by the data of the problem. The solution is in general not unique. In [1] an attempt was made to include generation and recombination effects into the dissipative Schrödinger-Poisson systems.

References

1. M. BARO, H. NEIDHARDT, Dissipative Schrödinger-type operator as a model for generation and recombination, WIAS Preprint no. 737, 2002, to appear in: J. Math. Phys.

2. H.-CHR. KAISER, H. NEIDHARDT, J. REHBERG, Macroscopic current induced boundary conditions for Schrödinger-type operators, WIAS Preprint no. 650, 2001, to appear in: Integral Equations Operator Theory.

3. M. BARO, H.-CHR. KAISER, H. NEIDHARDT, J. REHBERG, Dissipative Schrödinger- Poisson systems, WIAS Preprint no. 719, 2002.

4. H.-CHR. KAISER, H. NEIDHARDT, J. REHBERG, On 1-dimensional dissipative Schrödinger-type operators, their dilations and eigenfunction expansions, WIAS Preprint no. 664, 2001, to appear in: Math. Nachr.

5. , Density and current of a dissipative Schrödinger operator, J. Math. Phys., 43 (2002), pp. 5325–5350.

6. H.-CHR. KAISER, J. REHBERG, About a one-dimensional stationary Schrödinger- Poisson system with Kohn-Sham potential, Z. Angew. Math. Phys., 50 (1999), pp. 423–458.

7. , About a stationary Schrödinger-Poisson system with Kohn-Sham potential in a bounded two- or three-dimensional domain, Nonlinear Anal., 41A (2000), pp. 33–72.

Physical modeling and numerical simulation of heat and carrier transport for high-power semiconductor devices semiconductor devices

Collaborators: H. Gajewski, H. Stephan

Cooperation with: G. Wachutka, W. Kaindl (Technische Universität München)

Supported by: DFG: “Physikalische Modellierung und numerische Simulation von Stromund Wärmetransport bei hoher Trägerinjektion und hohen Temperaturen” (Physical modeling and numerical simulation of current and heat transport at high carrier injection and high temperatures) [2]

In 2002 our model [1], describing heat and carrier transport for semiconductor devices, has been advanced to silicon carbide (SiC). SiC is used in different crystal configurations (6H-SiC, 4H-SiC, 3C-SiC). Each of these materials possesses promising properties as basic materials for high-power, high-temperature and high-frequency electronics. The reason for this are special physical characteristics, which distinguish SiC from conventional semiconductor materials such as silicon. Those are first of all:

• Anisotropy: For each crystal configuration it is typical that physical quantities, such as carrier mobilities or heat conductivity, depend on the crystal orientation. It follows that appropriate physical quantities are no longer scalars but tensors. For example, the electron mobility in the hexagonal plain of 4H-SiC is five times larger than in the perpendicular direction.

• Wide band gap: The band gap in SiC is up to 3.2 eV (for comparison, the band gaps in Si and GaAS are 1.1 eV and 1.42 eV, respectively). This makes the material interesting for optoelectronics (blue LEDs). However, numerical problems can arise, since the gap enters exponentially into the equations of state. Additionally, the wide gap may lead to an only incomplete ionization of the dopants (in particular boron). This means, dopants have to be considered as traps.

• High temperature resistance: This—very welcome characteristic—requires the consideration of a large parameter area for temperature dependence of material data for the simulation.

Deriving the system of nonlinear partial differential equations for the heat and carrier transport in semiconductor devices, we abided by the following physical principles:

1. postulation of the free energy density;

2. calculation of the equilibrium according to the entropy maximum principle; 3. definition of the thermodynamic potentials near the equilibrium state; 4. postulation of the evolution equations;

5. calculation of the currents and right-hand sides according to the second law of thermodynamics;

6. derivation of the heat equation.

The postulated system of equations

−∇ · (ε∇ψ) = D − n + p, (Poisson’s equation) ∂ n ∂t − ∇ · J_n = G, (transport equation for electrons) ∂ p ∂t + ∇ · J_p = G, (transport equation for holes) ∂ u ∂t + ∇ · J_u = 0. (energy equation)

describes electron, hole and energy transfer, which is nonlinearly coupled by the electrostatic potential ψ via Poisson’s equation. Here, n, p and u are electron, hole and power density, J_n, J_p and J_u the appropriate currents, D the dopants and G the generation-recombination rate. (The ODEs describing the dynamics of electron/hole traps were described in detail in the WIAS Annual Research Report 1998.)

The determination of the equilibrium as state of maximal entropy by Lagrange’s method suggests the Lagrange multipliers^{φn}_T ,^{φp}_T and −^1_T to be thermodynamic potentials. Their gradients are the driving forces for the currents. That leads to the following current, under consideration of Onsager’s principle:

J_n

J_p

J_u = −(σ_n+σ_{np}) σ_{np} a_{nu}

σ_{np} −(σ_p+σ_{np}) a_{pu}

a_{nu} a_{pu} a_u • ∇ φ_n T ∇ φ_p T −∇ 1 T .

In the case of the anisotropic SiC, σ_p, σ_n and σ_{np}, and a_{nu}, a_{np} and a_u are 3 × 3 matrices. From the second law of thermodynamics (entropy S increasing in time)

Ṡ = ∫ Ω ṡdx = − ∫ Ω ∇J_s dx + ∫ Ω d dx ≥ 0

(here d denotes the dissipation rate) it follows for the currents

J_n = −σ_nz_n − σ_{np}(z_n − z_p), J_p = −σ_pz_p − σ_{pn}(z_p − z_n), J_u = −ψε∇ψ_t − κ_L∇T − (P_nT − φ_n)J_n + (P_pT + φ_p)J_p,

with

z_n = T ( ∇ φ_n T + (P_nT − φ_n)∇ 1 T ) , z_p = T ( ∇ φ_p T − (P_pT + φ_p)∇ 1 T )

and the energy carrier interaction terms (κ_l is the heat conductivity)

a_{nu} = σ_n(φ_n − P_nT ) + σ_{np}(φ_p + P_pT ) , a_{pu} = σ_{np}(φ_n − P_nT ) + σ_p(φ_p + P_pT )

a_u = σ_n|φ_n − P_nT |^2 + σ_p|φ_p + P_pT |^2 + 2σ_{np}(φ_p + P_pT )(φ_n − P_nT ) + κ_LT^2.

For this model, thermodynamically consistent algorithms were developed and implemented into our program system WIAS-TeSCA .

As an example we show a 6H-SiC DIMOS transistor—a typical high-power device ([4]). The crystal is oriented in such a way that the electron mobility in horizontal direction is five times higher than in the vertical direction. Figure 2 shows the electron flow for a gate voltage of 12 V and a drain voltage of 30 V. In comparison, Figure 3 shows the simulation result for isotropic mobility (e.g., in Si).

Fig. 1: Dopants

Fig. 2: Anisotropic case Fig. 3: Isotropic case

References

1. G. ALBINUS, H. GAJEWSKI, R. HU^¨ NLICH, Thermodynamic design of energy models of semiconductor devices, Nonlinearity, 16 (2002), pp. 367–383.

2. H. GAJEWSKI, G. WACHUTKA, DFG-Antrag zum Projekt “Physikalische Modellierung und numerische Simulation von Strom- und Wärmetransport bei hoher Trägerinjektion und hohen Temperaturen”, 1996, 1998, 2000 (applications for a DFG project).

3. H. GAJEWSKI, Analysis und Numerik des Ladungsträgertransports in Halbleitern, GAMM-Mitteilungen, 16 (1993), pp. 35–57.

4. M. LADES, Modelling and simulation of wide bandgap semiconductor devices: 4H/6H- SiC, Shaker Verlag, Aachen 2002.

5. G. WACHUTKA, Rigorous thermodynamic treatment of heat generation and conduction in semiconductor device modeling, IEEE Trans. on CAD, CAD-9 (1990), pp. 1141–1149.

Stationary solutions of two-dimensional heterogeneous energy models with multiple species near equilibrium

Collaborators: A. Glitzky, R. Hünlich

Cooperation with: L. Recke (Humboldt-Universität zu Berlin)

Supported by: DFG: “Zur Analysis von thermodynamischen Modellen des Stoff-, Ladungsund Energietransports in heterogenen Halbleitern” (Analysis of thermodynamic models for the transport of mass, charge and energy in heterogeneous semiconductors)

We consider a stationary energy model for reaction-diffusion processes of electrically charged species with non-local electrostatic interaction. Such problems arise in electrochemistry as well as in semiconductor device and technology modeling (see, e.g., [2]). But, in contrast to [2] we now additionally take thermal effects into account. We consider a finite number of species X_i, i = 1,...,n (e.g., electrons, holes, dopants, interstitials, vacancies, dopant-defect pairs). Let φ and T be the electrostatic potential and the lattice temperature. We denote by u_i, ζ_i, q_i the particle density of the i-th species, its electrochemical potential and its charge number. The state equations are assumed to be given by the ansatz (see [1])

u_i = ū_i(x,T )e^{(ζi−qiφ+Ei(x,T ))/T} , i = 1,...,n.

We consider a finite number of reversible reactions of the form

α_1X_1 + ··· + α_nX_n ⇀↽ β_1X_1 + ··· + β_nX_n.

The set of stoichiometric coefficients (α,β ) = (α_1,...,α_n,β_1,...,β_n) belonging to all reactions is denoted by R . According to the mass-action law the reaction rates R_{αβ} are prescribed by

R_{αβ} = r_{αβ} (x,u,T ) ( e^{∑ni=1 αiζi/T} − e^{∑ni=1 βiζi/T} ) , (α,β ) ∈ R . Here u means the vector (u_1,...,u_n). For the particle flux densities j_i and the total energy flux density j_e we make the ansatz (see [1])

j_i = − n ∑_{j=1}^σi j^{(x,u,T )(∇ζ} j^{+ P}j^{(x,u,T )∇T ), i = 1,...,n,}

j_e = −κ(x,u,T )∇T + n ∑_{i=1}^{(ζ}i^{+ P}i^{(x,u,T )T ) j}i

with conductivities σ_{i j}, κ fulfilling

σ_{i j} = σ_{ji}, n ∑_{i, j=1}^σi j^{(x,u,T )t}i^t j^{≥ σ}0^{(u,T ) n}∑_{j=1}^{t2}i^{∀t ∈ Rn, κ(x,u,T ) ≥ κ}0^{(u,T )}

where σ_0(u,T ), κ_0(u,T ) > 0 for all non-degenerated states u, T . For the fluxes ( j_1,..., j_n, j_e) and the generalized forces (∇[ζ_1/T ],...,∇[ζ_n/T ],−∇[1/T ]), the Onsager relations are fulfilled.

The basic equations of the energy model contain n continuity equations for the considered species, the conservation law of the total energy and the Poisson equation,

∇ · j_i = ∑ (α,β )∈R (β_i − α_i)R_{αβ} , i = 1,...,n,

∇ · j_e = 0, −∇ · (ε∇φ) = f + n ∑_{i=1}^qi^ui

in Ω ⊂ R^2. (1)

Here ε is the dielectric permittivity and f represents some fixed charge density. System (1) must be completed by suitable mixed boundary conditions. We introduce the new variables λ = (λ_1,...,λ_{n+2}) = (ζ_1/T,...,ζ_n/T,−1/T,φ). With some functions H_i we can reformulate the state equations in the form

u_i(x) = H_i(x,λ ), i = 1,...,n.

Also the reaction rates R_{αβ} are expressed in the new variables

R_{αβ} (x,λ ) = r_{αβ} (x,H_1(λ ),...,H_n(λ ),−1/λ_{n+1}) ( e^{∑ni=1 αiλi} − e^{∑ni=1 βiλi} ) , (α,β ) ∈ R . Then the stationary energy model can be written as a strongly coupled nonlinear elliptic system

−∇· a_{11}(λ ) ··· a_{1,n+1}(λ ) 0 . . ... . . 0 a_{n,1}(λ ) ··· a_{n,n+1}(λ ) 0 a_{n+1,1}(λ ) ··· a_{n+1,n+1}(λ ) 0 0 0 0 ε

∇λ_1 . . ∇λ_n ∇λ_{n+1} ∇λ_{n+2}

= ∑_{(α,β )∈R}^{(β}1^{− α}1^{)R}αβ^{(λ )} . . ∑_{(α,β )∈R}^{(β}n^{− α}n^{)R}αβ^{(λ )} 0 f + ∑^n_{k=1} q_kH_k(λ )

. (2)

Here we have omitted the additional argument x of the coefficient functions. We assume that the Dirichlet parts Γ_D and the Neumann parts Γ_N of the boundary conditions coincide for all quantities. Then we can formulate the boundary conditions in terms of λ ,

λ_i = λ^D_i , i = 1,...,n + 2, on Γ_D, ν · ∑^{n+1}_{j=1} a_{i j}(λ )∇λ_j = g_i, i = 1,...,n + 1, ν · (ε∇λ_{n+2}) = g_{n+2} on Γ_N. (3) We assume that Ω ∪ Γ_N is regular in the sense of [4] and that the boundary values λ^D_i , i = 1,...,n + 2, are traces of W^{1,p}(Ω) functions, p > 2. We are looking for solutions of (2), (3) in the form λ = Λ + λ^D. Under weak assumptions on the coefficient functions a_{i j}(x,λ ) and ε(x) (such that heterostructures are allowed) we found W^{1,q} formulations (q ∈ (2, p]) for that system of equations, F(Λ,λ^D, f ,g) = 0, Λ ∈ W^{1,q}_0 (Ω ∪ Γ_N)^{n+2}.

If the boundary values λ^{D∗}_i , i = 1,...,n + 1, are constants, λ^{D∗}_{n+1} < 0 and λ^{D∗}_i , i = 1,...,n, correspond to a simultaneous equilibrium of all reactions n ∑_{i=1}^αi^{λ D∗}i^{= n}∑_{i=1}^βi^{λ D∗}i^{∀(α,β ) ∈ R ,}

and if λ^{D∗}_{n+2}, f^∗, g^∗ = (0,...,0,g^∗_{n+2}) are arbitrarily given, then there exists a unique solution Λ^∗ of F(Λ^∗,λ^{D∗}, f^∗,g^∗) = 0. λ^∗ = Λ^∗ + λ^{D∗} is a thermodynamic equilibrium of (2), (3). The operator F is continuously differentiable and the linearization^{∂ F}_{∂ Λ} (Λ^∗,λ^{D∗}, f^∗,g^∗) turns out to be an injective Fredholm operator of index zero. This follows from results in [5] and from a regularity result of Gröger in [4] for systems of elliptic equations with mixed boundary conditions. Therefore we can apply the Implicit Function Theorem and obtain that for λ^D near λ^{D∗}, f near f^∗ and g near g^∗ the equation F(Λ,λ^D, f ,g) = 0 has a unique solution Λ near Λ^∗. Thus, near λ^∗ there is a locally unique Hölder continuous solution λ = Λ + λ^D of (2), (3). For details and the precise assumptions of our investigations see [3].

Our local existence and uniqueness result for the stationary energy model (2), (3) works in two space dimensions. But let us note that in our model equations cross-terms with respect to all species and temperature are involved.

References

1. G. ALBINUS, H. GAJEWSKI, R. HU^¨ NLICH, Thermodynamic design of energy models of semiconductor devices, Nonlinearity, 15 (2002), pp. 367–383.

2. A. GLITZKY, Elektro-Reaktions-Diffusionssysteme mit nichtglatten Daten, habilitation thesis, Humboldt-Universität zu Berlin, 2001, Logos Verlag, 2002.

3. A. GLITZKY, R. HU^¨ NLICH, Stationary solutions of two-dimensional heterogeneous energy models with multiple species near equilibrium, in preparation.

4. K. GRO^¨ GER, A W^{1,p}-estimate for solutions to mixed boundary value problems for second order elliptic differential equations, Math. Ann., 283 (1989), pp. 679–687.

5. L. RECKE, Applications of the implicit function theorem to quasi-linear elliptic boundary value problems with non-smooth data, Comm. Partial Differential Equations, 20 (1995), pp. 1457–1479.

Optimal control of surface heat treatments

Collaborators: D. Hömberg, Th. Jurke, W. Weiss

Cooperation with: LASERVORM Volumen- und Oberflächenbearbeitung (Mittweida), probeam HÖRMANN GmbH (Neukirchen), J. Sokołowski (Université de Nancy I, France), H.-J. Spies (TU Bergakademie Freiberg), S. Volkwein (Karl-Franzens-Universität Graz, Austria)

Supported by: Stiftung Industrieforschung, Köln

In most structural components in mechanical engineering, there are surface parts which are particularly stressed. The aim of surface hardening is to increase the hardness of the corresponding boundary layers by rapid heating and subsequent quenching. This heat treatment leads to a change in the microstructure, which produces the desired hardening effect. Depending on the respective heat source one can distinguish between different surface hardening procedures, the most important ones being induction hardening and radiation treatments like laser- and electron-beam hardening.

Fig. 1: Laser surface hardening of the steel X35CrMo17: Comparison of simulation (right) with experiment (left)

Fig. 2: Electron beam surface hardening of the steel C45: Comparison of simulation (right) with experiment (left)

To complete our industrial project on simulation and control of laser- and electron-beam hardening a Mathematica tool has been developed and used to identify the transformation parameters of our phase transition model for a number of relevant steels. These parameters have been added to the data base of WIAS-SHarP. Numerical simulations for all these steels, with varying laser intensity and different workpiece geometries, have been carried out. The results, which are in good agreement with experiments (cf. Figures 1, 2), are documented in [1].

Another important control problem related to surface hardening is the optimal design of inductor coils for induction surface hardening. In [4] the speed method has been applied to investigate the sensitivity of solutions to the state equations with respect to perturbations of the inductor. In the case of inductors constructed from space curves it has been shown in [2] that one can relate the resulting shape gradient to a perturbation of the generating curve.

Fig. 3: Phase transitions with thermomechanics — interdependence of physical quantities

Figure 3 shows the complex interdependence of the relevant physical quantities for phase transitions in steel. The interplay between temperature θ and volume fraction z is well understood (cf., e.g., [1]). The metallurgical phases z_i have material parameters with different thermal characteristics, hence their effectice values have to be computed by a mixture ansatz. The different densities of the metallurgical phases result in a different thermal expansion. This thermal and transformation strain is the major contribution to the evolution of internal stresses during heat treatments. Experiments with phase transformations under applied loading show an additional irreversible deformation even when the equivalent stress corresponding to the load is far below the normal yield stress. This effect is called transformation-induced plasticity. The irreversible deformation leads to a mechanical dissipation that acts as a source term in the energy balance.

Neglecting the influence of internal stresses on the transformation kinetics, a consistent mathematical model which takes care of all these effects has been developed and analyzed in [2], [3].

References

1. A. BUCHWALDER, D. HO^¨ MBERG, TH. JURKE, H.-J. SPIES, W. WEISS, Simulation der Strahlhärtung von Stahl mit WIAS-SHarP, Tech. Rep. no. 3, WIAS, 2002.

2. D. HO^¨ MBERG, Induction heat treatments — Modeling, analysis and optimal design of inductors, habilitation thesis, Technische Universität Berlin, 2002.

3. , A mathematical model for induction hardening including mechanical effects, WIAS Preprint no. 766, 2002.

4. D. HO^¨ MBERG, J. SOKOŁOWSKI, Sensitivity analysis of an eddy current problem related to induction heating, WIAS Preprint no. 776, 2002.

Hysteresis phenomena

Collaborators: Th. Jurke, O. Klein, J. Sprekels, D. Tiba

Cooperation with: P. Krejčı́ (Academy of Sciences of the Czech Republic, Prague), U. Stefanelli (Università di Pavia, Italy)

Supported by: DFG: “Hysterese-Operatoren in Phasenfeld-Gleichungen” (Hysteresis operators in phase-field equations)

To be able to deal with phase transitions, one has to take into account hysteretic phenomena that are modeled by hysteresis operators.

a) The modeling of uniaxial nonlinear thermo-visco-plastic developments leads to the system

ρu_{tt} − μu_{xxt} = σ_x + f (x,t), (1) σ = H_1[u_x,w] + θH_2[u_x,w], (2) (C_V θ + F [u_x,w])_t − κθ_{xx} = μu^2_{xt} + σu_{xt} + g(x,t,θ), (3) νw_t + H_3[u_x,w] + θH_4[u_x,w] = 0, (4)

where u, θ, σ, and w are the unknowns displacement, absolute temperature, elastoplastic stress, and freezing index, respectively, ρ, μ, C_V , and ν are positive constants, f , g are given functions, and H_1,...,H_4, and F are hysteresis operators. In [4], this system has been derived, its thermodynamic consistency has been proved, and the existence of a unique strong solution to an initial-boundary value problem for this system has been shown. In [1], this existence result has been generalized to the case of a more general boundary condition for u and a weaker assumption for H_2 and H_4. More precisely, the assumption that these operators are bounded has been replaced by the assumption that the clockwise admissible potential connected to these operators can be bounded from below by −CF , with some positive constant C. A large-time asymptotic result for this system has been derived in [2]. An approach used therein to derive uniform estimates for the solutions to partial differential equations involving hysteresis operators has been further investigated in [3], leading to the notion of “outward pointing hysteresis operators”. Moreover, in [3], generalizations of scalar Prandtl-Ishlinskii operators have been introduced and investigated with respect to their thermodynamic consistency. b) In [5], a control problem for an ordinary differential system with hysteresis has been investigated. For controls u : [0,T ] → R^m, one considers the system

z^′ = f (t,z,y,u), in [0,T ], z(0) = z_0 ∈ R^m, (5) y(t) = W (g ∘ z)(t) in [0,T ] (6)

with f : [0,T ] × R^N × R × R^m → R^N and g : R^N → R being continuous functions, and W : C[0,T ] → C[0,T ] being a hysteresis operator. Under appropriate conditions, the existence of at least one global solution has been proved. Moreover, u(t) ∈ U for all t ∈ [0,T ], for a bounded, closed, convex set U ⊂ R^m. For such controls u and the corresponding solutions (z,y) to (5), (6) we associate the cost functional ∫ T 0 L(y(t),z(t),u(t))dt (7)

with L : R × R^N ×U continuous in y,z, convex and lower semicontinuous with respect to u. It has been proved that the corresponding optimal control problem has at least one solution. An approximation method and a conceptual algorithm are discussed as well.

References 1. TH. JURKE, O. KLEIN, Existence results for a phase-field model in one-dimensional thermo-visco-plasticity involving unbounded hysteresis operators, in preparation.

2. O. KLEIN, Asymptotic behaviour for a phase-field model with hysteresis in onedimensional thermo-visco-plasticity, WIAS Preprint no. 734, 2002, submitted.

3. O. KLEIN, P. KREJ^ˇCI^´, Outwards pointing hysteresis operators and asymptotic behaviour of evolution equations, WIAS Preprint no. 748, 2002, Nonlinear Anal. TMA, in print.

4. P. KREJ^ˇCI^´, J. SPREKELS, U. STEFANELLI, Phase-field models with hysteresis in onedimensional thermo-visco-plasticity, WIAS Preprint no. 655, 2001, submitted.

5. J. SPREKELS, D. TIBA, Optimization of ordinary differential systems with hysteresis, WIAS Preprint no. 747, 2002, submitted.

Quasilinear parabolic systems with discontinuous coefficients and mixed boundary conditions on two-dimensional space domains

Collaborators: H.-Chr. Kaiser, H. Neidhardt, J. Rehberg

Supported by: DFG: “Kopplung von van Roosbroeck- und Schrödinger-Poisson-Systemen mit Ladungsträgeraustausch” (Coupling between van Roosbroeck and Schrödinger-Poisson systems including exchange of carriers)

The work of 2002 continued that reported in 2000; our aim was to prove a theorem on (local) existence for quasilinear parabolic systems on an L^p space which should enable the treatment of the van Roosbroeck system and similar reaction-diffusion systems in heterogeneous media in an L^p context. The motivation for this is the following: The natural formulation of balance laws is ∂ ∂t ∫ Λ u_kdx = ∫ ∂ Λ ⟨ν, j_k⟩ dσ + ∫ Λ R_k(u_1,...,u_l)dx, k = 1,...,l. (1)

Here u_k is the particle density of the k-th species, j_k is the corresponding flux, R_k a reaction term and Λ any (suitable) subdomain of the whole domain under consideration. However, generally such equations are treated by substituting the boundary integral of the normal component of the current by the volume integral of the divergence of the corresponding current. The problem whether the thus obtained solutions in fact also satisfy the original equations remains completely unsolved. The mathematical reason is that in the calculi used up to now indicator functions of sets are not admissible as test functions. Hence, Gauss’ theorem, which underlies the above-mentioned reformulation, is not applicable. Even worse, the notion of the normal component of the flux cannot be strictly defined when operating in negatively indexed Sobolev spaces. With the aim of coupling van Roosbrock’s system with an open quantum system (describing nanosubstructures within the device under consideration) it is unavoidable to have the normal component of the current through interfaces at hand because current coupling is the most natural way to combine both systems (cf. [5]).

Apart from that, space discretization of such systems is often performed using finite volume schemes, cf. [4]. In order to compare such a scheme with the original equations these equations have to be valid in the space of integrable functions on the simulation domain. Mathematically, the main results are as follows:

Theorem 1 Spatially two-dimensional quasilinear systems of the type ∂ w ∂t + 1 + Z_{1,1}(t,w(t)) ... Z_{1,l} (t,w(t)) ... ... ... Z_{l,1}(t,w(t)) ... 1 + Z_{l,l}(t,w(t))

−J_1(t,w(t))∇μ_1∇w_1 ... −J_l(t,w(t))∇μ_l∇w_l

= f(t,w(t)), (2)

w(T_0) = w_0, admit exactly one (local) classical solution in a (suitably chosen) L^p space provided the data satisfy the following conditions:

i) Each J_k maps a suitable interpolation space between the domain of (−∇μ_1∇,...,−∇μ_l∇) and ( L^p

)_l into L^∞ and additionally satisfies some continuity conditions.

ii) The mappings Z_{1,1},...,Z_{l,l} take their values in a set of compact operators on L^p and also satisfy some continuity conditions.

iii) The coefficients μ_k may be discontinuous and the operators −∇μ_k∇ are complemented by mixed boundary conditions.

This theorem rests heavily on classical results for abstract quasilinear parabolic equations in a Banach space [7], [10], interpolation results for function spaces which carry a trace condition on part of the boundary [2] and resolvent estimates for elliptic operators in divergence form including discontinuous coefficients and mixed boundary conditions [1]. Having the above theorem at hand, one succeeds in proving:

Theorem 2 The spatially two-dimensional van Roosbroeck system admits (locally in time) a classical solution in L^p. Hereby a broad class of recombination terms, including nonlocal ones, are admissible.

This theorem is derived from the first one by reformulating van Roosbroeck’s system in a rather cumbersome procedure: One expresses the densities in terms of the electrostatic potential and the quasi-Fermi levels, then eliminates the time derivative of the electrostatic potential and afterwards the electrostatic potential itself via the nonlinear Poisson equation. This way, one ends up with a quasilinear system as above for the quasi-Fermi levels. The authors believe that the consistent treatment of the equations in much more regular spaces as before is not accidental but caused by the physical expectation that the quasi-Fermi levels should be the most regular objects within a heterogeneous context.

Finally, we will give a short outlook on the 3D case, which in our opinion should also be treated in a concept which provides as much regularity as possible (strong differentiability of the solution, the divergence of the currents being L^p functions....). The cornerstone to carry out the same program for the 3D case would be a result that the operators ∇μ_k∇—including nonsmooth coefficients μ_k and mixed boundary conditions—provide isomorphisms between spaces H^{1,q}_Γ , H^{−1,q} for a summability index q greater than 3. Unfortunately, this is known to be false in general (cf. [9]). In a forthcoming paper [8] it will be shown that it is true, however, in case of pure Dirichlet conditions and restrictions on the domain and the—discontinuous—coefficient functions. Further, it is expected that the same is true for smooth domains and the Laplace operator including mixed boundary conditions [3]. The task would be to prove that the latter assertion is really true, further to prove the analogous assertion in case of pure Neumann conditions and discontinuous coefficients and fit all these things together.

References

1. J.A. GRIEPENTROG, H.-CHR. KAISER, J. REHBERG, Heat kernel and resolvent properties for second order elliptic differential operators with general boundary conditions on L^p, Adv. Math. Sci. Appl., 11 (2001), pp. 87–112.

2. J.A. GRIEPENTROG, K. GRO^¨ GER, H.-CHR. KAISER, J. REHBERG, Interpolation for function spaces related to mixed boundary value problems, Math. Nachr., 241 (2002), pp. 110–120.

3. J. FREHSE, private communication.

4. H. GAJEWSKI, Analysis und Numerik von Ladungstransport in Halbleitern, GAMM- Mitteilungen, 16 (1993), pp. 35–57.

5. H.-CHR. KAISER, H. NEIDHARDT, J. REHBERG, Macroscopic current-induced boundary conditions for Schrödinger operators, to appear in: Integral Equations Operator Theory.

6. , Classical solutions of quasilinear parabolic systems on two-dimensional domains, WIAS Preprint no. 765, 2002.

7. A. LUNARDI, Analytic Semigroups and Optimal Regularity in Parabolic Problems, Progr.

in Nonlinear Differential Equations Appl., 16, Birkhäuser, Basel, 1995.

8. V. MAZ’YA, J. ELSCHNER, J. REHBERG, G. SCHMIDT, Solutions for nonsmooth quasilinear evolution systems, in preparation.

9. N.G. MEYERS, An L^p-estimate for the gradient of solutions of second order elliptic divergence equations, Ann. Scuola Norm. Sup. Pisa, 17 (1963), pp. 189–206.

10. P.E. SOBOLEVSKII, On equations of parabolic type in Banach spaces, Trudy Moskov.

Mat. Obshch., 10 (1961), pp. 297–350.

Numerical simulation and optimization of SiC single crystal growth by sublimation from the gas phase

Collaborators: O. Klein, P. Philip, J. Schefter, J. Sprekels

Cooperation with: Ch. Meyer, A. Rösch, F. Tröltzsch (Technische Universität Berlin), K. Böttcher, D. Schulz, D. Siche (Institut für Kristallzüchtung (IKZ), Berlin)

Supported by: BMBF: “Numerische Simulation und Optimierung der Züchtung von SiC- Einkristallen durch Sublimation aus der Gasphase” (Numerical simulation and optimization of SiC single crystal growth by sublimation from the gas phase);

DFG-Forschungszentrum “Mathematik für Schlüsseltechnologien” (Research Center “Mathematics for Key Technologies”)

Owing to numerous technical applications in electronic and optoelectronic devices, such as lasers, diodes, and sensors, the industrial demand for high quality silicon carbide (SiC) bulk single crystals remains large. It is still a challenging problem to grow sufficiently large SiC crystals with a low defect rate. Sublimation growth of SiC bulk single crystals via physical vapor transport (PVT), also known as the modified Lely method, has been one of the most successful and most widely used growth techniques of recent years. It is the goal of this project to use mathematical modeling and numerical simulation to help optimizing the PVT method. During PVT, a graphite crucible (see Figure 1) is placed in a low-pressure inert gas atmosphere consisting of argon. The crucible is then intensely heated, e.g., by induction heating, to temperatures up to 3000 K. Inside the crucible, polycrystalline SiC source powder sublimates, adding molecules made up of silicon and carbon to the gas phase. For the moment, we abuse notation to denote the total of the added species as the SiC gas, notwithstanding the fact that it consists predominantly of other molecules than SiC. The SiC gas diffuses through the cavity from the powder to the SiC seed. As the single crystalline seed is kept at a temperature below that of the SiC source, SiC gas crystallizes on the seed, which thereby grows into the reactor.

Fig. 1: Setup of growth apparatus according to [1]

The physical and mathematical modeling of the growth process leads to a highly nonlinear system of coupled partial differential equations. In addition to the kinetics of a rare gas mixture at high temperatures, one has to consider heat transport by conduction and radiation, reactive matter transport through porous and granular media, and different kinds of chemical reactions and phase transitions. Moreover, several free boundaries occur in the model, e.g., due to the growing crystal and due to the sublimating source powder. The main control parameters with respect to an optimization of the crystal growth process are the design of the growth apparatus, the position of the induction coil, the heating power, and the inert gas pressure. Within the research year 2002, the conditions for the growth of the crystal have been further investigated. As a first approximation, one can assume that the pressure p_{SiC-gas} of the SiC gas at the surface of the crystal is identical to the corresponding equilibrium pressure p^{eq}_{crystal}. At the powder surface, one would then make the corresponding assumption. However, this approach supposes that the growth process is limited by the transport through the gas phase and it omits the influence of the growth kinetics.

To take into account the influence of the growth kinetics, one can use a Hertz-Knudsen formula to determine the mass flux from the gas to the crystal:

j_{gas → crystal} = s_{crystal} M^{1/2}_{SiC} (2πRT )^{1/2} ( p_{SiC-gas} − p^{eq}_{crystal} ) . (1)

Here, s_{crystal} ∈ [0,1] is a sticking coefficient. It denotes the probability for a molecule that collides with the surface to stick to that surface and be absorbed. Moreover, M_{SiC} is the molar mass of SiC (in kg/kmol), and R is the universal gas constant. On the powder surface, one would use a similar condition with some effective sticking coefficient, taking into account that the surface is jagged and porous.

If the model is to include the observed graphitization of the powder source, it becomes necessary to consider the different constituents of the “SiC gas”, consisting of Si, SiC_2, Si_2C, Si_2, SiC, etc. Instead of simple sublimation, one has to consider several chemical reactions occurring at the surfaces. Then, instead of equilibrium pressures for the different components, one merely has relations between the different partial pressures in the equilibrium, resulting from the mass action laws of the considered chemical reactions. For example, from the reactions

2SiC −→ Si + SiC_2, SiC + Si −→ Si_2C, SiC + Si_2 −→ Si_2C + Si

involving solid SiC and some gas species, the mass action laws yield that there are temperaturedependent functions K_I, K_{II}, and K_{III} such that for the partial pressures of a gas mixture in equilibrium with the SiC crystal, it holds that

p_{Si} p_{SiC2} = K_I(T ), p_{Si2C} p_{Si}

= K_{II}(T ), p_{Si2C} p_{Si} p_{Si2}

= K_{III}(T ).

Further research is ongoing to formulate the corresponding mass action laws for reactions changing the composition of the surface, to model the kinetics of the chemical reactions, and to determine the involved material parameters.

The heat sources caused by induction heating are computed via an axisymmetric complex-valued magnetic scalar potential that is determined as the solution of an elliptic PDE using the imposed voltage as input data. The scalar potential enables one to calculate the resulting current density and thus the heat sources [2, 3, 4].

The transient nonlinear and nonlocal heat transport equations are discretized using an implicit Euler scheme in time and a finite volume method in space. Within the period covered by this report, existence and uniqueness results for the solution to the resulting nonlinear and nonlocal discrete scheme have been established. Moreover, discrete L^∞-L^1 a priori estimates have been proved [6].

Within the covered research period, the simulation software WIAS-HiTNIHS (see page 263) has been installed at the IKZ. Figure 2 depicts results of a numerical simulation of the heating process for the configuration of Figure 1 which we published in [5]. The angular frequency used for the induction heating is ω = 2π f , where f = 10 kHz. The average total power P is prescribed according to the following linear ramp:

P(t) :=

{_{Pmax}

t_{ramp} · t for 0 ≤ t ≤ tramp,

P_{max} for t ≥ t_{ramp}, (2) where t_{ramp} = 2 h. Each simulation starts at T_{room} = 293 K.

Fig. 2: The evolution of the temperature differences T_{bottom} − T_{top} and T_{source} − T_{seed} is compared for two different values of P_{max}: P_{max} = 5.5 kW in (a) and P_{max} = 8.5 kW in (b). For the respective locations of T_{bottom}, T_{top}, T_{source}, and T_{seed}, it is referred to Figure 1.

We investigate the relation between the temperature differences T_{bt} := T_{bottom} − T_{top} and T_{ss} := T_{source} − T_{seed}. The relation between T_{bt} and T_{ss} is of importance, as in physical growth experiments T_{bottom} and T_{top} are measured, and T_{bt} is often used as an indicator for T_{ss} which is not accessible to direct measurements, but crucial for the growth process. Figure 2 shows that in both cases, T_{bt} is no indicator for T_{ss} before T_{ss} has reached its quasi-stationary final state, but, more importantly, even in the stationary state at growth temperature, T_{bt} is almost three times as large as T_{ss} for P_{max} = 5.5 kW, and T_{bt} and T_{ss} have different signs for P_{max} = 8.5 kW. The numerical experiments show that for the considered configuration, there is generally no easy relation between T_{ss} and T_{bt}. Even though there might be configurations where the situation is better, for each real growth system, the validity of using T_{bt} as an indicator for T_{ss} needs to be verified by some other method (e.g., numerical simulation). References

1. M. PONS, M. ANIKIN, K. CHOUROU, J.M. DEDULLE, R. MADAR, E. BLANQUET, A. PISCH, C. BERNARD, P. GROSSE, C. FAURE, G. BASSET, Y. GRANGE, State of the art in the modelling of SiC sublimation growth, Materials Science and Engineering B, 61–62 (1999), pp. 18–28.

2. O. KLEIN, P. PHILIP, Correct voltage distribution for axisymmetric sinusoidal modeling of induction heating with prescribed current, voltage, or power, IEEE Transactions on Magnetics, 38 (2002), pp. 1519–1523.

3. , Transient numerical investigation of induction heating during sublimation growth of silicon carbide single crystals, J. Crystal Growth, 247 (2002), pp. 219–235.

4. , Induction heating during SiC growth by PVT: Aspects of axisymmetric sinusoidal modeling, in: Proceedings of the 10-th International IGTE Symposium on Numerical Field Calculation in Electrical Engineering, Graz, Austria, September 16–18, 2002, CD-ROM, ISBN: 3-901351-65-5, pp. 271–276.

5. , Transient temperature phenomena during sublimation growth of silicon carbide single crystals, WIAS Preprint no. 755, 2002, to appear in: J. Crystal Growth.

6. P. PHILIP, Transient numerical simulation of sublimation growth of SiC bulk single crystals. Modeling, finite volume method, results, PhD thesis, submitted to the Institut für Mathematik, Humboldt-Universität zu Berlin, 2002.

Approximation and optimization of curved mechanical structures

Collaborators: J. Sprekels, D. Tiba

Cooperation with: V. Arnăutu (“Alexandru Ioan Cuza” University, Iasi, Romania)

The importance, and the many technical applications, of various curved mechanical structures like arches, curved rods, shells are well known. The scientific literature concerning their modeling is very rich, see [1], [2]. We only mention the classes of polynomial models and the asymptotic models.

The aim of this research project is the study of optimization problems naturally associated to such models. In the previous paper [3], the Kirchhoff-Love model for arches and its optimization have been discussed. In [4], we concentrate on the case of polynomial models for curved rods and shells. The model introduced for shells is of a generalized Naghdi type ([5]); it involves a system of six partial differential equations of elliptic type in two independent variables.

The minimization parameter is the shape of the curved rod or of the shell. The thickness is supposed to remain constant, which holds in many applications. Such problems are known in the literature as shape optimization problems. As the geometry of the curved rod or of the shell is parametrized by certain functions, we obtain control-by-the-coefficients problems. The results obtained concern existence of minimizers, sensitivity analysis, and numerical experiments.

The existence question is intimately connected to the coercivity inequalities for the elliptic operator, uniformly with respect to the geometry. In the case of shells, an inequality of Korn’s type was proved which is valid for the class of all the parametrized shells from some ball. For the optimality conditions, the directional derivatives of the performance indices with respect to variations in the geometry have been investigated. The variations used for curved rods preserve the length of the rod, which is an important constraint for possible applications. This enables to use gradient algorithms for numerical experiments. The computed examples are curved rods.

References

1. PH. CIARLET, Mathematical Elasticity III: Theory of Shells, North-Holland, Amsterdam, 2000.

2. L. TRABUCHO, J.M. VIANO, Mathematical modelling of rods, in: Handbook of Numerical Analysis, IV, P.G. Ciarlet, J.L. Lions, eds., Elsevier, Amsterdam, 1996, pp. 487–974.

3. A. IGNAT, J. SPREKELS, D. TIBA, Analysis and optimization of nonsmooth arches, SIAM J. Control Optim., 40 (2001/2002), pp. 1107–1133.

4. V. ARNAUTU, J. SPREKELS, D. TIBA, Optimization problems for curved mechanical structures, in preparation.

5. J. SPREKELS, D. TIBA, An analytic approach to a generalized Naghdi shell model, Adv.

Math. Sci. Appl., 12 (2002), pp. 175–190.

4.2 Research Group Laser Dynamics

4.2.1 Overview Im Mittelpunkt der Forschungen stand die Entwicklung analytischer und numerischer Methoden zur Analyse, Simulation und Steuerung dynamischer Systeme und deren Anwendung auf Probleme optischer Kommunikationssysteme und der Reaktionskinetik.

The research of the group was focused on the development of analytic and numerical methods for the analysis, simulation, and control of dynamical systems and for their applications to problems of optical communication systems and reaction kinetics.

Forschungsschwerpunkte sind

• Modellierung, Analyse und Simulation der Dynamik von Mehrsektions- Halbleiterlasern mit verzögerter Rückkopplung,

• komplexe Dynamik und homokline Verzweigungen,

• verzögerter Stabilitätswechsel in Mehrskalensystemen.

The main research is concerned with the following topics

• Modeling, analysis, and simulation of the dynamics of multi-section semiconductor lasers with delayed feedback;

• Complex dynamics and homoclinic bifurcations;

• Delayed exchange of stabilities in multiscale systems.

Als Höhepunkte der Arbeit der Forschungsgruppe im Berichtszeitraum sollen genannt werden:

1. das Auffinden und die Analyse neuer dynamischer Effekte in verschiedenen Mehrsektions-Halbleiterlasern (z. B. Erregbarkeit, interne Feldreflektionen) unter Verwendung der Software

LDSL-tool,

2. das Erscheinen des Forschungsreports „Singularly perturbed problems in case of exchange of stabilities“ (siehe S. 55) und 3. die Durchführung des internationalen Workshops „Dynamics and Control.“

As highlights of the work of the research group during the report period we mention

1. The detection and analysis of new dynamical effects in different multi-section lasers (e.g., excitability and internal field reflection) by means of the software

LDSL-tool;

2. The appearance of the research report “Singularly perturbed problems in case of exchange of stabilities” (see page 55) and 3. The organization of the international workshop “Dynamics and Control”.

Die Erfolge der Forschungsgruppe basierten auf enger nationaler und internationaler Kooperation, die finanziell durch die DFG, den DAAD und das BMBF gefördert wurde. Die Ergebnisse wurden in führenden internationalen Zeitschriften veröffentlicht.

The successes of the research group were based on a close national and international cooperation financially supported by DFG, DAAD, and BMBF. The results have been published in leading international journals.

4.2.2 Projects

Dynamics of semiconductor lasers

Collaborators: M. Radziunas, K.R. Schneider, J. Sieber (until 9/02), D.V. Turaev, M. Wolfrum, S. Yanchuk (since 10/02)

Cooperation with: B. Sartorius, D. Hoffmann, H.-P. Nolting, O. Brox, S. Bauer (Heinrich- Hertz-Institut für Nachrichtentechnik, Berlin (HHI)), H.-J. Wünsche (Institut für Physik, Humboldt-Universität zu Berlin (HU)), L. Recke (Institut für Mathematik, Humboldt-Universität zu Berlin (HU)), H. Wenzel (Ferdinand-Braun-Institut für Höchstfrequenztechnik, Berlin (FBH)), M. Umbach (u^2t Photonics AG, Berlin), U. Bandelow (WIAS: Research Group 1)

Supported by: BMBF: “Hochfrequente Selbstpulsationen in Mehrsektions-Halbleiterlasern: Analysis, Simulation und Optimierung” (High frequency self-pulsations in multi-section semiconductor lasers: Analysis, simulations, and optimization), DFG: SFB 555 “Komplexe Nichtlineare Prozesse” (Collaborative Research Centre “Complex Non-linear Processes”), DFG-Forschungszentrum “Mathematik für Schlüsseltechnologien” (DFG Research Center “Mathematics for Key Technologies”),

Semiconductor laser devices play a key role in modern telecommunication systems for generating, transforming, and processing data at high speed. For optical networks they provide special components working in complicated nonlinear dynamical regimes (high frequency pulsations, synchronization, short pulses, fast switching).

Fig. 1: 3-section DFB laser for all optical clock recovery (Heinrich Hertz Institute, Berlin).

The mathematical research performed in this project includes

• Efficient modeling of integrated devices and their components on different levels of complexity;

• Theoretical investigation of the models, their relations, and dynamical properties;

• Development of special numerical methods for simulation of system applications as well as bifurcation analysis.

Project 1: Lasers with delayed and amplified delayed feedback. Optical feedback is one of the main possibilities in a laser system to generate instabilities and complex dynamical phenomena. Based on the Lang-Kobayashi model dE dT = 1 2 (G(N,|E(T )|^2) − 1 τ_p

) · E(T ) + κe^{−iω0τ f} · E(T − τ_f ), dN dT = I − N τ_c

− Re [ G(N,|E(T )|^2) ] · |E(T )|^2,

a system of delay differential equations, we studied in [16] analytically the instabilities of lasers under the influence of moderate delayed feedback. A local center-manifold theorem has been proved in [14]. Using scaling methods, analytic expressions for different types of Hopf instabilities have been derived, leading to different types of pulsations of the laser. Moreover, the dependence of the pulsation frequency on the feedback parameters has been analyzed. Based on this theoretical insight, a new device concept has been developed at the HHI: An additional amplifying section allows higher and tunable feedback strength. This lead to a new optical microwave source, the Amplified Feedback Laser, which is tunable from 10 to 40 GHz ([18]).

The main tuning (or bifurcation) parameters of this device are the current injection I_A into the amplifier section and the current injection I_P into the phase tuning section which is equivalent to the phase ϕ of the feedback.

In order to understand the dependence of the dynamics of the Amplified Feedback Laser on I_A and ϕ, a complete bifurcation analysis of the two-mode approximation ([19]) of the traveling wave equations ([1]) has been performed. Figure 2 reveals the regions of self-pulsations of different types and their borders in the parameter plane ϕ–I_A. A point of particular interest for applications is the widening of the region of mode-beating pulsations compared to the setup with passive feedback ([19]).

Fig. 2: Bifurcation diagram for the Amplified Feedback Laser in the parameter plane ϕ–I_A

A further important dynamical regime occurring in lasers with delayed optical feedback is excitability. The theoretical background in the context of homoclinic bifurcations for excitability in different laser systems has been studied in [17]. Corresponding experimental results for the case of lasers with delayed feedback and corresponding numerical simulation results have been presented in [6].

Project 2: Software LDSL-tool. The software LDSL-tool has been developed for the simulation and analysis of longitudinal dynamics in multisection semiconductor lasers. The underlying laser model is based on the traveling wave (TW) equations for the optical field propagating along the longitudinal axis of the laser ([1, 5]).

The agreement between simulations by LDSL-tool and experimental results is demonstrated in Figure 3 (see also [7, 8]), where the maximal field intensity of periodic solutions or stationary states in a 3-section DFB laser is represented in dependence on some parameter φ. Moreover, this figure can serve as an illustration of more advanced possibilities of LDSL-tool which are discussed below. Dashed brown and green lines show stable solutions observed in experiments (above) and in simulations of the TW model (below) for increasing and decreasing parameter φ. Solid red and blue lines show stable and unstable solutions of the system representing a two-mode approximation. Different bifurcations and regions where excitable behavior of a laser can be expected are indicated by thick symbols and yellow shading.

Fig. 3: Bifurcation diagrams Fig. 4: A schema of LDSL-tool

The structure of LDSL-tool is discussed in [8, 10] and is represented by a brief schema in Figure 4. Here, blue, green and yellow boxes indicate the hierarchy of models, computational efforts and different data representation/processing procedures, respectively. Blue arrows show transitions which can be done only for some simplified models under some additional assumptions.

The potentialities of LDSL-tool are extended continuously. Besides of numerical integration of different TW models, LDSL-tool performs some post-processing procedures on the computed data stream ([5, 9]), solves spectral problems defining longitudinal modes of the optical field, and allows to study the dynamics of these modes ([3, 6]). Under some assumptions, the software can be used to perform model reductions, to integrate reduced mode approximation (MA) systems ([13]), and to compare their solutions with the solutions of the full TW model ([6, 8]). Moreover, a bifurcation analysis of MA systems allows to identify different types of the transition between dynamical regimes in the TW model [7]. After finding a good agreement between experiments and simulations by LDSL-tool (see [3, 5, 10] and comparing brown/green dashed lines in upper and lower diagrams of Figure 3), one is able not only to explain the origin of dynamics in the lasers (see bifurcations indicated in lower part of Figure 3), but also to predict some dynamical effects, such as excitable behavior of lasers (yellow shaded regions in Figure 3) realized later in experiments [4, 6].

At present, the software is successfully used by coworkers of the Department of Physics of the Humboldt University, of the Heinrich Hertz Institute, and of the Ferdinand Braun Institute to simulate and to analyze the behavior of different lasers. In particular, LDSL-tool is applied to study excitability in lasers with short external cavity ([4, 6]), self-pulsations in lasers with amplified feedback ([11, 12]), in DFB lasers with dispersive feedback ([1, 5, 7]), in lasers with two active DFB sections ([3, 9, 10]), and high power pulse generation in DBR lasers ([15]).

Project 3: Research of effects degrading high-frequency self-pulsations. In the frame of the BMBF project “Hochfrequente Selbstpulsationen in Mehrsektions-Halbleiterlasern: Analysis, Simulation und Optimierung” (High-frequency self-pulsations in multi-section semiconductor lasers: Analysis, simulations, and optimization), in cooperation with the Heinrich Hertz Institute, Berlin, and the company u^2t Photonics, Berlin, the behavior of a three-section laser with two active DFB sections (see Figure 1) has been investigated.

It was demonstrated experimentally and theoretically ([3]) that such a laser can operate at high frequency (∼20–160 GHz) self-pulsations (SP) due to mutual action of two modes. Nevertheless, only some of the produced nominally identical devices could operate at the required pair of modes. The identification of possible reasons for this failure is one of the most important tasks in this project. By extensive numerical simulations of the impact of several possible limiting effects it was possible to avoid a lot of time-consuming and expensive experiments and measurements.

Finally, in [10] we have suggested that such problems can arise due to non-vanishing reflectivities for the counter-propagating fields at the junctions of the laser sections S_1/S_2 and S_2/S_3. Since the phases of the complex reflectivity coefficients r_1 and r_2 can not be controlled during the production of the devices, it is important to estimate the reflectivity amplitudes |r_{1,2}| permitting the same type of SP for any phase of reflectivity in order to find conditions which guarantee a robust behavior under the requirements of the production process.

Fig. 5: Dependence of SP frequency on two internal reflectivity coefficients r_1 and r_2 at two slightly different operating conditions of self-pulsating laser

The diagrams in Figure 5 represent a study of the effect of internal reflectivity on two slightly different self-pulsations at 33.5 and 38 GHz frequency. The SP represented in the upper diagrams are chosen from the middle of the area of similar self-pulsations in the parameter space, while the lower diagrams indicate similar SP closer to the border of the same area. In both cases we have applied the same reflectivity amplitudes for both of the junctions (fixing them at 1, 5, and 10 % reflectivity) and have varied the reflectivity phases. The white areas within the colored diagrams indicate totally different operational regimes. Therefore, 5 % amplitude reflectivity (which, actually, was present in the lasers made at the Heinrich Hertz Institute) do not degrade self-pulsations dramatically if we are in the middle of the SP area in the parameter plane, but can cause trouble if we are operating close to the border of the same area.

These simulations have shown the importance of a control of internal reflectivities. Our partners now are producing a new generation of multi-section lasers with reduced level of reflectivities.

References

1. U. BANDELOW, M. RADZIUNAS, J. SIEBER, M. WOLFRUM, Impact of gain dispersion on the spatio-temporal dynamics of multi-section lasers, WIAS Preprint no. 597, 2000, IEEE J. Quantum Electron., 37 (2001), pp. 183–189.

2. U. BANDELOW, H. WENZEL, H.-J. WU^¨ NSCHE, Influence of inhomogeneous injection on sidemode suppression in strongly coupled DFB semiconductor lasers, Electronics Letters, 28 (1992), pp. 1324–1326.

3. M. MO^¨ HRLE, B. SARTORIUS, C. BORNHOLDT, S. BAUER, O. BROX, A. SIGMUND, R. STEINGRU^¨ BER, M. RADZIUNAS, H.-J. WU^¨ NSCHE, Detuned grating multi-section- RW-DFB lasers for high speed optical signal processing, IEEE J. Selected Topics Quantum Electron., 7 (2001), pp. 217–223.

4. H.-J. WU^¨ NSCHE, O. BROX, M. RADZIUNAS, F. HENNEBERGER, Excitability of a semiconductor laser by a two-mode homoclinic bifurcation, Phys. Rev. Lett., 88 (2002), pp. 023901/1–023901/4.

5. M. RADZIUNAS, H.-J. WU^¨ NSCHE, B. SARTORIUS, O. BROX, D. HOFFMANN, K.R. SCHNEIDER, D. MARCENAC, Modeling self-pulsating DFB lasers with an integrated phase tuning section, WIAS Preprint no. 516, 1999, IEEE J. Quantum Electron., 36 (2000), pp. 1026–1034.

6. M. RADZIUNAS, H.-J. WU^¨ NSCHE, O. BROX, F. HENNEBERGER, Excitability of a DFB laser with short external cavity, WIAS Preprint no. 712, 2002, SPIE Proceedings Series, 4646 (2002), pp. 420–428.

7. M. RADZIUNAS, H.-J. WU^¨ NSCHE, Dynamics of multi-section DFB semiconductor laser:

Traveling wave and mode approximation models, WIAS Preprint no. 713, 2002, SPIE Proceedings Series, 4646 (2002), pp. 27–37.

8. M. RADZIUNAS, H.-J. WU^¨ NSCHE, LDSL-tool: A tool for simulation and analysis of longitudinal dynamics in multisection semiconductor laser, in: Proceedings of NUSOD- 02, 2002, pp. 26–27.

9. M. RADZIUNAS, Sampling techniques applicable for the characterization of the quality of self-pulsations in semiconductor lasers, WIAS Technical Report no. 2, 2002.

10. M. RADZIUNAS, H.-J. WU^¨ NSCHE, B. SARTORIUS, Simulation of phase-controlled mode-beating lasers, submitted.

11. S. BAUER, O. BROX, J. KREISSL, G. SAHIN, B. SARTORIUS, Optical microwave source, Electronic Letters, 38 (2002), pp. 334–335.

12. O. BROX, S. BAUER, M. RADZIUNAS, M. WOLFRUM, J. SIEBER, J. KREISSL, B. SARTORIUS, H.-J. WU^¨ NSCHE, High-frequency pulsations in DFB lasers with amplified feedback, submitted.

13. J. SIEBER, Longitudinal dynamics of semiconductor lasers, PhD thesis, Humboldt- Universität zu Berlin, WIAS Report no. 20, 2001.

14. , Numerical bifurcation analysis for multi-section semiconductor lasers, WIAS Preprint no. 683, 2001, SIAM J. Appl. Dyn. Syst., 1 (2002), pp. 248–270.

15. K.-H. HASLER, H. WENZEL, A. KLEHR, G. ERBERT, Simulation of the generation of high-power pulses in the GHz range with three-section DBR lasers, IEE Proceedings Optoelectronic, Special Issue on Simulation of Semiconductor Optoelectronic Devices, 149 (2002), pp. 152–160.

16. D. TURAEV, M. WOLFRUM, Instabilities of lasers with moderately delayed optical feedback, Optics Communications, 212 (2002), pp. 127–138.

17. B. KRAUSKOPF, K.R. SCHNEIDER, J. SIEBER, S. WIECZOREK, M. WOLFRUM, Excitability and self-pulsations near homoclinic bifurcations in semiconductor laser systems, Optics Communications, 215 (2003), pp. 367–379.

18. S. BAUER, O. BROX, J. SIEBER, M. WOLFRUM, Novel concept for a tunable optical microwave source, in: Proc. Conf. Optical Fiber Communication, Anaheim (USA), 2002, pp. ThM5.I158.

19. J. SIEBER, Longtime behavior of the traveling-wave model for semiconductor lasers, WIAS Preprint no. 743, 2002, to appear in: SIAM J. Appl. Dyn. Syst.

Multiscale systems

Collaborators: K.R. Schneider, E.V. Shchetinina

Project 1: Exchange of stabilities in multiscale systems.

Cooperation with: V.F. Butuzov, N.N. Nefedov (Moscow State University, Russia) Supported by: DFG: Cooperation Project “Singulär gestörte Systeme und Stabilitätswechsel” (Singularly perturbed systems and exchange of stability) of German and Russian scientists in the framework of the Memorandum of Understanding between DFG and RFFI

The problem of delayed exchange of stabilities for a scalar non-autonomous ordinary differential equation has been treated some time ago ([3]). Very recently, the same problem for the scalar singularly perturbed parabolic differential equation ε ( ∂ u ∂t − ∂^2u ∂ x^2 ) = g(u,x,t,ε), (x,t) ∈ Q = {(x,t) : 0 < x < 1, 0 < t ≤ T }, 0 < ε ≪ 1 (1) has been solved successfully by means of the method of asymptotic lower and upper solutions [2]. This result provides a first proof for the existence of canard solutions for partial differential equations.

Under the assumption that the degenerate equation

g(u,x,t,0) = 0 has exactly two roots u ≡ 0 and u = φ(x,t) intersecting in some smooth curve K with the representation t = t_c(x), t_c ∈ C^1([0,1],(0,T)), and that g(0,x,t,ε) ≡ 0 for all (x,t,ε) under consideration, we derive conditions on g and on u^0 such that the initial-boundary value problem to (1)

u(x,0,ε) = u^0(x) for x ∈ [0,1], ∂ u ∂ x (0,t,ε) = ∂ u ∂ x (1,t,ε) = 0 for t ∈ [0,T ]

has for sufficiently small ε a unique solution satisfying

lim_{ε→0} u(x,t,ε) = 0 for (x,t) ∈ [0,1] × (0,t_{min}),

lim_{ε→0} u(x,t,ε) = φ(x,t) for (x,t) ∈ [0,1] × (t_{max},T ],

that is, t_{min} and t_{max} are lower and upper bounds for the delay of exchange of stabilities. The results of the research cooperation between WIAS and the Department of Mathematics of the Faculty of Physics of the Moscow State University in the field of exchange of stabilities in multiscale systems over the last five years have been represented as a report [1] which will appear as a research monography in Russia and in the USA.

References

1. V.N. BUTUZOV, N.N. NEFEDOV, K.R. SCHNEIDER, Singularly perturbed problems in case of exchange of stabilities, WIAS Report no. 21, 2002.

2. N.N. NEFEDOV, K.R. SCHNEIDER, Delayed exchange of stabilities in a class of singularly perturbed parabolic problems, WIAS Preprint no. 778, 2002.

3. , Delayed exchange of stabilities in singularly perturbed systems, WIAS Preprint no.

270, 1997, Z. Angew. Math. Mech., 78 (1998), Suppl. 1, S199–S202.

Project 2: Delayed loss of stability in non-autonomous delay-differential equations

Cooperation with: B. Lani-Wayda (Justus-Liebig-Universität Giessen)

Dynamical systems as mathematical models of real-life processes depend on several parameters which are assumed to be fixed within some time period. The influence of parameters on the behavior of a dynamical system is studied within the framework of bifurcation theory. This project aims to study the influence of some relevant system parameter λ changing slowly in time (for example, because of an aging process). For ordinary differential equations it is well known that a slowly changing parameter can lead to a special phenomenon known as delayed loss of stability [2]. Such phenomenon manifests in a jumping behavior of some state variables which can imply dramatic consequences (e.g., thermal explosion). The main goal of this project is to describe a similar effect for nonlinear differential-delay equations of the type dx dt (t) = g(t,x(t − 1)). (2)

For this purpose, we study the linear inhomogeneous equation dx dt (t) = a(t)x(t − 1) + h(t) (3)

assuming that the function a takes values in [−3π/4,−π/4] and changes slowly. It is well known that for constant a and h = 0, the zero solution of the linear equation (3) is stable for a ∈ (−π/2,0), and unstable for a < −π/2. Contrary to the ODE case, the exponential rate of growth or decay is not directly given by a, but has to be estimated. We provide such estimates and derive a variation-of-constants formula for the case of nonconstant a and h ≠ 0. This formula will be used to express solutions of (2) on successive time intervals I_i by solutions of the equation dx dt (t) = c_i x(t − 1)

with constants c_i which are values of ∂_2g(·,0) on I_i. We establish estimates that express the phenomenon of delayed loss of stability for differential-delay equations of type (2). As an example we treat the equation dx dt (t) = (−π/4 − εt)arctan(x(t − 1)).

Here, we study the initial value problem with the initial segment identically 1, and estimate the time until the solution is close enough to zero by a method that is not based on linearization. Figure 1 demonstrates this phenomenon numerically.

Fig. 1: Numerical solution of ẋ(t) = (−π/4 − εt)arctan(x(t − 1)) with constant initial segment equal to 1 and ε = 0.03

Complementary to the results on delayed loss of stability, which express similar behavior of delay equations and ordinary differential equations (ODEs), we exhibit a substantial difference between both types of equations. Namely, the additive term h(t) in the equation dx dt (t) = cx(t − 1) + h(t)

inevitably has an influence on the development of all “components” of solutions (in terms of expansion into eigenfunctions of the homogeneous equation). Of course, for a linear constant coefficient system of ODEs, the perturbation h can be chosen such that it influences only specific components.

References

1. B. LANI-WAYDA, K.R. SCHNEIDER, Delayed loss of stability and excitation of oscillations in nonautonomous differential equations with retarded argument, WIAS Preprint no. 744, 2002.

2. N.N. NEFEDOV, K.R. SCHNEIDER, Delayed exchange of stabilities in singularly perturbed systems, WIAS Preprint no. 270, 1997, Z. Angew. Math. Mech., 78 (1998), Suppl. 1, S199–S202.

Project 3: Integral manifolds of canard type for non-hyperbolic slow-fast systems

Cooperation with: V.A. Sobolev, E.A. Shchepakina (Samara State University, Russia)

Slow-fast systems have been considered which can be transformed into the form dy dt = εY (t,y,z,ε), dz dt = B(t)z + Z(t,y,z,a(y,ε),ε) + a(y,ε) (4)

with Z(t,y,0,0,0) ≡ 0, y ∈ R^n, z ∈ R^2, ε is a small positive parameter, a is a 2-dimensional vector function, and B(t) is the matrix

B(t) = ( 2t 1 −1 2t ) . Note that the eigenvalues of the matrix B(t) are 2t ± i, that is, B(0) has purely imaginary eigenvalues, and therefore (4) is a non-hyperbolic slow-fast system.

The aim of this project is to establish an integral manifold of the form z = h(t,y,ε) to reduce the order of system (4) under non-hyperbolicity conditions. In the hyperbolic case the existence of such integral manifolds has been known for a long time (see, e.g., [3]). As a result we derived conditions on Y and Z guaranteeing the existence of a function a(y,ε) such that (4) has an integral manifold of the form z = h(t,y,ε), where h is uniformly bounded, ||h|| and ||a|| tend to zero as ε → 0. Moreover, we derived an algorithm to determine the coefficients in the asymptotic representation of the functions a(y,ε) and h(t,y,ε) as

a(y,ε) = ∞ ∑_{i=1}^{εia}i^{(y),}

h(t,y,ε) = ∞ ∑_{i=1}^{εih}i^{(t,y).}

The established manifold z = h(t,y,ε) is of canard type, that is, it is attracting for t < 0 and repelling for t > 0.

References

1. K.R. SCHNEIDER, E.V. SHCHETININA, One-parametric families of canard cycles: Two explicitly solvable examples, to appear in: Z. Angew. Math. Mech.

2. E.V. SHCHETININA, Existence and asymptotic expansion of invariant manifolds for non-hyperbolic slow-fast systems, WIAS Preprint, in preparation.

3. V.V. STRYGIN, V.A. SOBOLEV, Separation of Motions by the Integral Manifold Method (in Russian), Nauka, Moscow, 1988.

Project 4: Combustion wave of canard type Cooperation with: V.A. Sobolev, E.A. Shchepakina (Samara State University, Russia)

We consider the problem of thermal explosion in case of an autocatalytic combustion reaction. The goal of the project is to establish the existence of traveling wave solutions of the system γ ∂ Θ ∂t = η(1 − η)e^Θ − αΘ + δ^{∂ 2Θ}_{∂ ξ 2} , γ ∂ η ∂t = γη(1 − η)e^Θ + μ^{∂ 2η}_{∂ ξ 2} , (5)

where Θ is the temperature, η the depth of conversion of the gas mixture, γ is a small parameter (case of highly exothermic reaction). The existence of a traveling wave Θ = Θ̃(ξ + ct), η = η̃(ξ + ct) to (5) is equivalent to the existence of a heteroclinic orbit of the system (x = ξ + ct) γc dΘ̃ dx = η̃(1 − η̃)e^{Θ̃} − αΘ̃ + δ^{d2Θ̃}_{dx2} , γc dη̃ dx = γη̃(1 − η̃)e^{Θ̃} + μ^{d2η̃}_{dx2} (6)

connecting two equilibria of the reaction system.

Basing on the fact that the reaction system has canard solutions separating the slow combustion regime from the explosive one [2], we prove by applying the geometric theory of singularly perturbed differential equations the existence of a new type of traveling wave solutions, the so-called canard traveling waves.

Fig. 2: Projection of canard trajectories of system (6) for γ = 0.05, δ = μ = 1, α = 0.66022803, α = 0.66025281, α = 0.66024835

Fig. 3: Θ–profiles of the canard traveling wave solution of system (5) for γ = 0.05, α = 0.58443, δ = μ = 1

References 1. K.R. SCHNEIDER, V.A. SOBOLEV, Existence and approximation of slow integral manifolds in some degenerate cases, WIAS Preprint no. 782, 2002.

2. V.A. SOBOLEV, E.A. SHCHEPAKINA, Duck trajectories in a problem of combustion theory, Differential Equations, 32 (1996), pp. 1177–1186.

3. K.R. SCHNEIDER, E.A. SHCHEPAKINA, V.A. SOBOLEV, A new type of traveling wave solutions, WIAS Preprint no. 694, 2001, to appear in: Math. Methods Appl. Sci.

Homoclinic bifurcations

Collaborator: D.V. Turaev

Project 1: Dynamics near homoclinic tangencies

Cooperation with: S.V. Gonchenko, L.P. Shilnikov (Institute for Applied Mathematics and Cybernetics, Nizhny Novgorod, Russia)

Supported by: DFG grant no. 436 RUS, Prize of the Alexander von Humboldt Foundation

Since Poincaré’s pioneering work, orbits which are homoclinic to saddle periodic ones have been one of the most attractive objects of study in the theory of dynamical systems. The main reason to study homoclinic orbits is that their presence implies complicated dynamics. It is well known that in any neighborhood of a transverse homoclinic orbit there exist infinitely many saddle periodic orbits and a continuum of non-trivial hyperbolic recurrent orbits. If the system has a non-transverse homoclinic orbit, that is, in the case of homoclinic tangency, then in any neighborhood of the given system there exist infinitely many Newhouse regions where systems with homoclinic tangencies are dense.

Since Newhouse regions exist near any system with a homoclinic tangency, it follows that they can be found in the space of parameters of any dynamical model demonstrating chaotic behavior in absence of uniform hyperbolicity, in particular in such popular examples as Hénon map, Chua circuit, Lorenz model, etc. Moreover, as numerics shows, the Newhouse regions can occupy quite large portions of the parameter space. Therefore, the problem of understanding the nature of the orbit structure for systems from Newhouse regions is quite challenging. We have found that the dynamics of systems from the Newhouse regions is extremely rich and unusual (see Project 2). As it was shown in [2], a description of the dynamics of such systems requires an infinite set of invariants which means that any attempt to give a complete description of the dynamics and bifurcations in the Newhouse regions will fail. Therefore, we have to restrict the analysis to some particular details or to some most general features only. As the most important of such general properties of systems in the Newhouse regions, we select the coexistence of many periodic orbits of different stability types (i.e., with different numbers of positive/negative Lyapunov exponents). It has been demonstrated in [1] that stable periodic orbits can coexist with saddle ones near a homoclinic tangency in three-dimensional systems. The questions which conditions provide the same phenomenon in the multidimensional case and which conditions could lead to the coexistence of saddles of different types within the regions of chaotic dynamics were raised by many authors. In the present work [4] we give a complete answer to these questions for systems from the Newhouse regions.

Consequently, following [3], we classify codimension-1 homoclinic tangencies by the value of the so-called effective dimension d_e. It is an integer which can be effectively computed for any given system with a homoclinic tangency. We have proven the following result. Theorem 1. In the Newhouse regions the values of parameters are dense (and form a residual set) for which the system has infinitely many coexisting hyperbolic periodic orbits of (d_e + 1) different stability types.

We describe exactly the types of these periodic orbits for different types of the Newhouse regions and show that orbits of other stability types cannot exist here. So, the question for the maximal and minimal number of positive Lyapunov exponents of the orbits of systems under consideration, as well as the question for the coexistence of orbits with different numbers of positive Lyapunov exponents, has been solved completely. In particular, we obtain necessary and sufficient conditions for the denseness of systems with infinitely many stable periodic orbits in the Newhouse regions.

We also address the question for the coexistence of infinitely many non-trivial attractors. We have proven the following result.

Theorem 2. In the case d_e ≥ 2, the values of parameters in the Newhouse regions are dense and form a residual set for which the system has infinitely many coexisting stable invariant tori. The problem of the coexistence of infinitely many strange attractors in the case d_e ≥ 3 was also discussed in [4].

Project 2: Richness of chaotic dynamics in non-hyperbolic systems

It has been proved in [2] that systems with homoclinic tangencies of arbitrarily high order are dense in the Newhouse regions, as well as systems having degenerate periodic orbits with all Lyapunov coefficients equal to zero. This implies that bifurcations of such systems are extremely involved and rich. Thus, the question arises: Can we estimate in exact terms how rich these bifurcations are? In [5] we give a definite answer for the example of two-dimensional area-preserving maps. It is shown that we deal here with the ultimate richness: Every possible dynamics can be obtained by a small perturbation of any system from a Newhouse region. To be more precise, let f be a C^r-smooth area-preserving map of R^2. Define the dynamical conjugacy class of f as the set of all maps f_{n,ψ} of a unit disc U_1 into R^2 obtained by the rule f_{n,ψ} = ψ^{−1} ∘ f^n ∘ ψ, where n is an integer, f^n is the n-th iteration of f , and ψ is an arbitrary C^r-smooth map of U_1 into R^2 with a constant Jacobian (hence, by construction, all the maps f_{n,ψ} in the class are area preserving).

When we speak about the dynamics of a map, then we somehow describe its iterations, where the description should be independent of smooth coordinate transformations. Therefore, the class of maps f just introduced yields some representation of the dynamics of f . Note that the coordinate transformations ψ are not area preserving (they preserve the standard symplectic form up to a constant factor), i.e., the image ψ(U_1) can be a disc of an arbitrarily small radius with its center located anywhere. Thus, the class of maps f contains information about the behavior of arbitrarily long iterations of f on arbitrarily fine spatial scales. The general intuition here is that if the class of maps is large, then the dynamics is rich, while if the dynamics is sufficiently simple, then the class is somehow restricted. The following definition introduces maps whose dynamics is ultimately rich.

Definition. A C^r-smooth symplectic map f is called universal (or C^r-universal) if its dynamical class is dense in the C^r-topology among all C^r-smooth symplectic diffeomorphisms U_1 → R^2. By this definition, the detailed understanding of the dynamics of any single universal map is not simpler than the understanding of all other area-preserving maps altogether, i.e., it is beyond human abilities. What is astonishing, is that such universal maps are quite common. Namely, we show in [5] that the following statement is valid.

Theorem 3. C^r-universal maps exist in any neighborhood (in the C^r-topology) of any areapreserving map with a homoclinic tangency, i.e., they are dense in the Newhouse regions.

This theorem says that universal maps occur as often as homoclinic tangencies do. It is an empirical fact that if we have any explicitly given area-preserving map with chaotic behavior, then by slightly changing parameters we can quite often encounter a homoclinic tangency. Thus, according to the theorem above, if we have enough control parameters then we can tune our map as close as we want to any other area-preserving map in some carefully chosen coordinates.

Project 3: Problems of synchronization

Cooperation with: L.P. Shilnikov (Institute for Applied Mathematics and Cybernetics, Nizhny Novgorod, Russia)

Supported by: Prize of the Alexander von Humboldt Foundation

The problem of synchronization is one of the main problems of applied signal processing. It can be formulated as follows: Let a generator of periodic oscillations be forced by an external periodic signal. Under which conditions will the generator respond with the same frequency as the external signal? Can it respond to the signal with a fractional or multiple frequency? Which response should we expect in general?

When the amplitude of the external force is small, these questions are solved by the classical method of averaging: depending on the frequency detuning, either synchronization or beating regimes should be expected. In the case of finite amplitude, the situation becomes much more complicated: synchronization of different frequencies is possible for the same parameter values, as well as chaotic regimes. In [6] we study the problem of sudden transition from synchronization to chaos. This process can be modeled in geometrical terms as a bifurcation of a saddle-node periodic orbit with a non-smooth homoclinic loop (see Figure 1). We give criteria which allow to distinguish between two possible scenarios of what happens when the saddle-node has disappeared: either the dynamics is always chaotic, or zones of chaotic behavior interchange in the parameter space with zones of synchronization. We also analyze in [6] the problem of coexistence of chaotic and synchronized behavior. The classical result of Cartwright and Littlewood from 1945 [7] (explaining earlier experiments by van der Pol) is that the coexistence of two synchronization regimes with different frequencies implies also the existence of a chaotic transient. We enhanced this by giving criteria for the coexistence of chaos with a single synchronized regime and for the existence of chaos in the absence of stable synchronized regimes.

Fig. 1: The unstable manifold W^u of a saddle-node O may return to 0 making infinitely many wriggles

References

1. N.K. GAVRILOV, L.P. SHILNIKOV, Three-dimensional dynamical systems close to systems with a structurally unstable homoclinic curve, II, Math. USSR-Sb., 19 (1973), pp. 139–156.

2. S.V. GONCHENKO, L.P. SHILNIKOV, D.V. TURAEV, On models with non-rough Poincaré homoclinic curves, Physica D, 62 (1993), pp. 1–14.

3. D. TURAEV, On dimension of non-local bifurcational problems, Bifurcation and Chaos, 6 (1996), pp.123–156.

4. S.V. GONCHENKO, L.P. SHILNIKOV, D.V. TURAEV, On dynamical properties of diffeomorphisms with homoclinic tangencies, WIAS Preprint no. 795, 2002 (to be submitted).

5. D. TURAEV, Polynomial approximations of symplectic dynamics and richness of chaos in non-hyperbolic area-preserving maps, Nonlinearity, 16 (2003), pp. 1–13.

6. L.P. SHILNIKOV, D.V. TURAEV, Some mathematical problems of classical synchronization, to appear in: Mathematics. Mechanics. Informatics. 10 years of Russian Foundation of Basic Research, Moscow, 2003.

7. M.L. CARTWRIGHT, J.E. LITTLEWOOD, On nonlinear differential equations of the second order: I. The equation ÿ − k(1 − y^2)ẏ + y = bλ k cos(λ + α)t, k large, J. London Math. Soc., 20 (1945), pp. 180–189.

4.3 Research Group Numerical Mathematics and Scientific Computing

4.3.1 Overview Die Forschungsgruppe erarbeitet numerische Verfahren für Systeme von partiellen Differentialgleichungen und Algebro-Differentialglei-chungen, analysiert diese Methoden und wendet sie auf relevante Fragestellungen der Praxis an. Dabei sind die Forschungen naturgemäß langfristig angelegt. Besondere Bedeutung kommt der Entwicklung und Implementierung numerischer Software zu. Hier stellt die Forschungsgruppe moderne und effiziente Werkzeuge bereit.

The group develops numerical procedures for systems of partial differential equations and differential–algebraic equations, analyzes these methods, and applies them to practical problems of interest. The research projects are, by their nature, long-term studies. Of particular importance is the development and implementation of numerical software, to which the group creates and provides modern and efficient tools.

Die Methoden bewähren sich bei konkreten Anwendungen in Projekten mit Partnern aus der Industrie und experimenteller Forschung. Diese Kontakte wiederum stimulieren weitere mathematisch-numerische Forschungen.

The methods are applied to real-world problems in collaborative projects with partners from industry and experimental research. These contacts in turn stimulate further mathematics-based numerical research.

Die thematischen Schwerpunkte waren: The main research topics were:

• Numerische Verfahren und Softwarekomponenten für die Lösung von Systemen partieller Differentialgleichungen,

• Simulation von Höchstfrequenzschaltungen,

• Statische und dynamische Simulation verfahrenstechnischer Prozesse.

• Numerical procedures and software modules for the solution of systems of partial differential equations;

• Simulation of high-frequency circuits;

• Stationary and dynamic simulation in process engineering.

Im September 2002 wurde der im Rahmen des DFG-Schwerpunktprogrammes 1095 „Analysis, Modellierung und Simulation von Mehrskalenproblemen“ veranstaltete Workshop Multiscale Problems in Quantum and Classical Mechanics, Averaging Techniques and Young Measures zusammen mit den Forschungsgruppen „Partielle Differentialgleichungen und Variationsgleichungen“ und „Kontinuumsmechanik“ durchgeführt (siehe Seite 239). Insbesondere die Vielzahl der Beiträge zu den beiden Schwerpunktthemen des Workshops, Halbleiter-Nanostrukturen und Probleme der

In September 2002 the group organized in collaboration with the research groups “Partial Differential Equations and Variational Equations” and “Continuum Mechanics” the workshop Multiscale Problems in Quantum and Classical Mechanics, Averaging Techniques and Young Measures (see page 239) which was an event in the DFG Priority Program 1095 “Analysis, Modeling and Simulation of Multiscale Problems”. In particular the multitude of contributions to the main topics of the workshop, semiconductor nanostructures and problems of the atomic chain, have been proven atomaren Kette, haben sich als hervorragende Grundlage zur intensiven wissenschaftlichen Diskussion und zum Knüpfen neuer Kontakte herausgestellt.

to be an excellent basis for intense scientific discussions and for the establishment and the fosterage of joined activities.

Im Oktober 2002 war die Forschungsgruppe Veranstalter der international ausgerichteten Tagung Challenges in Scientific Computing (siehe Seite 240). 54 Forscher aus vielfältigen Bereichen des Scientific Computing, Numerischer Analysis und Naturwissenschaften kamen zu einem intensiven wissenschaftlichen Austausch über aktuelle Probleme der Numerik von Reaktions-Diffusions- Transportsystemen zusammen.

In October 2002 the group organized the international conference Challenges in Scientific Computing (see page 240). This meeting provided a forum of intense scientific discussion for some 54 researchers from various fields of scientific computing, numerical analyzis and science on the state-of-the-art problems in the numerics of systems of reaction-diffusion-transport equations.

Die Forschungsgruppe hat an dem nachfolgend genannten forschungsgruppenübergreifenden Projekt mitgearbeitet:

The group has collaborated on the following joint project with an other research group at WIAS:

• Hochskalierung mikroskopisch berechneter Daten und Kennlinien auf makroskopische Zustandsgleichungen (siehe S. 170) zusammen mit der FG „Partielle Differentialgleichungen und Variationsgleichungen“.

• Upscaling of microscopic calculated characteristics to macroscopic state equations (see page 170) in cooperation with research group “Partial Differential Equations and Variational Equations”.

In der Forschungsgruppe werden zudem die folgenden institutsweiten Querschnittsaufgaben bearbeitet:

In addition, the group works on the following cross-sectional tasks:

• Aktive Unterstützung anderer Gruppen bei der numerischen Umsetzung von Projekten mit pdelib, z. B.

– Numerische Simulation und Optimierung der Züchtung von SiC- Einkristallen durch Sublimation aus der Gasphase (siehe S. 43), – Spannungsanalyse in einer dünnen Wafer-Platte (siehe S. 164).

• Entwicklung spezieller Moduln und Features für pdelib, allgemeine Beratung in numerischen Fragen,

• Visualisierung.

• Active support for other groups in converting mathematical problems to forms compatible with pdelib, e.g.,

– Numerical simulation and optimization of SiC single crystal growth by sublimation from the gas phase (see page 43);

– Stress analyzis of a thin wafer plate (see page 164).

• Development of special modules and features for pdelib, general advice for questions on numerical issues;

• Visualization.

4.3.2 Projects

Two-dimensional numerical simulation of a DMFC (Direct Methanol Fuel Cell)

Collaborators: J. Fuhrmann, K. Gärtner

Cooperation with: J. Divisek, H. Dohle (Forschungszentrum Jülich GmbH, IWV-3)

Supported by: IWV-3 Jülich

During the third year of this project (see Annual Research Report 2001^1) we focused on:

1. The verification of the model and the calibration of some of its parameters with respect to experiments. This process was partially automated by the application of a least-squares fit of IV-curves or other parameter-dependent functionals.

2. The numerical study of the influence of geometry variations on the fuel cell performance;

3. A model taking into account the influence of contact plate designs on the fuel cell performance.

Summary of the status reached:

The essential problem is the precision, some of the model parameters are known. On the other hand one has a very limited amount of experimental data. The experimental setups aim on the normal working conditions of a fuel cell. Parameter verification would be supported much better by an enlarged range of parameter variations that clearly addresses different limiting conditions and special nonlinear effects.

The computations show a significant influence of the fuel cell geometry on the cathodic reaction rates, especially due to temperature feedback effects. This points to carefully designed experiments which could be verified by two-dimensional computations, and a possible need for further model improvements regarding the heat conduction model (boundary conditions, temperature coefficients of the oxygen kinetics), and the concurrency for free catalytic sites at the cathode (oxygen/H^+ versus the parasitic methanol oxidation).

Another topic of interest is to estimate the influence of contact plate designs on the fuel cell performance. Mechanical and production constraints limit the area exposed to oxygen and fuel while the contact plate material has to collect the electrons on the other hand. Due to the typical geometric situation (the height of the contact plate (z direction) is approximately two orders of magnitude smaller than the other dimensions (x, y)) the following simplified (height-integrated) model was solved numerically:

−∇ · σ̃_i(x)∇ϕ_i = (−1)^{i+1}ρ̃(ϕ_1 − ϕ_2,x),

i = 1,2, 1: anode, 2: cathode, ϕ_i(x,y) electrostatic potential, ρ̃(ϕ_1 − ϕ_2,x) IV-characteristics of the MEA (Membrane-Electrode Assembly, corrected with respect to horizontal losses in the graphite). The functions describing the effective conductivities are given for the metal-covered zone by σ̃ = h_{metal}σ_{metal} + h_{graphite}σ_{graphite}, and the fuel or air region σ̃ = h_{graphite}σ_{graphite} respectively. The reaction rate (electron source/sink) in a region covered by metal was assumed to be zero. The following Figure 1 shows the basic features, a grid and a potential pattern. Due

1http://www.wias-berlin.de/publications/annual_reports/2001/node45.html

to the Dirichlet boundary conditions imposed on different segments of the anodic and cathodic contact plate the possibly existing symmetry is broken, and both plates have to be computed.

Fig. 1: Basic layout of a symmetry sector of a contact plate (UL), metal region (red), fuel and air zone (green) (UR), potential at the cathode (LL) and the anode (LR)

Thermal convection in sedimental basins

Collaborator: J. Fuhrmann

Cooperation with: U. Bayer (GeoForschungsZentrum Potsdam)

We regard the following model of thermal convection:

∂_t (φ_sρ_f ) = ∇ · (ρ_f⃗v)

⃗v = k_s μ_f

(∇p − ρ_f⃗g)

∂_t ( ((1 − φ_s)ρ_sc_s + φ_sρ_f c_f )T ) = ∇ · ( ( (1 − φ_s)λ_s + φ_sλ_f ) ∇T − T ρ_f c_f⃗v).

These equations describe fluid flow in a saturated porous medium, and energy transport driven by thermal diffusion in both the solid matrix and the fluid, and by convection based on the fluid flux.

The basic variables are the pressure p and the temperature T . ρ_s,ρ_f (p,T ), c_s,c_f , λ_s,λ_f are the densities, heat capacities and heat transfer coefficients for solid matrix and fluid, respectively. φ,k_s are the porosity and the hydraulic permeability of the solid. The remaining data are fluid viscosity μ_f (p,T ), acceleration of gravity ⃗g and volumetric flux of water ⃗v. The system is closed by standard boundary conditions. When applied to sedimental basins heated from below by the Earth core, heterogeneity is introduced by the strong variation of the solid matrix parameters between the sedimental layers.

Using a time implicit, Voronoi box based finite volume method, simulations for two-dimensional slices of the North-East German basin have been carried out. These suggest that a quasi-periodic, if not chaotic flow regime might be present in the basin region.

Fig. 1: Stationary and chaotic solutions after 10^7 years

Fig. 2: Nusselt number time series of quasiperiodic and chaotic solutions, respectively, in a slice of the North-East German basin From the viewpoint of the geosciences, the implications of a non-stationary flow behavior would be quite severe. Further investigation of this question, a more realistic model ansatz including the dissolved salt, and the development of three-dimensional simulation tools are subject of further research. References

1. U. BAYER, V. CLAUSNITZER, J. FUHRMANN, Unsteady thermal convection in the North-East-German basin, WIAS Preprint no. 741, 2002.

Finite element methods for surface diffusion

Collaborator: E. Bänsch

Cooperation with: P. Morin (Universidad Nacional del Litoral and Instituto de Matemática Aplicada del Litoral, Santa Fe, Argentina), R.H. Nochetto (University of Maryland, USA)

The overall goal of this work is to devise efficient numerical tools for simulating morphological changes in stressed epitaxial films and thereby study their complicated nonlinear dynamics. To model the misfit between the crystalline structure of the substrate and epitaxial film, the film may be thought of as subjected to mechanical stresses. This causes a plastic deformation of the free surface of the film. This morphological instability of the free surface may eventually lead to crack formation and fracture, an issue of paramount importance in Materials Science, [3] – [5].

Fig. 1: Sketch of the physical situation: stressed epitaxial film situated on a substrate

The dynamics of the free surface Γ in R^d is governed by the highly nonlinear PDE

V = −Δ_Γ(κ + ε), (1)

where d = 2 or d = 3, V and κ are the (scalar) normal velocity and mean curvature of Γ, and ε is the elastic energy density of the bulk Ω(t) enclosed by Γ(t). Solving the system of linear elasticity in Ω(t) provides indeed the trace of ε on Γ(t). So far, we consider f as being given. The main mathematical and numerical problems arise from the 4th-order nonlinear Laplace- Beltrami operator and the fact that one cannot work directly with the curvature vector. A variational finite element formulation of a semi-implicit time discretization which involves four unknowns, namely the vector normal velocity, (scalar) normal velocity, scalar curvature and curvature vector has been developed. A Schur complement form is used to reduce the system to the single unknown of scalar velocity. Under the assumption of non-degeneracy of the geometry unconditional stability of the scheme can be shown.

For the graph case an analogous formulation can be derived, resulting in a similar but simpler variational system consisting of 2 scalar unknows, namely the height u and the curvature κ. In this case, an optimal a priori error estimate could be proved, reading: let e_u = u − u_h and e_κ = κ − κ_h, then sup t∈[0,T] ( ||e_u(t)||^2 + ∫ Γ_h(t)

|∇_Se_u|^2 ) + ∫ T 0 ( ||e_κ (t)||^2 + ∫ Γ_h(t)

|∇_Se_κ |^2 ) dt ≤ C h^{2k}. (2)

Here C > 0 depends on the regularity of u and κ, k ≥ 1, is the polynomial degree. h is the mesh size.

Fig. 2: Solutions for ε = −50/u and u_0(x) = 1 + δ (x) at various time instants, with δ (x) a small perturbation across y = cosx: crack formation

References

1. E. BA^¨ NSCH, P. MORIN, R.H. NOCHETTO, Surface diffusion of graphs: Variational formulation, error analysis and simulations, submitted.

2. , Finite element methods for surface diffusion, to appear in: Proceedings of Free Boundary Problems: Theory and Applications, Trento, 2002.

3. M.A. GRINFELD, Thermodynamic Methods in the Theory of Heterogeneous Systems, Longman, New York, 1991.

4. B.J. SPENCER, S.H. DAVIS, P.W. VOORHEES, Morphological instability in epitaxiallystrained dislocation-free solid films: Nonlinear evolution, Phys. Rev. B, 47 (1993), pp. 9760–9777.

5. B.J. SPENCER, D.I. MEIRON, Nonlinear evolution of the stress-driven morphological instability in a two-dimensional semi-infinite solid, Acta Metall. Mater., 42 (1994), pp. 3629–3641.

Two- and three-dimensional unsteady melt-flow simulation in Czochralski crystal growth

Collaborators: E. Bänsch, D. Davis, H. Langmach, G. Reinhardt, N. Scurtu, M. Uhle

Cooperation with: K. Böttcher, W. Miller, U. Rehse (Institut für Kristallzüchtung (IKZ), Berlin)

Semiconductor single crystals and their properties are of central importance in the fields of computer technology and communication. An important application is the production of large crystals with homogeneous and low defect concentration. A well-established processing technique for this purpose is the vapor-pressure-controlled Czochralski method, which is used extensively at IKZ to grow gallium arsenide (GaAs) crystals. This method is characterized by crystal extraction from a crucible containing semiconductor (GaAs) melt, with a viscous encapsulant of relatively large Prandtl number surrounding the crystal and melt, and serving to minimize heat loss. The crucible is heated from the side and below, thereby provoking heat and mass transfer within the melt, and reducing the impurities therein. Furthermore, the crystal and the crucible are rotated since this can directly influence the shape of the liquid-solid interface at the crystal/melt surface, as has been demonstrated at IKZ; in particular, it has been shown that a desired convex interface is best achieved through iso-rotation, i.e. with the crystal and crucible rotated in the same direction.

The liquid mechanics are governed by the Navier-Stokes equations with Boussinesq approximation, together with equations for mass conservation and heat transport (and relevant boundary and initial conditions), i.e.

Navier-Stokes-Boussinesq equations ∂_t⃗u +⃗u · ∇⃗u − 1 Re Δ⃗u + ∇p = Gr Re^2

T ∇x_3 in Ω × [t_0,t_1];

continuity equation ∇ ·⃗u = 0 in Ω × [t_0,t_1];

heat transport equation

∂_t T +⃗u · ∇T − 1 Re Pr

ΔT = 0 in Ω × [t_0,t_1].

Here, ⃗u, p, T denote the dimensionless velocity, pressure and temperature (zeroed on the crystal melt temperature), while Re, Pr and Gr denote the (rotational) Reynolds, Prandtl and Grashof numbers, in turn. Also, Ω is the melt zone, while [t_0,t_1] indicates an arbitrary time interval and x_3 is the axial coordinate.

There are three (disjoint) boundary sections: the crystal/melt interface (Γ_X ), the encapsulant/melt interface (Γ_E ) and the crucible surface (Γ_C) with ∂ Ω = Γ_X ∪ Γ_E ∪ Γ_C. The boundary conditions for the temperature play a pivotal rôle in determining the form of the flow and the thermal distribution within the melt. The simplest version of these is to impose a constant temperature on Γ_C (which naturally differs from the constant melt value imposed on Γ_X ) together with an adiabatic condition on Γ_E . For the axisymmetric flow simulations, more realistic conditions for temperature, based on global temperature simulation results obtained at IKZ, have also been used, as described below. For the velocity, straightforward Dirichlet conditions, based on the rotational speeds of the crystal and crucible are used.

For this project, we have adapted our finite element code NAVIER for the simulation of the velocity field and the temperature distribution in the melt. This has been applied in a two-dimensional (2D) axisymmetric setting as well as for full three-dimensional (3D) flow simulations. The code uses Taylor-Hood elements (P^2,P^1) for the spatial discretization and a fractional-θ operator-splitting method for the temporal discretization. The numerical procedure, which favorably decouples the incompressibility condition from the treatment of the nonlinearity, is accurate and stable for a wide range of Reynolds numbers.

In simulating axisymmetric flows, we compared the time-averaged results of our unsteady simulations with results obtained at IKZ, where a commercial finite element program, simulating the quasi-stationary behavior of the flow, was employed. For moderate Reynolds numbers (up to 7500), excellent qualitative agreement has been obtained. Despite this, we generally observed the flow to be unsteady in nature, and hence, we believe that unsteady simulation is invaluable for a more precise understanding of the melt flow. Figure 1 shows a time-averaged result arising from the application of a linear temperature distribution on the crucible (with values 0.4, 1.0 and 0.9 at the lowest point, the junction of the curved and straight sections, and the highest point of the crucible, respectively, and interpolation with respect to the radial and axial coordinate on the curved and straight sections, in turn). Very similar qualitative solutions were obtained at critical locations in the melt zone (such as directly beneath the crystal) using constant temperature distributions on the crucible.

Fig. 1: Time-averaged results for axisymmetric flow simulation

In Figure 2, a time-history curve for the temperature at a given observation point (based on the linear temperature distribution) is shown. The given results were obtained using a rotation rate of 5 revolutions per minute, for both crystal and crucible, and furthermore the buoyancy parameter Gr/Re^2 = 1.36, Pr = 0.068 and Re = 6365.

For this given buoyancy parameter, axisymmetric computations performed in a cylindrical melt zone predict a switch from steady to unsteady motion at a critical Reynolds number

Fig. 2: Temperature time-history curve

Re^∗ ≈ 2200. To allow for possible 3D flow structures beyond this critical value, the 3D version of NAVIER (applied to the same melt-zone geometry) has been implemented.

For weakly supercritical cases, the flow is initially dominated by a linear instability mode with azimuthal wave number 4, but eventually the flow becomes fully asymmetric due, we believe, to weakly-nonlinear growth effects leading to a modified (and fully 3D) basic flow.

Figure 3 depicts an asymmetric 3D flow for Reynolds number Re = 2500 (with Gr/Re^2 = 1.36). The corresponding time-averaged values can be seen in Figure 4. They suggest that for moderate Reynolds numbers, 2D effects still dominate over larger time scales, and moreover, that only negligible distortions of the temperature field are observed beneath the crystal.

Fig. 3: Asymmetric temperature distribution

Fig. 4: Time-average temperature distribution Planned future work in cooperation with IKZ:

- 3D simulations using realistic geometry plus the influence of variable aspect ratio; - 3D and 2D simulations for several regimes of buoyancy and rotation, especially for larger Reynolds numbers, that is O(10^4);

- 2D simulations incorporating a model for the phase transition at the crystal/melt interface.

Large-scale static and dynamic process simulation

Collaborators: J. Borchardt, F. Grund, D. Horn

Cooperation with: D. Zeitz (Alstom (Switzerland) Ltd., Baden)

Supported by: Alstom (Switzerland) Ltd., Baden

The more and more integrated modeling in process engineering leads to large-scale problems in static and dynamic process simulation. The complex real-world process models used in this field usually depend on numerous parameters, are in general highly nonlinear and often involve discontinuities. Using concentrated physical models, high-dimensional systems of nonlinear and differential-algebraic equations (DAEs) have to be solved in static and dynamic process simulation, respectively. For that purpose robust and efficient numerical simulation tools are needed. They are urgently necessary to improve process design, analysis, as well as operation in process industries.

Fig. 1: Unit-oriented modular model of a gas turbine (ALSTOM (Switzerland) Ltd.)

The simulation concept developed at WIAS is based on divide-and-conquer techniques and exploits the modular structure of the process, which in most cases is defined by the hierarchical unit structure of the underlying plant (see, e.g., Figure 1). With it the corresponding system of equations is structured into subsystems according to the units and can be partitioned into blocks, which can then be treated almost concurrently within appropriately modified numerical methods. The approach has been implemented in the Block Oriented Process simulator BOP that uses an own compiler to generate a hierarchically structured data interface from a process description with its modeling language MLPE (Modeling Language for Process Engineering). In the period under report, the homogeneous hierarchical simulation approach of BOP has been extended from chemical engineering to more general process engineering problems, and a steady-state solver for static process simulation problems has been added. Within this approach a block-partitioned system of equations F_j(t,Y_j(t),Ẏ_j(t),U_j(t),U̇_j(t),u(t)) = 0, j = 1(1)p,

F_j : R × R^{m j} × R^{m j} × R^{n−m j} × R^{n−m j} × R^q → R^{m j} , p ∑_{i=1}^m j^{= n, t ∈ [t}0^{,t}end^]

has to be solved, where the vectors Y_j(t) and U_j(t) denote the unknown and coupling variables of the blocks, respectively, and u(t) the parameter functions. For static problems the system of DAEs degenerates to a system of nonlinear equations. Efficiently parallelizable block-structured Newton-type methods [2] can be applied in both cases. While these methods have shown to be successful in the dynamic simulation mode [1], a completely new static simulation mode based on these methods has now been added to the simulator. It combines the well-known globalized Newton method with block-structured Newton-type techniques and some special features resulting from real-world process engineering. The new steady-state solver within BOP has shown first promising results in industrial applications of gas turbine process engineering. The numerical methods realized within BOP require a repeated solution of linear systems with the same pattern structure of sparse, unsymmetric coefficient matrices. Our direct solver GSPAR solves these linear systems by using advanced direct methods based on Gaussian elimination. Within this approach a new dynamic column reordering algorithm is used to minimize the number of fill-ins, and a modified partial pivoting technique maintains the numerical stability of the method.

Table 1: CPU times (in seconds) for factorization: GSPAR2 compared with WSMP V1.7

GSPAR2 WSMP V1.7 First Fac- Second Fac- Analy- Factori- Matrix N NNZ Condition torization torization sis zation bayer01 lhr34c circuit_4 shermanACb

57 735 35 152 80 209 18 510

277 774 764 014 307 604 145 149

4.4 ∗ 10^{15} 4.5 ∗ 10^9 4.7 ∗ 10^9 2.6 ∗ 10^6

0.840 6.260 1.430 3.020

0.160 1.460 0.050 0.730

2.640 2.710 1.980 0.460

0.460 0.470 0.300 0.110

This modified approach has been implemented in our new linear solver GSPAR2. It has been compared with the solver WSMP (Watson Sparse Matrix Packages) (Anshul Gupta, IBM Research Division, Yorktown Heights, New York, USA) concerning computing time. The results for linear systems with matrices arising from different real-world applications are given in Table 1. Here N denotes the order and NNZ the number of nonzeros of the matrices. The computations have been performed on an IBM 7040-681, pSeries 690 with 64-bit Power4 processors.

We have both ported the simulator BOP to PCs operating under Windows 2000 and realized some extensions in the process description. In particular, the process description language MLPE has been expanded with a so-called global section, which allows to identify variables of different units and to define global constraint equations. Additionally, the implementation of a subset of the language of the Aspen Custom Modeler^{TM} has been started.

References

1. J. BORCHARDT, Newton-type decomposition methods in parallel process simulation of chemical plants, AIDIC Conference Series, 5 (2002), pp. 57–64.

2. , Newton-type decomposition methods in large-scale dynamic process simulation, Computers and Chemical Engineering, 25 (2001), pp. 951–961.

3. F. GRUND, K. EHRHARDT, J. BORCHARDT, D. HORN, Heterogeneous dynamic process flowsheet simulation of chemical plants, to appear in: Mathematics — Key Technology for the Future II, K.-H. Hoffmann, W. Jäger, T. Lohmann, H. Schunck, eds., Springer, Berlin.

Simulation of microwave and semiconductor laser structures

Collaborators: G. Hebermehl, J. Schefter, R. Schlundt, F.-K. Hübner

Cooperation with: W. Heinrich, M. Kunze, T. Tischler, H. Zscheile (Ferdinand-Braun-Institut für Höchstfrequenztechnik, Berlin (FBH))

Supported by: Ferdinand-Braun-Institut für Höchstfrequenztechnik (FBH)

The electric properties of circuits are described in terms of their scattering matrix using a three-dimensional boundary value problem for Maxwell’s equations. The computational domain is truncated by electric or magnetic walls; open structures are treated using the Perfectly Matched Layer (PML) absorbing boundary condition.

The subject under investigation is about passive structures of arbitrary geometry. They are connected to the remaining circuit by transmission lines. Ports are defined on the waveguides. In order to characterize their electrical behavior the transmission lines are assumed to be infinitely long and longitudinally homogeneous. The boundary value problem ∮ ∂ Ω ⃗H · d⃗s = ∫ Ω jω[ε]⃗E · d⃗Ω, ∮ ∪Ω ([ε]⃗E) · d⃗Ω = 0, ∮ ∂ Ω ⃗E · d⃗s = − ∫ Ω jω[μ]⃗H · d⃗Ω, ∮ ∪Ω ([μ]⃗H) · d⃗Ω = 0, ⃗D = [ε]⃗E, ⃗B = [μ]⃗H, [ε] = diag(ε_x,ε_y,ε_z), [μ] = diag(μ_x,μ_y,μ_z)

is solved by means of a finite-volume scheme in the frequency domain. This results in a two-step procedure: an eigenvalue problem for complex matrices and the solution of large-scale systems of linear algebraic equations with indefinite symmetric complex matrices. Due to the fact that only small fractions of a circuit can be simulated, the pressure for larger problem sizes and shorter computing times is evident. Thus, in the period under report, studies were continued in the following areas:

(1) Eigenmode problem [2]: Only a few modes of smallest attenuation are able to propagate and have to be taken into consideration. Using a conformal mapping between the plane of propagation constants and the plane of eigenvalues, the task is to compute all eigenmodes in a region, bounded by two parabolas. The region is covered by a number of overlapping circles. The eigenmodes in these circles are found solving a sequence of eigenvalue problems of modified matrices with the aid of the invert mode of the Arnoldi iteration using shifts. The method, developed initially for a reliable calculation of all complex eigenvalues from microwave structure computations [4], is expanded to meet the very special requirements of optoelectronic structure calculations. Relatively large cross sections and highest frequencies yield increased dimensions and numbers of eigenvalue problems. Using the results of a coarse grid calculation within the final fine grid calculation yields a remarkable reduced numerical effort. The use of the new linear sparse solver PARDISO [12] (see page 85) rather than UMFPACK [3], and two levels of parallelization result in an additional speed-up of computation time. (2) Boundary value problem [1]: The electromagnetic fields are computed by the solution of large-scale systems of linear equations with indefinite complex symmetric coefficient matrices. In general, these matrix problems have to be solved repeatedly for different right-hand sides, but with the same coefficient matrix. The number of right-hand sides depends on the number of ports and modes. The systems of linear equations are solved using a block Krylov subspace iterative method. Independent set orderings, Jacobi and SSOR preconditioning techniques are applied to reduce the dimension and the number of iterations [13]. In comparison to the simple lossy case the number of iterations of Krylov subspace methods increases significantly in the presence of Perfectly Matched Layers. This growth could be further reduced by applying suitable grids and PML. The speed of convergence depends on the relations of the edges in an elementary cell of the nonequidistant rectangular grid in this case. The best results can be obtained using nearly cubic cells grids. Moreover, overlapping PML conditions on the corners downgrade the properties of the coefficient matrix, and should be avoided. (3) Consistent subgridding scheme: For the above-mentioned methods the geometry to be analyzed is subdivided into elementary rectangular cells using three-dimensional nonequidistant rectangular cells. Applying rectangular grids, a mesh refinement in one point results in an accumulation of elementary cells in all coordinate directions even though generally the refinement is needed only in certain regions. Due to the high spatial resolution required, CPU time and storage requirements are very high. A general approach to handle small structure details is to introduce local mesh refinement ([14]) with hanging nodes. Energy and divergence conservation have to be conserved throughout the discretization process for Maxwell’s equations. Maxwell’s grid equations have been derived for some kinds of submeshes. (4) Tetrahedral grids [11]: Rectangular grids are not well suitable for the treatment of curved and non-rectangular boundaries. Thus, supported by FBH, the development of a finite-volume method was continued by using unstructured grids (tetrahedrals, see page 83) for the boundary value problem.

The new research results have been published in [5] – [10]. References

1. K. BEILENHOFF, W. HEINRICH, H.L. HARTNAGEL, Improved finite-difference formulation in frequency domain for three-dimensional scattering problems, IEEE Transactions on Microwave Theory and Techniques, 40 (1992), pp. 540–546.

2. A. CHRIST, H.L. HARTNAGEL, Three-dimensional finite-difference method for the analysis of microwave-device embedding, IEEE Transactions on Microwave Theory and Techniques, 35 (1987), pp. 688–696.

3. T.A. DAVIS, I.S. DUFF, A combined unifrontal/multifrontal method for unsymmetric sparse matrices, ACM Trans. Math. Software, 25 (1999), pp. 1–19.

4. G. HEBERMEHL, F.-K. HU^¨ BNER, R. SCHLUNDT, TH. TISCHLER, H. ZSCHEILE, W.

HEINRICH, Numerical simulation of lossy microwave transmission lines including PML, in: Scientific Computing in Electrical Engineering, U. van Rienen, M. Günther, D. Hecht, eds., vol. 18 of Lecture Notes Comput. Sci. Eng., Springer, Berlin, 2001, pp. 267–275.

5. , Eigen mode computation of microwave and laser structures including PML, to appear in: Mathematics in Industry, Scientific Computing in Electrical Engineering, W.H.A. Schilders, S.H.M.J. Houben, E.J.W. ter Maten, eds., Springer.

6. , Perfectly matched layers in transmission lines, to appear in: Numerical Mathematics and Advanced Applications, ENUMATH 2001, F. Brezzi, A. Buffa, S. Corsaro, A. Murli, eds., Springer Verlag Italia Srl.

7. , Eigen mode computation of microwave and laser structures including PML, in: SCEE-2002, Scientific Computing in Electrical Engineering, June 23–28, 2002, Eindhoven, The Netherlands, Book of Reviewed Abstracts, W.H.A. Schilders, S.H.M.J. Houben, E.J.W. ter Maten, eds., Eindhoven University of Technology, Philips Research Laboratories Eindhoven, 2002, pp. 95–96.

8. , Numerical techniques in the simulation of microwave and laser structures including PML, in: Proceedings of the 10th International IGTE Symposium Numerical Field Calculation in Electrical Engineering, September 16–18, 2002, Graz, Austria, Verlag der Technischen Universität Graz, Austria, 2002, pp. 1–13. CD-ROM, ISBN 3-901351-65-5.

9. G. HEBERMEHL, On the computation of propagating modes for microwave and optoelectronic devices including PML, in: Annual Scientific Conference, Gesellschaft für Angewandte Mathematik und Mechanik e.V. (GAMM), University of Augsburg, Germany, March 25–28, 2002, Book of Abstracts, Springer, Heidelberg, 2002, pp. 59–60.

10. G. HEBERMEHL, R. SCHLUNDT, TH. TISCHLER, H. ZSCHEILE, W. HEINRICH, F.- K. HU^¨ BNER, Simulation of microwave and semiconductor laser structures including absorbing boundary conditions. WIAS Preprint no. 803, 2002.

11. J. SCHEFTER, Diskretisierung der Maxwell’schen Gleichungen auf Tetraedergittern (Studie), 2001, 72 p.

12. O. SCHENK, K. GA^¨ RTNER, W. FICHTNER, Efficient sparse LU factorization with leftright looking strategy on shared memory multiprocessors, BIT, 40 (2000), pp. 158–176.

13. R. SCHLUNDT, G. HEBERMEHL, F.-K. HU^¨ BNER, W. HEINRICH, H. ZSCHEILE, Iterative solution of systems of linear equations in microwave circuits using a block quasi-minimal residual algorithm, in: Scientific Computing in Electrical Engineering, U. van Rienen, M. Günther, D. Hecht, eds., vol. 18 of Lecture Notes Comput. Sci. Eng., Springer, Berlin, 2001, pp. 325–333.

14. P. THOMA, T. WEILAND, A consistent subgridding scheme for the finite difference time domain method, Internat. J. Numer. Modelling, 9 (1996), pp. 359–374.

Fig. 1: Subgridding pdelib — Algorithms and software components for the numerical solution of partial differential equations

Collaborators: J. Fuhrmann, K. Gärtner, H. Langmach

The purpose of this project is the maintenance and further development of pdelib, a toolbox of software components for the numerical solution of partial differential equations. During the last year, efforts have been undertaken in order to develop a prototype of the new pdelib2 kernel which is aimed at higher efficiency especially in the context of three-dimensional simulations while maintaining the modular structure of the existing version. The present state is characterized by

• Shared memory parallelization of grid access and linear algebra. A parallelization layer has been developed which, depending on the available compilers, allows to work either with the pthreads library or OpenMP compiler directives.

• Equally efficient access of node-, edge-, facet- and cell-based degrees of freedom. This is facilitated by a mesh data structure based on adjacency matrices stored in index lists. On top of this, higher-order finite element functionality shall be implemented.

• Vectorizable element callback functions. In difference to the existing pdelib implementation, the atomic mesh item accessed by the user is a list of elements rather than a single element. In this way, superscalar optimizations and efficient cache re-use are organized. Furthermore, a modularization based on an element list level is connected with far less function call overhead.

• Efficient search functions on simplicial meshes;

• User input in the Lua language. The whole Lua user interface is restructured. The user can access mathematical objects like vectors, block vectors, and matrices in a mathematically motivated manner, similar to, e.g., matlab.

• Integration of TetGen (3D) and triangle (2D) boundary-conforming Delaunay mesh generation tools. A user of pdelib2 will be able to describe the geometry in the Lua language. The corresponding data are directly fed to the mesh generators using the triangulateio resp. tetgenio data structures provided by them.

• Integration of COG;

• Support of complex numbers.

3D Delaunay mesh generation

Collaborators: I. Schmelzer, H. Si, K. Gärtner, H. Langmach

The generation of three-dimensional boundary conforming Delaunay meshes is an essential task in the development of simulation tools for many of the projects within and without WIAS. Project works include the further development of the mesh generator COG, and the development of the open source mesh generation tool TetGen.

COG In complex CAD and computer graphics applications, it happens that for some object a surface grid is already available but is too fine for a given application. The typical example is that a surface grid has been created for one application like computer-aided design, and we need a surface grid for another application like visualization where the rendering of a grid with too much detail would be too slow. During the year 2002, in a cooperation with I. Bremer (research group “Nonlinear Optimization and Inverse Problems”), based on the mesh generator COG, a fully automatical algorithm for such surface grid coarsening has been developed and implemented. The basic ansatz is to create a three-dimensional grid with COG and to extract the surface grid afterwards. Furthermore, an interface of COG to the IRIS Performer library has been created in order to be able to use this algorithm in a complex visualization context.

Fig. 1: COG: Full (left) and reduced (right) model of a robot. The number of triangles has been reduced to the half.

TetGen Starting with the year 2002, the Weierstrass Institute supports the development of the mesh generator TetGen developed by Hang Si. The source code is available from http://tetgen.berlios.de. This code is based on algorithms which essentially generalize the successful approach used in two space dimensions in the code triangle [1] to three space dimensions.

The aim of this project is twofold: There are several open problems in 3D mesh generation. Algorithm development based on a well-developed mathematical understanding of the problems shall provide a sound base for more robust tools. The support of a publicly available code (corresponding to the Open Source development paradigm) is an ideal vehicle for initiating communication between research groups interested in these developments.

At the other hand, there is considerable practical interest in having a robust tool just now. Correspondingly, TetGen is being improved within many respects of stability and user-friendliness. During 2002, project works focused on the following subjects:

• A new geometry library was added to TetGen which is based on numerically stable evaluation of geometric predicates. This library largely improved the stability and robustness of TetGen.

• A new structure “tetgenio” was added which allows input/output data directly from memory.

• A program (plcview) based on the gltools library can now be used to view the input geometry (.node, .poly, and .smesh) of TetGen.

• The code has been ported and debugged on several UNIX systems available at WIAS.

Fig. 2: TetGen: Constrained Delaunay tetrahedralization of the geometry of a human spine. Geometry courtesy by Hae Jung Yang, Department of Physics, Chosun University, South Korea

References

1. SHEWCHUK, J.R., Triangle: Engineering a 2D quality mesh generator and Delaunay triangulator, in: Applied Computational Geometry: Towards Geometric Engineering, M.C. Lin, D. Manocha, eds. Springer, 1996, pp. 203–222.

2. SI, H., TetGen. A 3D Delaunay tetrahedral mesh generator. v.1.2 Users manual, WIAS Technical Report no. 4, 2002.

PARDISO, improved parallel efficiency for direct sparse LU-factorization

Collaborator: K. Gärtner

Cooperation with: O. Schenk (Universität Basel, IFI, Switzerland)

PARDISO is a SMP-parallel, direct solver for sparse linear systems with coefficient matrices close to structural symmetry. The development started within in the framework of the ETH- CRAY-SuperCluster collaboration and was continued over the years by both authors. PARDISO is well established in some application areas and distributed via computer vendor libraries (NEC, Compaq), too. The activities during the year 2002 focused on:

• Porting to IA-32/IA-64 SMPs using up-to-date versions of Intel’s OpenMP Fortran compilers;

• Improvements for matrices far from structural symmetry (see [1]);

• Two-level scheduling to improve the parallel efficiency due to a reduced number of synchronization events without increasing the number of operations [2];

• Application to some special saddle-point problems to estimate the effort for a more general solution;

• Assistance for use in different IFI/WIAS applications.

The supported matrix types (complex and real, spd, Hermitian, complex symmetric), the low operation count, the BLAS3 performance reached during the factorization, and the fill-in close to ln(n)n for 2D problems (n number of unknowns) make PARDISO a workhorse for solving many (especially 2D) partial differential equation problems.

An increased penetration speed of the code into WIAS application problems was observed during 2002. To name a few: diffractive optics (see page 90), eigenvalue problems for Maxwell’s equations in microwave guides and lasers (see page 79), crystal growth modeling (see page 43).

Within an evaluation of the new ev7-based HP- AlphaServer generation, PARDISO was used, too. Typical (wall-clock) times are: a standard test problem (Laplace equation on a triangular unstructured grid with 151389 nodes) is factorized now in 0.9 sec on the 1.0 GHz single ev7 CPU, the 3D laser diode structural symmetric test problem (311819 unknowns) can be solved on the 8 CPU configuration in 6:13 min with parallel efficiency above 70 % without the two-level scheduling. On the other hand that last number is in the same range that could be reached on a single CPU SX-5 two years ago.

References

1. I.S. DUFF, J. KOSTER, The design and use of algorithms for permuting large entries to the diagonal of sparse matrices, SIAM J. Matrix Anal. Appl., 20 (1999), pp. 889–901.

2. O. SCHENK, K. GA^¨ RTNER, Two-level dynamic scheduling in PARDISO: Improved scalability on shared memory multiprocessing systems, Parallel Comput., 28 (2002), pp. 187–197.

Visualization of numerical simulations and production of presentations

Collaborators: G. Reinhardt, F.-K. Hübner

Cooperation with: U. Pirr (Humboldt-Universität zu Berlin)

In the period under review, the support for the graphical display of numerical results (for the whole institute) has been successfully continued. For the research groups “Numerical Mathematics and Scientific Computing” and “Stochastic Algorithms and Nonparametric Statistics”, videos were produced in MPEG and VHS formats.

We supplemented our software equipment with the visualization tool “AVS/Express” and the tool for digital video editing “Adobe Premiere”. The new visualization tool was required owing to the increase in visualization tasks in our institute. This is especially true in the field of computational fluid dynamics, where the simulation of unsteady, three-dimensional problems has produced large quantities of data, which required a modern and powerful visualization tool. Figure 1 shows several slices in a diagram of a simulation of melt flow during crystal growth; it was produced by the new visualization tool using data from one simulation step, and is 63 MBytes (360000 nodes, 265000 tetrahedra) in size.

The tool for digital video editing is applicable only for systems of personal computers. The change from the “workstation world” to the “PC world” was necessary, given the greater diversity of the PC tool. It has proven to be the case that tasks requiring digital video editing are better solved with software on PCs than with software on the operating system UNIX.

For the archiving of the visualization data and to ease the burden on our central file server, we have equipped one of our computers with a larger local harddisk capacity.

For the exhibition to celebrate the 10th anniversary of the “Forschungsverbund Berlin e.V.” in February 2002, we displayed and demonstrated our equipment used for visualizing simulation data to a wider public.

Fig. 1: Perspective view showing several slices in a melt-flow simulation

4.4 Research Group Nonlinear Optimization and Inverse Problems

4.4.1 Overview Die Arbeit der Forschungsgruppe konzentrierte sich auf die analytische und numerische Behandlung hochdimensionaler Optimierungsaufgaben und inverser Probleme, die in aktuellen ingenieurtechnischen Anwendungen auftreten. Sie umfasste Grundlagenforschung zur Analysis und Numerik dieser Probleme bis hin zur Entwicklung von effizienten Algorithmen und Software und wurde finanziell durch Industriepartner, die EU, das BMBF und die DFG gefördert.

The work of the group concentrated on the analytical and numerical treatment of large-scale optimization and inverse problems occurring in current engineering applications. It ranged from basic research on analysis and numerics to the development of efficient algorithms and software, and was financially supported by industrial partners, EU, BMBF, and DFG.

Die Forschungsschwerpunkte waren:

• Direkte und inverse Diffraktionsprobleme der Mikrooptik,

• Optimierungsprobleme mit zufälligen und nichtglatten Daten,

• Bahnplanung für Industrieroboter in der Automobilindustrie.

Im Rahmen des DFG-Forschungszentrums „Mathematik für Schlüsseltechnologien“ wurde ein neues gemeinsames Projekt mit der Humboldt-Universität zu Berlin zur Kraftwerkseinsatzplanung initiiert.

The main research topics were:

• Direct and inverse diffraction problems in microoptics;

• Optimization problems with random and nonsmooth data;

• Path planning for industrial robots in car industry.

Within the DFG Research Center “Mathematics for Key Technologies”, a new project on electricity portfolio management (jointly with Humboldt University of Berlin) was recently initiated.

Weiterhin hat die Forschungsgruppe an den folgenden gruppenübergreifenden Projekten am WIAS mitgearbeitet:

The group has collaborated on the following joint projects with other research groups at WIAS:

• Optoelektronische Sensoren (zusammen mit der Forschungsgruppe „Partielle Differentialgleichungen und Variationsgleichungen“),

• Optimierung von 3D-Modellen (Visualisierungsperformance) (zusammen mit der Forschungsgruppe „Numerische Mathematik und Wissenschaftliches Rechnen“),

• Optoelectronic sensors (in cooperation with research group “Partial Differential Equations and Variational Equations”);

• Optimization of 3D models (visualization performance) (in cooperation with research group “Numerical Mathematics and Scientific Computing”);

• Enveloppenfunktionsapproximation für elektronische Zustände in Halbleiter- Nanostrukturen (zusammen mit den Forschungsgruppen „Partielle Differentialgleichungen und Variationsgleichungen“ und „Numerische Mathematik und Wissenschaftliches Rechnen“).

• Envelope function approximation for electronic states in semiconductor nanostructures (in cooperation with research groups “Partial Differential Equations and Variational Equations” and “Numerical Mathematics and Scientific Computing”).

4.4.2 Projects

Direct and inverse diffraction problems in microoptics

Collaborators: G. Bruckner, J. Elschner, A. Rathsfeld, G. Schmidt

Cooperation with: B. Kleemann (Carl Zeiss Oberkochen), R. Güther (Ferdinand-Braun- Institut für Höchstfrequenztechnik Berlin), G. Bao (Michigan State University, East Lansing, USA), G.C. Hsiao (University of Delaware, Newark, USA), M. Yamamoto (University of Tokyo, Japan)

Supported by: BMBF: “Modellierung und Optimierung mikrooptischer Oberflächenstrukturen” (Modeling and optimization of microoptical surface structures), DFG: “Scientific cooperation with Japan: Inverse problems in electromagnetics and optics”

1. Accurate FEM simulation of diffraction by polygonal gratings (J. Elschner, A. Rathsfeld, G. Schmidt).

The diffraction of electromagnetic waves by optical gratings (surface structure consisting of periodically located “grooves”, i.e. the structure is periodic in one surface direction and constant in the other) can be reduced to a plane wave diffraction problem for the two-dimensional cross section. Mathematically, a boundary value problem for the Helmholtz equation on a domain with the length of one period is to be solved by FEM-BEM coupling. For small wave numbers, this is easily done by standard FEM. In order to treat the highly oscillatory solutions for the case of larger wave numbers, a generalized FE method which employs piecewise approximate Helmholtz solutions for the trial space has been developed. The corresponding code GDPOGTR is able to compute gratings in the case of polygonal grating structures for different polarization types under classical and conical incidence. We have compared this code with the alternative partition of unity method (PUM) combined with mortar techniques. Contrary to the extremely ill-conditioned equations in case of the PUM, GDPOGTR turned out to work quite well. Table 1 and Figures 1 and 2 show the results of the computation for an echelle grating with superstrate air, with substrate aluminium, with MgF_2 coating of thickness 25 nm, with apex angle of 90^∘ and blaze angle of 80^∘ and with 166 grooves per mm. The grating is illuminated by a TE polarized wave of wavelength 155 nm under an incidence angle of 80^∘. Using classical FEM, no acceptable result can be obtained with less than 2 000 000 unknowns.

degrees of freedom memory for solver reflected efficiency of order -74 105 785 0.35 GB 37.931045 263 624 0.70 GB 67.384460 559 800 1.98 GB 68.390312

Table 1: Results of GDPOTR for echelle grid

Fig. 1: Triangulation of coated echelle grating

Fig. 2: Real part of transverse component of magnetic field for coated echelle grating

2. Modeling of 3D optical gratings (G. Schmidt).

In [9] the diffraction by biperiodic structures is considered which consist of in general anisotropic materials, are periodic in two not necessarily orthogonal directions and separate two regions with constant dielectric coefficients. The scattering of plane waves is modeled by time-harmonic Maxwell equations with special quasi-periodic radiation conditions.

The biperiodic diffraction problem is to find, for a given incident wave of arbitrary polarization, the scattered far-field pattern, i.e. the diffraction efficiencies and the states of polarization of all propagating diffracted waves. This problem is of considerable interest in different areas of modern optics, where such doubly periodic structures are called crossed anisotropic gratings. The numerical modeling of those devices has recently received considerable attention within the engineering community.

The analysis is based on a variational formulation for the magnetic field in a bounded biperiodic cell with nonlocal boundary conditions which is equivalent to Maxwell’s system. Since the variational problem is strongly elliptic, quite complete results can be obtained concerning the solvability and uniqueness of the biperiodic diffraction problem. It is shown that the biperiodic diffraction problem for general structures is always solvable and that the solution is unique with the possibly exception of a discrete set of wavelengths converging to infinity. If the structure contains absorbing materials then the problem is uniquely solvable for all wavelengths. Moreover, the strong ellipticity of the variational formulation justifies the use of finite element methods to solve the biperiodic diffraction problem.

3. Reconstruction of grating profiles (G. Bruckner, J. Elschner, G. Schmidt). The problem of recovering a periodic structure from knowledge of the scattered field occurs in many applications, e.g., in diffractive optics ([10]), radar imaging, and nondestructive testing. We studied the scattering of monochromatic plane waves by a perfectly reflecting diffraction grating in an isotropic lossless medium, which is modeled by the Dirichlet problem (transverse electric polarization) or the Neumann problem (transverse magnetic polarization) for the periodic Helmholtz equation.

Let the profile of the diffraction grating be given by the curve Λ_f := {(x_1,x_2) ∈ R^2 : x_2 = f (x_1)} where f is a 2π-periodic Lipschitz function. Suppose that a plane wave given by

u^{in} := exp(iαx_1 − iβ x_2), (α,β ) = k(sinθ,cosθ)

is incident on Λ_f from the top, where the wave number k is a positive constant and θ ∈ (−π/2,π/2) is the incident angle. The inverse problem or the profile reconstruction problem can be formulated as follows.

(IP): Determine the profile function f from the knowledge of one wave number k, one incident direction θ and the total field u|_{x2=b} on a straight line {x ∈ R^2 : x_2 = b} with b > max( f ). Note that this problem also involves near-field measurements since the evanescent modes cannot be measured far away from the grating profile. The global uniqueness in problem (IP) is known if the wave number or the amplitude of the grating are sufficiently small ([8]). In general, global uniqueness may not be true. This can be seen from the simple counterexample of the scattering of u^{in} = exp(−ikx_2) when one moves the flat grating in certain multiples of the wavelength. Even if one excludes this flat case, the global uniqueness is not known with a single wave number.

We were able to solve this open problem in the practically important case of piecewise linear grating profiles [7]. A preliminary result for rectangular diffractive structures (e.g., for binary gratings) was established in [6]. The proof relies on the analyticity of solutions to the Helmholtz equation and the Rayleigh expansion of the scattered field.

Furthermore, in the case of the inverse Dirichlet problem, we continued to study the performance of reconstruction algorithms for grating profiles given by truncated Fourier series or piecewise linear profile functions. To this end, an unknown density function is computed from measured near-field data first, which allows us to represent the scattered field as a single layer potential. This is a severely ill-posed linear problem with a known singular value decomposition that helps to solve it at a low numerical expense. Then the computed density function is used as input to a nonlinear least squares problem which determines the unknown profile as the location of the zeros of the total field and is solved by the Gauss-Newton method. This approach, originally due to Kirsch and Kress in the case of acoustic obstacle scattering, avoids the solution of a direct problem in each iteration. Additionally, since only the grating parameters need be improved in each Gauss-Newton step, the linear system is of low dimension. Numerical experiments with synthetic and noisy data have demonstrated the efficiency of the inversion algorithm [1]. The case when the minimization of the Tikhonov functional for the linear problem and the defect minimization of the Dirichlet condition is combined into one cost functional has been treated in [2]; see also [3] for its mathematical foundation in the general case of Lipschitz grating profiles.

4. Inverse medium problems (J. Elschner, A. Rathsfeld).

A more challenging inverse problem is the reconstruction from far-field measurements of gratings with unknown refractive index, i.e. the refractive index is to be determined as a function of the points in the cross-section domain. Again, we have reduced this task to an optimization problem. Now the electric field is included in the set of arguments and the residual of the Helmholtz equation is added as a penalty term into the objective functional. For a fixed regularization parameter, we proved the solvability of the optimization problem, and, for the parameter tending to zero, we showed the convergence to a minimizer. Using FE discretization and conjugate gradient or SQP, numerical experiments confirmed these results (cf. [5]). Of course, due to the large number of local minima for the high-dimensional problem, a good initial solution is required. The left picture of Figure 3 shows the refractive index function of a lamellar grating with substrate of index 1.5, with a small rectangle of index 1.5, and with a higher rectangle of index 1.3. Above the grating we assume air with index 1 and the period is 1 μm. For our reconstruction, we illuminated the grating by light with a wave length of 633 nm. The far-field data was chosen as the efficiencies and phase shifts corresponding to the reflected and transmitted modes for plane wave illumination incident from 25 different directions. The reconstructed function is shown in the right picture of Figure 3 and exhibits similar approximation properties like reconstructions in inverse scattering problems.

Fig. 3: Given and reconstructed two towers. CG method

References

1. G. BRUCKNER, J. ELSCHNER, A two-step algorithm for the reconstruction of perfectly reflecting periodic profiles, WIAS Preprint no. 769, 2002, to appear in: Inverse Problems.

2. G. BRUCKNER, J. ELSCHNER, M. YAMAMOTO, An optimization method for grating profile reconstruction, to appear in: Proc. 3rd ISAAC Congress.

3. J. ELSCHNER, M. YAMAMOTO, An inverse problem in periodic diffractive optics:

Reconstruction of Lipschitz grating profiles, Appl. Anal., 81 (2002), pp. 1307–1328.

4. J. ELSCHNER, R. HINDER, G. SCHMIDT, Finite element solution of conical diffraction problems, Adv. Comput. Math., 16 (2002), pp. 139–156.

5. J. ELSCHNER, G.C. HSIAO, R. RATHSFELD, Grating profile reconstruction based on finite elements and optimization techniques, WIAS Preprint no. 785, 2002.

6. J. ELSCHNER, G. SCHMIDT, M. YAMAMOTO, Global uniqueness in determining rectangular periodic structures by scattering data with a single wave number, WIAS Preprint no. 773, 2002.

7. , An inverse problem in periodic diffractive optics: Global uniqueness with a single wave number, submitted.

8. F. HETTLICH, A. KIRSCH, Schiffer’s theorem in inverse scattering for periodic structures, Inverse Problems, 13 (1997), pp. 351–361.

9. G. SCHMIDT, On the diffraction by biperiodic anisotropic structures, WIAS Preprint no.

751, 2002, to appear in: Appl. Anal.

10. J. TURUNEN, F. WYROWSKI (EDS.), Diffractive Optics for Industrial and Commercial Applications, Akademie-Verlag, Berlin, 1997.

Optimization problems with random and nonsmooth data

Collaborator: R. Henrion

Cooperation with: W. Römisch (Humboldt-Universität (HU) zu Berlin), G. Wozny (Technische Universität (TU) Berlin), M. Steinbach (Konrad-Zuse-Zentrum für Informationstechnik Berlin (ZIB)), T. Szántai (Technical University of Budapest, Hungary), J. Outrata (Institute of Information Theory and Automation (UTIA) Prague, Czech Republic), A. Jourani (Université de Bourgogne, Dijon, France)

Supported by: DFG-Forschungszentrum “Mathematik für Schlüsseltechnologien” (Research Center “Mathematics for Key Technologies”)

Many applied optimization problems are subject to random and/or nonsmooth parameters in the data. This research project deals with modeling, development of solution procedures and investigations on the structure and stability of such problems. It is embedded into a cooperation with other scientific institutions in Berlin via DFG research projects (with HU and TU), the joint organization of a yearly course for chemical engineers supported by DECHEMA (with TU and ZIB) and a joint research seminar (with HU and ZIB).

The focus of research is on optimization problems with probabilistic constraints. There are two major applications considered in this context:

• Optimization of a continuous distillation process under random inflow rate (previously supported DFG project);

• Mean risk models for electricity portfolio management and stochastic programming (recently supported joint DFG project with W. Römisch, HU Berlin).

The key problem in the first application was to cope with random inflow rates of a methanol/ water mixture to a feed tank 1. A basic control variable is given by the rate of directing the mixture from the tank to the distillation column such that the undesired violation of upper and lower filling levels in the tank are avoided at high probability. Figure 1 illustrates a part of results obtained for a column with 20 trays driven at TU Berlin. It opposes the extraction profile obtained by probabilistic constraints (red) to that obtained by simple averaging of the inflow process (blue). As can be seen from the filling level profiles in the tank (based on 100 simulated inflow profiles), the safety of meeting the upper and lower level constraints (lines) can be drastically increased while the objective function (heat consumption) could be kept at the same value. The solution of the overall control problem is illustrated by a selected control variable (heat profile) and a selected state variable (temperature profiles in the twenty trays).

The recently initiated second application (joint project with W. Römisch, HU Berlin) addresses the extension of traditional expected revenue maximization in power engineering to mean-risk models. The main task is to identify suitable risk measures (e.g., [3], [4]) that fit from the algorithmic and stability point of view to the framework of solution methods in power management (e.g., [2]). One aspect to be considered here is the formulation of risk in terms of probabilistic constraints. Preliminary work in this direction has focused on the implementation of an algorithm for solving programs with polyhedral chance constraints (joint work with J. Bukszar, University of Miskolc and T. Szántai, Technical University of Budapest). Both applications gave rise to theoretical investigations such as suitable approximations of probability measures or the structure of the feasible set in stochastic programming ([5], [6],

[7]). The typically nonsmooth character of stochastic programs motivated to study the so-called calmness property of multifunctions which plays a fundamental role in the (nonsmooth) theory of first order necessary conditions, local error bounds, penalty methods, and weak sharp minima ([8], [9]).

Fig. 1: Results for the optimal control of a distillation process

References

1. R. HENRION, A. MO^¨ LLER, Optimization of a continuous distillation process under random inflow rate, to appear in: Comput. Math. Appl.

2. N. GRO^¨ WE-KUSKA, K.C. KIWIEL, M.P. NOWAK, W. RO^¨ MISCH, I. WEGNER, Power management in a hydro-thermal system under uncertainty by Lagrangian relaxation, in: Decision Making under Uncertainty: Energy and Power, C. Greengard, A. Ruszczynski, eds., vol. 128 of IMA Vol. Math. Appl., Springer, New York, 2002, pp. 39–70.

3. H. FO^¨ LLMER, A. SCHIED, Convex measures of risk and trading constraints, Finance and Stochastics, 6 (2002), pp. 429–447.

4. G. PFLUG, A. RUSZCZYNSKI, Risk measures for income streams, Stochastic Programming E-Print Series, 11 (2001).

5. R. HENRION, Structure and stability of probabilistic storage level constraints, in:

Stochastic Optimization Techniques, K. Marti, ed., vol. 513 of Lecture Notes in Econom. and Math. Systems, Springer, Heidelberg, 2002, pp. 3–20.

6. , On the connectedness of probabilistic constraint sets, J. Optim. Theory Appl., 112 (2002), pp. 657–663.

7. R. HENRION, W. RO^¨ MISCH, Hölder and Lipschitz stability of solution sets in programs with probabilistic constraints, WIAS Preprint no. 798, submitted.

8. R. HENRION, A. JOURANI, Subdifferential conditions for calmness of convex constraints, SIAM J. Optim., 13 (2002), pp. 520–534.

9. R. HENRION, A. JOURANI, J. OUTRATA, On the calmness of a class of multifunctions, SIAM J. Optim., 13 (2002), pp. 603–618.

Regularization of severely ill-posed problems and applications

Collaborator: G. Bruckner

Cooperation with: J. Cheng (Fudan University, Shanghai, China), S.V. Pereverzev (National Academy of Sciences of Ukraine, Kiev)

In the mathematical treatment of inverse problems ranging from tomography over nondestructive testing to satellite geodetic exploration, operator equations of the form

Ax = y (1)

arise, where A is a linear operator, and the right-hand side y is given only approximately. The problems (1) are ill-posed, in most cases even severely ill-posed, and have to be regularized for solution. Since the problems are usually given in infinite-dimensional spaces they must be additionally discretized. Therefore the well-known method of regularization by discretization seems to be natural and is frequently used. Moreover, because of the lack of information about the singular values of A and the smoothness of the solution x, for constructing regularization procedures, the a posteriori parameter choice by discrepancy principles has been proposed. Recently, T. Hohage [3] considered discrepancy principles with respect to Tikhonov’s regularization, while the investigations of B. Kaltenbacher [4] referred to the moderately ill-posed case.

In the present project, the idea of regularization by discretization is continued with a new strategy of a posteriori parameter choice that assumes only estimates for the singular values and the smoothness of the solution (cf. [2]). The algorithm is not based on a discrepancy principle and selects a relevant discretized solution from a number of discretized solutions for subsequent discretization levels. The selected approximate solution has an optimal order of accuracy. Moreover, the algorithm is applied to a problem with a logarithmic convolution-type operator (cf. [1]), for which the assumptions can be verified. Further work is needed to apply this method to nondestructive testing, quality control of grating devices or other real-world problems.

References

1. G. BRUCKNER, J. CHENG, Tikhonov regularization for an integral equation of the first kind with logarithmic kernel, J. Inverse and Ill-posed Problems, 8 (2000), pp. 665–675.

2. G. BRUCKNER, S.V. PEREVERZEV, Self-regularization of projection methods with a posteriori discretization level choice for severely ill-posed problems, to appear in: Inverse Problems.

3. T. HOHAGE, Regularization of exponentially ill-posed problems, Numer. Funct. Anal.

Optim., 21 (2000), pp. 439–464.

4. B. KALTENBACHER, Regularization by projection with a posteriori discretization level choice for linear and nonlinear ill-posed problems, Inverse Problems, 16 (2000), pp. 1523– 1539.

Integral equation methods for problems of mathematical physics

Collaborator: G. Schmidt

Cooperation with: V. Maz’ya, (Linköping University, Sweden), W. Wendland (Universität Stuttgart), V. Karlin, (University of Lancashire, Preston, UK)

Supported by: (EU) INTAS: “Development of constructive and numerical methods for solving nonlocal linear and nonlinear problems for partial differential equations”

The project “Development of constructive and numerical methods for solving nonlocal linear and nonlinear problems for partial differential equations”, which was coordinated by the Weierstrass Institute, was supported by INTAS from 10/1999 till 10/2002. Groups from Germany, Sweden, Italy, Russia, Belorussia, Georgia, and Ukraine participated in this project. Within the project in 2002 the following topics were studied:

In [1] a new cubature method for surface potentials via approximate approximations was developed. It is applied to the computation of multi-dimensional single layer harmonic potentials. Due to singularities under the integral sign, in the multivariate case usual cubature methods are very expensive if the potential has to be computed close to the surface. Our approach uses the asymptotic expansion of surface integrals by integrals over the tangential plane, which can be transformed to one-dimensional ones for radial basis functions and provides therefore efficient high order cubature formulas for surface potentials.

In [2] we developed and implemented a new numerical method for solving the Sivashinsky equation, which models dynamics of the long wave flame instability. The discretization of this nonlocal nonlinear evolution equation is based on approximate approximations, which allows the exact computation of singular integrals.

Extended numerical experiments confirm theoretical results on the convergence of the method. They are used to study the sensitivity of flame fronts with respect to external perturbations.

References

1. V. MAZ’YA, G. SCHMIDT, W. WENDLAND, On the computation of multi-dimensional single layer harmonic potentials via approximate approximations, to appear in: Math. Models Methods Appl. Sci.

2. V. KARLIN, V. MAZ’YA, G. SCHMIDT, Numerical algorithms to calculate periodic solutions of the Sivashinsky equation, WIAS Preprint no. 771, 2002.

Path planning for industrial robots in car industry

Collaborator: I. Bremer

Cooperation with: Rücker Ges.m.b.H (Graz, Austria)

Industrial robots are used in a wide range of applications in car industry. In the planning phase, we use simulations of the production process based on a VR^1-environment to get recommendations for the placement of the robots, the model choice for the time-behavior and other problems. In our project we treated a concrete, real-life problem: the path optimization for adhesive and sealant seams.

Last year’s^2 results have been used for computing optimized speed profiles. The resulting seam depends on several parameters: the rotation number of the jet head, the flow rate, the speed of TCP (tool center point), the distance from TCP to the surface.

Data from measurements have been used to build an extrapolation table to get the width of the seam for given parameters. To simplify the mathematical model we replaced the rotating spray jet (or head) by a ring (as some kind of averaging).

The simulation for the seam creation in real-time was done by an appropriate time and space discretization in a 3D-VR-environment based on SGI performer for OpenGl. The discretized model for the required seam was explicitly given to us or we extracted it from a CAD-made 3D graphical seam model.

We adjust the place, width and height of the computed seam to that of the required seam by an optimization step.

As a brief description of the algorithm we have

start speed profile
loop
 simulation of putting the material on the surface in realtime
 computing the difference between the resulting seam
  and the required seam
 correction of speed profile
endloop

Fig. 1: Screen-shoot: grid of a resulting seam on a table with different given distances of TCP

1VR: Virtual Reality 2http://www.wias-berlin.de/publications/annual_reports/2001/node57.html

Fig. 2: Comparison of measured heights (thicknesses) of seams with simulated ones

4.5 Research Group Interacting Random Systems

4.5.1 Overview Das Hauptinteresse der Forschung hat sich im vergangenen Jahr weiter auf stochastische dynamische Systeme konzentriert, wobei eine Anzahl bemerkenswerter Resultate erzielt werden konnte. Diese betreffen klassische Diffusionen in Driftfeldern, die von einem Potential herrühren, zufällige Störungen von schnelllangsamen dynamischen Systemen, unendlichdimensionale Diffusionsprozesse und wechselwirkende Verzweigungsprozesse. Zum Thema der ungeordneten Spin-Systeme im Gleichgewichtszustand konnte eine vollständige Analyse erzielt werden für eine Klasse von Modellen, die auf Gauß’schen Prozessen mit hierarchischer Kovarianzfunktion basieren. Interessanterweise spielen in dieser Untersuchung stetige Verzweigungsprozesse eine wesentliche Rolle, eine Tatsache, die die vielfältigen Beziehungen zwischen den verschiedenen in der Gruppe untersuchten Fragestellungen illustriert.

The main focus of the research in the past year has further been on stochastic dynamical systems, where a number of remarkable results could be obtained. These concern classical diffusions in potential drift fields, stochastic perturbations of slow-fast dynamical systems, infinite-dimensional diffusion processes and interacting branching diffusion processes. In the analysis of the equilibrium properties of disordered spin systems, a complete analysis of a class of models based on Gaussian processes with hierarchical covariance function could be achieved. Interestingly, in this analysis continuous branching processes play a crucial role, highlighting the mathematical coherence of the different areas of activity within the group.

Im Jahr 2002 haben zwei Doktoranden von S. Rœlly und ein Doktorand von W. Wagner ihre Dissertationen abgeschlossen. Mitglieder der Forschungsgruppe waren beteiligt an der Organisation des Workshops „Stochastic Methods from Statistical Physics III“ in Eindhoven, der im Rahmen des DFG-Schwerpunktprogramms „Interagierende Stochastische Systeme von hoher Komplexität“ stattfand, sowie an der Organisation des Workshops „Spatially Distributed and Hierarchically Structured Stochastic Systems“, der in Montreal abgehalten wurde. Das Programm „Random Dynamics in Spatially Extended Systems“ der European Science Foundation hat 2002 seine Arbeit aufgenommen. Es bietet eine Plattform für die Zusammenarbeit von Wissenschaftlern aus 13 europäischen Ländern zu Themen, die eng verwandt sind mit den Forschungsinteressen unserer Gruppe. Die Forschungsgruppe ist im Lenkungsausschuss des Programms vertreten.

In 2002, two students of S. Rœlly and one student of W. Wagner completed their Ph.D. thesis. Members of the group participated in the organization of the Workshop “Stochastic Methods from Statistical Physics III” in Eindhoven in the framework of the DFG Priority Program “Interacting Stochastic Systems of High Complexity” as well as of the Workshop “Spatially Distributed and Hierarchically Structured Stochastic Systems” that took place in Montreal. In 2002, the European Science Foundation Programme “Random Dynamics in Spatially Extended Systems” has become operative. It presents a platform for scientists from 13 European countries working on subjects related to the scientific interests of our research group to interact on the European level. The research group is represented in the Steering Committee of this program.

Auf den folgenden Seiten werden die wissenschaftlichen Ergebnisse des vergangenen Jahres ausführlicher dargestellt.

The following pages report on the scientific achievements of the past year in more detail.

4.5.2 Projects

Stochastic dynamics

Collaborators: A. Bovier, B. Gentz

Cooperation with: G. Ben Arous (Courant Institute, New York, USA), N. Berglund (Centre de Physique Théorique, Marseille, and Université de Toulon, France), M. Eckhoff (University of Zürich, Switzerland), V. Gayrard (Centre de Physique Théorique, Marseille, France, and Ecole Polytechnique Fédérale, Lausanne, Switzerland), M. Klein (Universität Potsdam)

The central issue that is addressed in this project is how to adequately describe a complex system whose dynamics is specified on a microscopic scale on spatially coarsened macro- or mesoscopic scales in terms of an effective dynamics on different time scales inherent to the system. The emphasis here is to be put on the fact that these effective dynamics must depend, in general, on the time scale considered. For example, while even in microscopically stochastic systems one expects generally deterministic limit dynamics for the spatially coarsened system on short time scales (homogenization), on much longer time scales stochastic effects may again become relevant and may even appear in deterministic systems as a residual effect of the integrated short-wavelength degrees of freedom.

One of the central concepts in this context is that of metastability. It applies to situations where the state space of a system can be decomposed into several (“quasi-invariant”) subsets in which the process remains for a very long time before transiting from one such set into another. Over the last years, we have developed a novel approach to the analysis of both probabilistic (distribution of transition times) and spectral (eigenvalues and eigenfunctions of the generator) quantities and their relations. This approach allows in particular to obtain rigorous results that have a far greater precision than the standard exponential estimates obtained in the Wentzell–Freidlin theory. In the past year, the results for discrete Markov chains obtained in [5] have been extended to diffusion processes in the continuum [6], [7]. The processes we consider have generators of the form l_ε = −εΔ + ∇F · ∇ where F is a real valued, smooth function on a regular subset of R^d. Here ε > 0 is a small parameter. In this setting metastable behavior arises when F has several local minima. In this setting, we are able to again relate in a precise way metastable mean exit times to the small eigenvalues of the Markov generator. These eigenvalues are in turn related to the eigenvalues of a classical capacity matrix, associated to a capacitor made of small balls centered around the local minima of F. Using variational inequalities, it turns out that the relevant capacities can be computed in this case precisely up to multiplicative errors tending to one as ε ↓ 0, under some non-degeneracy conditions on the function F. This allowed to give the first rigorous proof of some classical formulas attributed to Eyring [8] and Kramers [10]. A by-product of our proofs provides also very sharp estimates on the eigenfunctions corresponding to the exponentially small eigenvalues that allow to identify the “valley-structure” of the function F from the analysis of these eigenfunctions. We expect these results to be useful in the numerical domain decomposition methods initiated in [9].

On a second line, we continued our study of the combined effect of a slowly changing parameter and noise on dynamical systems. As already reported last year, we developed a new approach to one-dimensional systems with a slowly time-dependent parameter, [1], [2], [3]. This year, we successfully extended the method to multi-dimensional systems where the parameter itself may evolve according to a stochastic differential equation. This leads to a general class of fully coupled stochastic slow-fast systems

dx_t = 1 ε f (x_t ,y_t )dt + σ √ ε F(x_t ,y_t )dW_t ,

dy_t = g(x_t ,y_t )dt + σ^′G(x_t ,y_t )dW_t,

where the fast variables x_t , the slow variables y_t , and the Brownian motion (W_t )_t can be multi-dimensional. Such singularly perturbed stochastic differential equations are widely used in the sciences to model systems evolving on two well-separated time scales. Examples include systems containing heavy and light particles, predator-prey systems, and climate models like the Atlantic thermohaline circulation.

Under suitable assumptions on the associated deterministic system, we proved concentration results for the sample paths of the fast variables of the stochastic system. For small but finite values of the parameters ε,σ,σ^′, the sample paths remain concentrated in a neighborhood of a so-called slow manifold at least up to a time of order one. Depending on the dynamics of the slow variables, such a result can hold considerably longer, up to exponentially long times, for instance when the slow variables of the deterministic system track an asymptotically stable periodic orbit. This allows to control the fluctuations of the fast variables due to noise and to study the (lower-dimensional) reduced dynamics on the slow manifold instead of the full system. In the important case when the slow manifold contains bifurcation points, we obtain similar concentration properties for the fast variables corresponding to non-bifurcating modes and conditions under which the system can be approximated by a lower-dimensional one, in which the fast variables contain only bifurcating modes [4].

References

1. N. BERGLUND, B. GENTZ, Pathwise description of dynamic pitchfork bifurcations with additive noise, Probab. Theory Related Fields, 122 (2002), pp. 341–388.

2. , A sample-paths approach to noise-induced synchronization: Stochastic resonance in a double-well potential, Ann. Appl. Probab., 12 (2002), pp. 1419–1470.

3. , The effect of additive noise on dynamical hysteresis, Nonlinearity, 15 (2002), pp.

605–632.

4. , Geometric singular perturbation theory for stochastic differential equations, WIAS Preprint no. 735, 2002, to appear in: J. Differential Equations.

5. A. BOVIER, M. ECKHOFF, V. GAYRARD, M. KLEIN, Metastability and low-lying spectra in reversible Markov chains, Comm. Math. Phys., 228 (2002), pp. 219–255.

6. , Metastability in reversible diffusion processes I. Sharp asymptotics for capacities and exit times, WIAS Preprint no. 767, 2002, submitted.

7. , Metastability in reversible diffusion processes II. Precise asymptotics for small eigenvalues, WIAS Preprint no. 768, 2002, submitted.

8. H. EYRING, The activated complex in chemical reactions, J. Chem. Phys., 3 (1935), pp.

107–115.

9. W. HUISINGA, S. MEYN, CH. SCHU^¨ TTE, Phase transitions and metastability for Markovian and molecular systems, Preprint, Freie Universität Berlin, 2002.

10. H.A. KRAMERS, Brownian motion in a field of force and the diffusion model of chemical reactions, Physica, 7 (1940), pp. 284–304.

Low temperature phases in models with long-range interactions

Collaborators: A. Bovier, C. Külske

Cooperation with: A. Le Ny (EURANDOM, Eindhoven, The Netherlands), F. Redig (Technical University, Eindhoven, The Netherlands), M. Zahradnı́k (Charles University, Prague, Czech Republic)

Supported by: DFG Priority Program “Interagierende Stochastische Systeme von hoher Komplexität” (Interacting stochastic systems of high complexity)

In this year the study of statistical mechanics models with long-range interactions (Kac models) was continued. The challenge of these models is their description not only on the level of thermodynamical potentials, but also on the level of their Gibbsian distributions. A crucial tool needed for the understanding of these models is a reformulation in terms of suitable contour models. Since uniformity of the estimates in the range of the interaction is desired, standard tools for short-range models can not be used. Contours need to be defined carefully. Due to the long-range nature of the model, interactions between those contours cannot be avoided and need to be treated appropriately by expansion methods.

In the past year the final formulation of a large class of Kac spin systems as contour models could be achieved for translation-invariant interactions in [1]. Once such a representation has been obtained, statements for the random Gibbs measures in the spirit of the Pirogov–Sinai theory for short-range models can be derived (see [2]), and control of the original Gibbs measures of the spin system is obtained.

The present aim is to go beyond translation invariant models and investigate the influence of frozen impurities. Here we focus on the specific example of the Kac–Ising model in a random magnetic field. Using the contour representation developed in [1] we could provide a proof [3] showing ferromagnetic order for sufficiently small randomness, in three dimensions. However, while it is hoped that there should be ferromagnetic order when the inverse temperature is large but uniform in the range of the interactions, we still need, at present, that the inverse temperature is large compared to the logarithm of the range of the interaction. In this regime the contour representation of [1] can be treated by renormalization group techniques developed by Bricmont and Kupiainen [4] for the nearest neighbor Ising model in a random magnetic field.

We are hoping for uniform estimates but these pose additional difficulties and we will need further refinements of the expansion techniques.

In a related but different line of research we investigated the mathematical foundations of the so-called grand-ensemble approach to equilibrium statistical mechanics of disordered systems with frozen disorder. Here the joint measures on the product of disorder space and spin space are interpreted in a formal way as equilibrium measures for the joint variables (the pair of spin variables and disorder variables), for a suitable non-trivial interaction. What are general properties of the joint measures in infinite volume and their corresponding interaction? We were able to show in earlier research [5] that these measures typically leave the realm of classical Gibbs measures with uniformly summable interactions, but are only Gibbs measures in a weak sense. A fundamental question arises, motivated also by various other earlier examples of generalized Gibbs measures: To what extent can the classical Gibbsian formalism be restored for generalized Gibbs measures? Does the variational characterization of Gibbs measures as minimizers of the free energy functional still hold? In this year we made some significant progress in that direction [6], [7]: On the positive side, we were able to extend the variational principle to a certain class of generalized Gibbsian measures. On the other hand, it turned out that the joint measures of the random field Ising model (with short-range interaction) provide a concrete example for which the variational principle fails. This shows that the previously proposed class of so-called weakly Gibbsian measures is too broad for a variational principle to hold.

References

1. A. BOVIER, M. ZAHRADNI^´K, Cluster expansions and Pirogov–Sinai theory for long range spin systems, Markov Proc. Rel. Fields, 8 (2002), pp. 443–478.

2. M. ZAHRADNI^´K, Cluster expansions of small contours in abstract Pirogov–Sinai models, Markov Proc. Rel. Fields, 8 (2002), pp. 383–441.

3. A. BOVIER, C. KU^¨ LSKE, M. ZAHRADNI^´K, Phase transitions in the Kac-random field Ising model, in preparation.

4. J. BRICMONT, A. KUPIAINEN, Phase transition in the 3d random field Ising model, Comm. Math. Phys., 116 (1988), pp. 539–572.

5. C. KU^¨ LSKE, Weakly Gibbsian representations for joint measures of quenched lattice spin models, Probab. Theory Related Fields, 119 (2001), pp. 1–30.

6. , Regularity properties of potentials for joint measures of random spin systems, WIAS Preprint no. 781, 2002, to appear in: Markov Proc. Rel. Fields.

7. C. KU^¨ LSKE, A. LE NY, F. REDIG, Variational principle for generalized Gibbs measures, EURANDOM Preprint no. 035, 2002.

Gibbs measures of highly disordered systems

Collaborator: A. Bovier

Cooperation with: I. Kourkova (Université Paris VI “Pierre et Marie Curie”, France)

No materials in the history of solid state physics have been as intriguing and perplexing than certain alloys of ferromagnets and conductors, such as AuFe or CuMg, known as spin glasses. The attempts to model these systems have led to a class of disordered spin systems whose mathematical analysis has proven to be among the most fascinating fields of statistical mechanics over the last 25 years. Even the seemingly most simple model class, the mean-field models introduced by Sherrington and Kirkpatrick now known as SK models, haven proven to represent an amazingly rich structure that is mathematically extraordinarily hard to grasp. Theoretical physics has produced an astounding solution describing the thermodynamics properties of these models that is based on ad-hoc constructions (so-called “replica symmetry breaking” [8]) that so far have largely resisted attempts to be given a concrete mathematical sense. Rather than aiming at partial results in the SK model and its close relatives, we will start with the more accessible models generalizing the REM that were introduced by Derrida and Gardner [7], the Generalized Random Energy Models (GREM). They are characterized by the fact that the covariance of the Gaussian process X_σ on {−1,1}^N is a function of the canonical ultrametric valuation d_N (σ,τ) ≡ N^{−1}(min(i : σ_i ≠ τ_i) − 1) rather than of the overlap R_N(σ,τ) = N^{−1} ∑_i σ_iτ_i, i.e.

cov(X_σ ,X_τ ) = A(d_N(σ,τ))

where A a continuous probability distribution on [0,1] which can either be discrete (standard GREM) or have a continuous part (“CREM”: GREM with “continuous hierarchies”). They form in fact a very rich class of models, in which all the phenomena expected in the SK models, such as continuous replica breaking occur. At the same time, they offer certain simplifying features that make a fully rigorous analysis feasible. In 1987, Ruelle [9] has suggested models based on so-called Poisson cascades that were suggested to represent the thermodynamic limits of Derrida’s models. Two years ago, we have shown in the case of the simplest of these models, the REM, that the Gibbs measure converges indeed to the Gibbs measure associated to the corresponding Poisson model of Ruelle [1], [6]. This year we have extended this result to the full class of Derrida’s models, including those with continuous hierarchies ([3], [4], [5]). This provides for the first time examples of models in which all of the rather “mysterious” features of Parisi’s solution of mean-field spin glasses arise and can be understood in a precise mathematical way.

A major motivation for this work is that these results provide the basis for the analysis of the dynamics of these models. Such an analysis has already been carried out in the case of the REM [2], but we are now hopeful that similar results can be obtained for the far more complex models studied here.

References

1. A. BOVIER, Statistical mechanics of disordered systems, MaPhySto Lecture Notes, 10 (2001), Aarhus.

2. A. BOVIER, G. BEN AROUS, V. GAYRARD, Aging in the random energy model, Phys.

Rev. Lett., 88 (2002), pp. 087201/1–087201/4.

3. A. BOVIER, I. KOURKOVA, Derrida’s generalized random energy models. 1. Poisson cascades and extremal processes, Preprint no. PMA-727, Université Paris VI “Pierre et Marie Curie”, Paris, 2002, submitted.

4. , Derrida’s generalized random energy models. 2. Gibbs measures and probability cascades, Preprint no. PMA-728, Université Paris VI “Pierre et Marie Curie”, Paris, 2002, submitted.

5. , Derrida’s generalized random energy models. 3. Models with continuous hierarchies, Preprint no. PMA-729, Université Paris VI “Pierre et Marie Curie”, Paris, 2002, submitted.

6. A. BOVIER, I. KOURKOVA, M. LO^¨ WE, Fluctuations of the free energy in the REM and the p-spin SK-models, Ann. Probab., 30 (2002), pp. 605–651.

7. B. DERRIDA, E. GARDNER, Solution of the generalized random energy model, J. Phys.

C, 19 (1986), pp. 2253–2274.

8. M. ME^´ ZARD, G. PARISI, M.A. VIRASORO, Spin-glass Theory and Beyond, World Scientific, Singapore, 1988.

9. D. RUELLE, A mathematical reformulation of Derrida’s REM and GREM, Comm. Math.

Phys., 108 (1987), pp. 225–239.

Interacting catalytic branching processes

Collaborators: K. Fleischmann, A. Sturm

Cooperation with: N.H. Barton (University of Edinburgh, UK), D.A. Dawson (Carleton University Ottawa, Canada), A.M. Etheridge (University of Oxford, UK), A. Klenke (Universität Köln), P. Mörters (University of Bath, UK), C. Mueller (University of Rochester, USA), L. Mytnik (Technion, Haifa, Israel), E.A. Perkins (University of British Columbia, Vancouver, Canada), J. Swart (Friedrich-Alexander-Universität Erlangen-Nürnberg), V.A. Vatutin (Steklov Mathematical Institute, Moscow, Russia), A. Wakolbinger (Johann Wolfgang Goethe-Universität Frankfurt), J. Xiong (University of Tennessee, Knoxville, USA)

Supported by: DFG Priority Program “Interagierende Stochastische Systeme von hoher Komplexität” (Interacting stochastic systems of high complexity)

Pairs of interacting catalytic branching models describe the evolution of two materials which randomly move, split, and possibly disappear in space. The system is interactive in that the branching behavior of each material is dependent on the other one. This interaction destroys the usual independence assumption in branching theory, and requires new, different methods. A major result this year is the construction of a competing species model with infinite variance [8]. This is a breakthrough since up to date exclusively interacting branching models with finite variance branching have been constructed. In this case a competing species model has been treated in dimensions d < 4 by Evans and Perkins [5], based on Barlow et al. [2]. Besides others, their key tools had been a Girsanov-type theorem of Dawson [4], and a Tanaka-type formula for collision local times of some interacting critical continuous super-Brownian motions in R^d, d < 6, from [2]. But both tools are not available anymore if the finite variance assumption is dropped. In fact, Girsanov’s theorem requires continuity in time of the martingale component; this is true only under finite variance. Moreover, Barlow et al.’s proof of the Tanaka formula relies on some uniform bound of continuous super-Brownian motion’s mass in small balls ([2]). This bound does not hold in our case, and validity of the Tanaka formula in the more general setup remains open. To prove convergence of approximating collision local times, we heavily apply a log-Laplace technique, originally used for collision local times in Mytnik [13]. In our interacting model, an application of log-Laplace tools is still possible since we can represent the collision local time for the pair of interacting superprocesses with killing as a linear combination of collision local times for independent and conditionally independent measurevalued processes. This representation (which also holds for approximating collision local times) is based on the domination of interacting pairs by a pair of independent superprocesses. The domination property is an extension of an analogous result proved in [2] for finite variance super-Brownian motions.

A related line of research has been concerned with convergence of population systems to the heat equation with colored noise. In [14] rescaled branching particle systems in a random environment and associated lattice systems (infinite systems of stochastic differential equations) are shown to converge to solutions of the aforementioned stochastic partial differential equation (SPDE). Due to the correlation in the random environment, the resulting SPDEs are driven by a colored noise term. The latter can be investigated in higher dimensions. This is in contrast to white noise SPDEs which are restricted to dimension one. Apart from establishing an SPDE description of a class of particle systems, the particle picture itself and the approximation by systems of related SDEs provide a representation of a general class of SPDEs that also arise in other areas of application, for example in filtering theory. In our case, the approximation by a system of SDEs leads to a new existence result for the stochastic heat equation with colored noise and non-Lipschitz noise coefficients.

Motivated by investigations of Greven et al. [11] on linearly interacting Wright–Fisher diffusions on Z^d catalyzed by a voter model, in [9] we study the extinction/explosion behavior in a supercritical super-Wright–Fisher diffusion on [0,1]. In [11], the long-term behavior in their two-dimensional model was expressed in terms of a binary splitting Wright–Fisher diffusion with rate γ = 1 (see Figure 1).

Fig. 1: Binary splitting Wright–Fisher diffusions with splitting rate γ = 1

We relate the latter model in a slightly more general case with the corresponding superprocess. Then the long-term behavior can be described completely: For rates γ ≤ 1, mass in the interior (0,1) dies out after a finite random time, while for γ > 1, the mass in (0,1) explodes with positive probability. In the case of explosion, the mass in (0,1) grows exponentially with rate γ − 1 and is approximately uniformly distributed over (0,1). These results are applied to show that the related semi-linear Cauchy problem u_t =^1_2 x(1 − x)u_{xx} + γu(1 − u) on R_+ × [0,1] has precisely four fixed points when γ ≤ 1, and five when γ > 1, and we determine their domain of attraction. In a supercritical branching particle system, the trimmed tree consists of those particles which have descendants at all times. We develop this concept in the superprocess setting. For a class of continuous superprocesses, we identify the trimmed tree, which turns out to be a binary splitting particle system with a new underlying motion that is a compensated h-transform of the old one. We show how trimmed trees may be estimated from above by embedded binary branching particle systems [10].

By studying a coalescent process in a random environment, progress has been made in [3] towards understanding one of the key issues in population genetics: the influence of selection, mutation and linkage (probable joint inheritance) on the genealogy of several genes. In this work, the distribution of the diffusion limit of the ancestry of a sample of fixed size is derived when the overall population size tends to infinity. The simplest case of such a diffusion limit—generally referred to as a coalescent because of its inverted tree structure—has been treated by Kingman [12]. His coalescent and versions thereof have been used extensively in the analysis of population genetic data. Earlier work mostly considers a random sample from a population. This has made it difficult to model selection since the branching behavior of individuals depends on their genetic make-up, which hence has to be known. In order to incorporate general forms of selection we follow the genealogy of a sample conditioned on its genetic composition. For sample size two the limit is analyzed numerically. The analysis confirms the intuition that selection and linkage have a significant influence on the distribution of biologically relevant quantities that more simplistic models failed to capture. A super-Brownian motion in two and three dimensions is constructed where “particles” give birth at a higher rate, if they approach the origin [7]. This contradicts the intuition suggested by the fact that in more than one dimension Brownian particles do not hit a given point. Via a log-Laplace approach, the construction is based on Albeverio et al. [1] who calculated the fundamental solutions of the heat equation with one-point potential in dimensions less than four.

For a super-Brownian catalyst reactant pair in R, a difficult tightness problem has been resolved this year ([6]) leading to a universal mass-time-space functional scaling limit theorem on path space.

References

1. S. ALBEVERIO, Z. BRZE^´ZNIAK, L. DABROWSKI, Fundamental solution of the heat and Schrödinger equations with point interaction, J. Funct. Anal., 130 (1995), pp. 220–254.

2. M.T. BARLOW, S.N. EVANS, E.A. PERKINS, Collision local times and measure-valued processes, Canad. J. Math., 43 (1991), pp. 897–938.

3. N.H. BARTON, A.M. ETHERIDGE, A.K. STURM, Coalescence in a random background, WIAS Preprint no. 756, 2002.

4. D.A. DAWSON, Geostochastic calculus, Canad. J. Statist., 6 (1978), pp. 143–168.

5. S.N. EVANS, E.A. PERKINS, Measure-valued branching diffusions with singular interactions, Canad. J. Math., 46 (1994), pp. 120–168.

6. K. FLEISCHMANN, A. KLENKE, J. XIONG, Pathwise convergence of a rescaled super- Brownian catalyst reactant process, Preprint, Universität zu Köln, Mathematisches Institut, 2002.

7. K. FLEISCHMANN, C. MUELLER, Super-Brownian motion with extra birth at one point, WIAS Preprint no. 790, 2002.

8. K. FLEISCHMANN, L. MYTNIK, Competing species superprocesses with infinite variance, WIAS Preprint no. 772, 2002.

9. K. FLEISCHMANN, J. SWART, Extinction versus explosion in a supercritical super- Wright–Fischer diffusion, WIAS Preprint no. 752, 2002, to appear in: Stochastic Process. Appl.

10. , Trimmed trees and embedded particle systems, WIAS Preprint no. 793, 2002.

11. A. GREVEN, A. KLENKE, A. WAKOLBINGER, Interacting Fisher–Wright diffusions in a catalytic medium, Probab. Theory Related Fields, 120 (2001), pp. 85–117.

12. J.F.C. KINGMAN, The coalescent, Stochastic Process. Appl., 13 (1982), pp. 235–248.

13. L. MYTNIK, Collision measure and collision local time for (α,d,β ) superprocesses, J.

Theoret. Probab., 11 (1989), pp. 733–763.

14. A.K. STURM, On convergence of population processes in random environments to the stochastic heat equation with coloured noise, WIAS Preprint no. 770, 2002, to appear in: Electr. J. Prob.

Probabilistic Cellular Automata

Collaborator: S. Roelly

Cooperation with: P. Dai Pra (Università degli Studi di Padova, Italy), P.-Y. Louis (Berliner Graduiertenkolleg “Stochastische Prozesse und Probabilistische Analysis” (Graduate College “Stochastic Processes and Probabilistic Analysis”), Université Lille 1, France)

Stochastic processes called Probabilistic Cellular Automata, and denoted by PCA, are discretetime Markov chains with parallel updating (see, e.g., [1], [3], [6]). PCA models are useful in a large number of scientific areas, for example for parallel computing.

In [2], the authors present some links between the sets of reversible and stationary and Gibbs measures, respectively for general PCAs. They illustrate these results on the following particular class C of reversible PCAs with transition probability P:

P(dσ/η) = ⊗_{k∈Z}d p_k(dσ_k/η), σ = (σ_k)_k ∈ {−1,+1}^{Zd} ,η ∈ {−1,+1}^{Zd}

where p_k(dσ_k/η) = 1 2 ( 1 + σ_k tanh ( β ∑_{j∈Zd}^{α( j − k)η} j^{+ β h))}

and the interaction α is of finite range.

In particular, they prove, using contour arguments that, for sufficiently small values of the temperature parameter^1_β , phase transition occurs, that is, there are several Gibbs measures associated to the multibody potential ϕ defined by:

ϕ_{{k}}(σ_k) = −β hσ_k, ϕ_{Vk} (σ_{Vk} ) = −logcosh ( β ∑_j^{α( j−k)η} j^{+β h) where V}k^{= { j : α(k− j) ≠ 0}.}

Some of these Gibbs measures are stationary for P, which ensures the non-ergodicity of this PCA.

In [4], [5], the author studies ergodic properties of PCAs of the class C . In particular, he shows that in the attractive case (i.e. when α ≥ 0), if the set of Gibbs measures associated to the potential ϕ is reduced to one element μ which is moreover weak mixing, then the PCA is ergodic, its equilibrium measure is μ, and the convergence holds exponentially fast. The proof is based on a specific monotone coupling of PCAs. The domain of validity for this exponential ergodicity of attractive PCAs seems to be optimal, since it is known that, in the particular case α(k) = 1 if |k| = 1 and α = 0 otherwise, for all temperature larger than the critical one the unique Gibbs measure is weak mixing.

References

1. D.A. DAWSON, Synchronous and asynchronous reversible Markov systems, Canad. Math.

Bull., 17 (1974/75), pp. 633–649.

2. P. DAI PRA, P.-Y LOUIS, S. RŒLLY, Stationary measures and phase transition for a class of Probabilistic Cellular Automata, ESAIM: Probability and Statistics, 6 (2002), pp. 89–104.

3. O. KOZLOV, N. VASILYEV, Reversible Markov chains with local interaction, in: Multicomponent Random Systems, R.L. Dobrushin, Y.G. Sinai, eds., Adv. Probab. Related Topics, 6, Dekker, New York, 1980, pp. 451–469.

4. P.-Y. LOUIS, Automates cellulaires probabilistes: mesures stationnaires, mesures de Gibbs associées et ergodicité, PhD thesis, Université Lille 1 and Politecnico di Milano, 2002.

5. , Probabilistic Cellular Automata: Convergence towards equilibrium, in preparation.

6. J.L. LEBOWITZ, C. MAES, E.R. SPEER, Statistical mechanics of probabilistic cellular automata, J. Statist. Phys., 59 (1990), pp. 117–170

Finite and infinite dimensional systems of diffusions with interaction

Collaborators: S. Roelly, H. Zähle (Berliner Graduiertenkolleg „Stochastische Prozesse und Probabilistische Analysis“ (Graduate College “Stochastic Processes and Probabilistic Analysis”))

Cooperation with: P. Dai Pra (Università degli Studi di Padova, Italy), D. Dereudre (École Polytechnique, Palaiseau, France), M. Sortais (Berliner Graduiertenkolleg „Stochastische Prozesse und Probabilistische Analysis“ (Graduate College “Stochastic Processes and Probabilistic Analysis”)), M. Thieullen (Université Paris VI “Pierre et Marie Curie”, France), L. Zambotti (Scuola Normale Superiore di Pisa, Italy, and Technische Universität Berlin), H. Zessin (Universität Bielefeld)

Supported by: Alexander von Humboldt-Stiftung (Alexander von Humboldt Foundation): Fellowship

In the following works, we are interested in the analysis of several types of interactive diffusions modeling phenomena coming either from Statistical Physics or from Population Dynamics. The underlying idea is to transpose important concepts and tools from Statistical Mechanics like Gibbs equilibrium measures, entropy, space-time limit, to mathematical objects like diffusions, or Brownian semi-martingales. Working on path space, we also obtain a better understanding of the behavior of such diffusions.

Together with M. Thieullen we study the class R (P_b) of all probabilities on the path space C([0,T];R^N) which have the same bridges as the following R^N-valued reference Brownian diffusion denoted by P_b and law of the solution of the stochastic differential system:

dX_i(t) = b_i(t,X(t)) dt + dB_i(t) , t ∈ [0,T ], i ∈ {1,...,N},

where the drift b = (b_i)_{i=1,...,N} is a regular function on [0,T ] × R^N.

The class R (P_b) is called the reciprocal class of the reference diffusion P_b. The random processes in R (P_b) are Markovian fields with respect to time and therefore they are Gibbsian fields associated with a time parameter belonging to the compact interval [0,T ]. We prove in [9] that, under the assumption of finite entropy, the set of probability measures in the reciprocal class of P_b is characterized as the set of probability measures Q under which the following system of functional equations holds:

Q(D_{gi} Φ) = Q ( Φ δ (g_i) ) + Q ( Φ ∫ 1 0 g_i(r) ∫ 1 r (F_i + 1 2 divG_i)(t,X_t)dt dr )

+ Q ( Φ ∫ 1 0 g_i(r) ∫ 1 r G_i(t,X_t)dX_t dr ) , i ∈ {1,...,d}. (1) Here, Φ is any regular test functional on C([0,T];R^N), g_i any step function on [0,T ] with vanishing integral, D_{gi} denotes the Malliavin derivation operator in the direction g_i; F ∈ C([0,T]×R^N;R^N) and G ∈ C([0,T]×R^N;R^{N×N}) are functions called reciprocal characteristics associated to P_b, and defined as follows:

F_i(t,x) = ( ∂_t b_i + 1 2 ∂_i(|b|^2 + divb) ) (t,x), G_{i, j}(t,x) = ( ∂_jb_i − ∂_ib_j ) (t,x).

Equation (1) is a perturbation of the duality equation satisfied by Brownian bridges, duality between the Malliavin derivation operator and the stochastic integral. The perturbation terms (second and third terms in the RHS of equation (1) ) are to be compared with the Malliavin derivatives of the Hamiltonian function associated to Gibbs measures. The main difference from the one-dimensional situation studied before in [8] comes from the new last term in (1), the stochastic integral of the reciprocal characteristic G w.r.t. the coordinate process. This term vanishes if and only if the drift b of the reference Brownian diffusion is a gradient. In [8] this term was identically zero since each regular function is a gradient in dimension N = 1. One finds in [9] several applications of this characterization of reciprocal processes. Among others, the authors prove a generalization of the famous Kolmogorov theorem about reversible diffusion: the existence of a reversible law in the reciprocal class of a Brownian diffusion with drift b can only occur if b is a gradient. In collaboration with L. Zambotti, they also study an application of the duality equation (1) in the singular case of δ -Bessel processes. There the difficulty consists in generalizing the reciprocal characteristics F and G associated to the degenerate drift function b(x) =^{δ −1}_{2x} .

The infinite-dimensional situation, when the index i gets continuous (i ∈ [0,1]) and the reference process is solution of a stochastic partial differential equation, is the next step in the study of such topics. It will be the subject of a forthcoming paper.

With D. Dereudre [3] we study Gibbsian properties on the path level of continuous systems of infinite-dimensional interactive Brownian diffusion. More precisely we consider the law of the solution of the following stochastic differential system with values in (R^d)^N:

dX_i(t) = − 1 2 ∑_{j≠i}^{∇φ(X}i^{(t) − X} j^{(t)) dt + dB}i^{(t) ,i ∈ N,t ∈ [0,T ], (2)}

where (B_i)_i is a family of d-dimensional independent Brownian motions, and φ is a bounded regular symmetrical potential with finite range. Such systems were introduced and solved first by R. Lang in [6]. Since the coordinates of the process are indistinguishable, a solution of (2) can be represented by the point measure Γ = ∑_i δ_{Xi} on the path space C([0,T];R^d), and the law of Γ, denoted by Q, is then a point process—or a field—on C([0,T ];R^d). We prove the equivalence between the following assertions: to be a Gibbsian field associated to an explicit Hamiltonian functional H on C([0,T];R^d), and to be solution of the infinite-dimensional system (2) with a fixed Gibbsian initial condition. To this aim, a new characterization (cf. [2]) of canonical Gibbs fields on R^d and C([0,T];R^d) as solutions of duality formulae is used. Several applications are deduced from the Gibbsian structure on the path level of Q, like, in particular, the behavior of Q under time reversal (reversible and non-reversible cases are treated).

In collaboration with P. Dai Pra and H. Zessin [5], we give a Gibbsian characterization for the stationary law of the interacting diffusion process X = {X_i(t),i ∈ Z^ν ,t ∈ R} defined on the lattice Z^ν and solution of the following type of stochastic differential system

dX_i(t) = ( b_{i,t} (X) − 1 2 ∇φ(X_i(t)) ) dt + dB_i(t) ,i ∈ Z^ν ,t ∈ R. (3)

The originality here is the fact that the interaction drift function b_{i,t} is a very general measurable bounded local functional on the path space, a priori non-Markovian. The authors could interpret the law Q of X as a space-time Gibbs distribution on Ω = C (R,R)^{Zν} . The reference specification is given as the infinite product of the bridges of the Wiener measure drifted by −^1_2 ∇φ, and the interaction potential is a certain Φ on Ω given in terms of b.

In [4], based on the Gibbsian characterization shown in [5], a weak existence result for the solution of (3) is proved. The authors use a space-time cluster-expansion method, which is powerful when the coupling parameter b is sufficiently small. As conclusion, the Gibbsian approach to study infinite-dimensional processes seems to be very effective in situations where the stochastic calculus can not give an answer, like for example in the question of existence of solution for the non-Markovian equation (3).

Consider now the following model of Statistical Physics in random medium: Langevin dynamics for a ferromagnetic system submitted to a disordered external Bernoulli magnetic field: for i ∈ Z^ν ,t ∈ R^+,

dY^{(h)}_i (t) = dB_i(t) + ( β ∑_{j:| j−i|=1}^{Y (h)}j^{(t) − 1}_2^{∇φ(Y (h)}i^{(t)))dt + β h}i^{dt (4)}

where the (h_i)_i are Bernoulli i.i.d. variables. It is proved in [1] that such a system obeys a Strong Law of Large Numbers, in the sense that its empirical process converges towards a Dirac mass concentrated at some asymptotic dynamics Q, characterized as the law of the non-Markovian process Y = (Y_i(t))_{i,t} ∈ C (R^+,R)^{Zν} solution of the following stochastic differential system: for i ∈ Z^ν ,t ∈ R^+,

dY_i(t) = dB_i(t) + ( β ∑_{j:| j−i|=1}^Yj^{(t) − 1}_2^{∇φ(Y}i^{(t)) (5)}

+ β tanh ( β ( Y_i(t) −Y_i(0) + ∫ t 0 ( 1 2 ∇φ(Y_i(s)) − β ∑

j:| j−i|=1

Y_j(s))ds ) ) dt. In [7] the authors use the cluster-expansion method to show that the space-time correlation functions associated to Y decay exponentially fast in the high-temperature regime. In particular, they prove that for β small enough, the infinite-dimensional process Y (t) is ergodic and the velocity of the convergence is exponential. The specific difficulty of this model (compared to the system (3)) comes from the fact that the non-Markovian interaction (last term in the RHS of (5)) is no more local in time: it depends on the values of Y on the full time interval [0,t]. The process studied in [10] arises as diffusion limit of branching particle systems. It is called catalytic super-Brownian motion, in the sense that the branching procedure in the approximation depends strongly on a singular medium called catalyst. It is modeled as solution of the following stochastic partial differential equation:

dX_t (x) = 1 2 ΔX_t (x)dt + M(dt,dx), x ∈ R, t ∈ [0,T ], (6)

where M is a martingale measure with quadratic variation X_t(x)ρ_t (dx)dt, with ρ a given family of singular measures like Cantor measures. H. Zähle studies in [10] the regularity of the function-valued solution of (6). The case ρ_t (dx) ≡ dx is well known and corresponds to the situation when the catalyst is not singular, like for the Dawson–Watanabe superprocess. The type of generalization presented in [10] is new. The modulus of continuity in time and space of the function-valued solution of (6) is expressed in terms of the Hausdorff dimension of the support of the measure ρ_t(dx).

References

1. G. BEN AROUS, M. SORTAIS, Large deviations in the Langevin dynamics of the Random Field Ising Model, Preprint, Technische Universität Berlin, 2002, to appear in: Stochastic Process. Appl.

2. D. DEREUDRE, Une caractérisation de champs de Gibbs canoniques sur R^d et C([0,1];R^d) , C.R. Acad. Sci. Paris Sér. I Math., 335 (2002), pp. 177–182.

3. , Diffusions infini-dimensionnelles et champs de Gibbs sur l’espace des trajectoires continues C([0,1];R^d), PhD thesis, École Polytechnique, Paris, France, 2002.

4. P. DAI PRA, S. RŒLLY, An existence result for infinite-dimensional Brownian diffusions with non-regular and non Markovian drift, to appear in: Markov Proc. Rel. Fields.

5. P. DAI PRA, S. RŒLLY, H. ZESSIN, A Gibbs variational principle in space-time for infinite dimensional diffusions, Probab. Theory Related Fields, 122 (2002), pp. 289–315.

6. R. LANG, Unendlich-dimensionale Wienerprozesse mit Wechselwirkung, Z. Wahrsch.

verw. Gebiete, 39 (1977), pp. 55–72.

7. S. RŒLLY, M. SORTAIS, Space-time asymptotics of an infinite-dimensional diffusion having a long-range memory, WIAS Preprint no. 801, 2002.

8. S. RŒLLY, M. THIEULLEN, A characterization of reciprocal processes via an integration by parts formula on the path space, Probab. Theory Related Fields, 123 (2002), pp. 97–120.

9. , Duality formula for the bridges of a Brownian diffusion. Application to gradients drifts, WIAS Preprint no. 796, 2002.

10. H. ZA^¨ HLE, Space-time regularity of catalytic super-Brownian motion, WIAS Preprint no.

783, 2002.

Stochastic models and numerical algorithms for coagulation problems

Collaborator: W. Wagner

Cooperation with: H. Babovsky (Technische Universität Ilmenau), M. Kraft (University of Cambridge, UK), A. Lushnikov (Karpov Institute of Physical Chemistry, Moscow, Russia), J. Norris (University of Cambridge, UK), K.K. Sabelfeld (WIAS: research group 6)

Supported by: (EU) INTAS: “Random walk models for the footprint problem in the turbulent atmosphere”

The phenomenon of coagulation occurs in a wide range of applications, e.g., in physics (aggregation of colloidal particles, growth of gas bubbles), meteorology (merging of drops in atmospheric clouds, aerosol transport), chemistry (reacting polymers, soot formation) and astrophysics (formation of stars and planets). The time evolution of the average concentration of particles of a given size in some spatially homogeneous physical system is described by Smoluchowski’s coagulation equation ∂ ∂t c(t,x) = 1 2 x−1 ∑_{y=1}^{K(x − y,y)c(t,x − y)c(t,y) − ∞}∑_{y=1}^{K(x,y)c(t,x)c(t,y), (1)}

where t ≥ 0 and x = 1,2,... . The concentration of particles of size x increases as a result of the coagulation of particles of sizes x − y and y. It decreases if particles of size x merge with any other particles. The intensity of the process is governed by the (non-negative and symmetric) coagulation kernel K representing properties of the physical medium.

The purpose of the project is to study the relationship between stochastic interacting particle systems and solutions of equations of type (1). On the one hand, results on the asymptotic behavior of the particle system (when the number of particles increases) provide an insight into properties of the solution. On the other hand, appropriate stochastic particle systems are used for the numerical treatment of the macroscopic equation.

For sufficiently fast increasing coagulation kernels, there exists the phenomenon of gelation. At the level of the macroscopic equation (1), the gelation effect is represented by a loss of mass of the solution. An appropriate interpretation of this phenomenon in terms of stochastic particle systems is of both theoretical and practical interest. In the standard direct simulation process gelation corresponds to the formation of a large particle (comparable in size to the size of the whole system) in finite time. An alternative stochastic particle system, called mass flow process, has been introduced in [1]. The corresponding algorithm shows better approximation properties (faster convergence) especially in the case of gelling kernels. Some conjectures based on detailed numerical observations have been stated in [2]. In particular, a new approach to the approximation of the gelation point

t_{gel} = inf { t ≥ 0 : m_1(t) < m_1(0) } , where m_1(t) = ∞ ∑_{x=1}^{xc(t,x), (2)}

has been presented for a particular class of kernels.

The topic of studying coagulation processes by stochastic models has attracted much interest in recent years. An interesting direction of research is the consideration of more physical effect together with coagulation. In [3] the stochastic approach to nonlinear kinetic equations

(without gradient terms) has been presented in a unifying general framework, which covers many interactions important in applications, like coagulation, fragmentation, inelastic collisions, as well as source and efflux terms. Conditions for the existence of corresponding stochastic particle systems in the sense of regularity (non-explosion) of a jump process with unbounded intensity are provided. Using an appropriate space of measure-valued functions, relative compactness of the sequence of processes is proved, and the weak limits are characterized in terms of solutions to the nonlinear equation. As a particular application, existence theorems for Smoluchowski’s coagulation equation with fragmentation, efflux and source terms, and for the Boltzmann equation with dissipative collisions are derived. Some results concerning clusters containing several chemical species are presented in [4], [5].

References

1. A. EIBECK, W. WAGNER, Stochastic particle approximations for Smoluchowski’s coagulation equation, Ann. Appl. Probab., 11 (2001), pp. 1137–1165.

2. W. WAGNER, Stochastic, analytic and numerical aspects of coagulation processes, WIAS Preprint no. 697, 2001, to appear in: Math. Comput. Simulation.

3. A. EIBECK, W. WAGNER, Stochastic interacting particle systems and nonlinear kinetic equations, WIAS Preprint no. 732, 2002, to appear in: Ann. Appl. Probab.

4. M. KRAFT, W. WAGNER, Numerical study of a stochastic particle method for homogeneous gas phase reactions, WIAS Preprint no. 570, 2000, to appear in: Comput. Math. Appl.

5. , An improved stochastic algorithm for temperature-dependent homogeneous gas phase reactions, WIAS Preprint no. 614, 2000, to appear in: J. Comput. Phys.

Efficient control of stochastic particle methods for rarefied gas flows

Collaborators: W. Wagner, I. Matheis

Cooperation with: S. Ermakov (St. Petersburg University, Russia), A. Garcia (San Jose State University, San Jose, USA), C. Lécot (Université de Savoie, Chambéry, France), O. Muscato (Università di Catania, Italy), S. Rjasanow (Universität des Saarlandes, Saarbrücken)

Supported by: DFG: “Effektive Steuerung von stochastischen Partikelverfahren für Strömungen in verdünnten Gasen” (Effective control of stochastic particle methods for rarefied gas flow)

Rarefied gas flows play an important role in applications like aerospace design (space shuttle reentry), vacuum engineering (material processing, pumps), or, more recently, nanotechnology. Mathematically, such flows are described (in the simplest case of a monatomic gas) by the Boltzmann equation ∂ ∂t f (t,x,v) + (v,∇_x) f (t,x,v) = (1) ∫ R^3 dw ∫ S^2

deB(v,w,e) [ f (t,x,v^∗) f (t,x,w^∗) − f (t,x,v) f (t,x,w) ] , where

v^∗ = v + e(e,w − v), w^∗ = w + e(e,v − w). (2)

The solution f (t,x,v) represents the relative amount of gas molecules with velocity v at position x and time t . The quadratic nonlinearity in (1) corresponds to the pairwise interaction between gas particles, which consists in the change of velocities of two particles according to (2). Here S^2 denotes the unit sphere in the Euclidean space R^3 , and B is called the collision kernel, containing information about the assumed microscopic interaction potential. Due to the high dimensionality of the problem ( f is a function of 7 independent variables) stochastic algorithms are a commonly used tool for the numerical treatment of equation (1). Stochastic particle methods, like the standard DSMC (direct simulation Monte Carlo) technique, are based on the simulation of an appropriate large system of particles approximating the behavior of the real gas. Such methods provide results that are subject to random fluctuations. Thus, the construction of algorithms with reduced fluctuations is an important issue (variance reduction problem). The main purpose of the project is to contribute to this field of research. In recent years a new approach to the variance reduction problem, called SWPM (stochastic weighted particle method), has been developed ([1]). It uses a system of weighted particles ( g_i(t),x_i(t),v_i(t) ) , i = 1,...,n, t ≥ 0, where g_i(t) ∈ (0,∞), x_i(t) ∈ D ⊂ R^3 and v_i(t) ∈ R^3 denote the weight, position and velocity of the i-th particle at time t . The number of simulation particles is n ∼ 10^6 − 10^7 . The new method has been successfully applied to situations with strong density gradients. In [2] convergence of the stochastic weighted particle method for the Boltzmann equation was studied. First, the method was extended by introducing new stochastic reduction procedures, in order to control the number of simulation particles. Then, under rather general conditions, convergence to the solution of the Boltzmann equation was proved. Finally, numerical experiments were performed illustrating both convergence and considerable variance reduction, for the specific problem of calculating tails of the velocity distribution.

The application of equation (1) is restricted to flows, where the mean free path between collisions of molecules is sufficiently large compared to the characteristic length scale of the problem. Some modification of the DSMC method, called Consistent Boltzmann Algorithm, has been developed in the literature, extending the field of application into the direction of moderately dense gases. In [3] the convergence behavior of this algorithm has been studied. The equation was found which is asymptotically solved by the particle system. This equation generalizes the classical Boltzmann equation (1). A further investigation of its relationship to the Enskog equation was the subject of [4]. First an H-theorem for the new equation was established. Then, following the classical derivation by Chapman and Cowling, approximations to the equations of continuity, momentum and energy were found. The first-order correction terms with respect to the particle diameter turned out to be the same as for the Enskog equation. A kinetic equation, related to quantum gases, was considered in [5]. In this paper a DSMC algorithm for the Uehling–Uhlenbeck–Boltzmann equation is described in terms of Markov processes. This provides a unifying framework for both the classical Boltzmann case as well as the Fermi–Dirac and Bose–Einstein cases. The foundation of the algorithm is established by demonstrating its link to the kinetic equation. By numerical experiments its sensitivity to the number of simulation particles and to the discretization of the velocity space is studied, when approximating the steady state distribution.

References

1. S. RJASANOW, W. WAGNER, Simulation of rare events by the stochastic weighted particle method for the Boltzmann equation, Math. Comput. Modelling, 33 (2001), pp. 907–926.

2. I. MATHEIS, W. WAGNER, Convergence of the stochastic weighted particle method for the Boltzmann equation, WIAS Preprint no. 739, 2002, to appear in: SIAM J. Sci. Comput.

3. A.L. GARCIA, W. WAGNER, The limiting kinetic equation of the consistent Boltzmann algorithm for dense gases, J. Statist. Phys., 101 (2000), pp. 1065–1086.

4. , Some new properties of the kinetic equation for the Consistent Boltzmann Algorithm, Transport Theory Statist. Phys., 31 (2002), pp. 579–594.

5. , A direct simulation Monte Carlo method for the Uehling–Uhlenbeck–Boltzmann equation, WIAS Preprint no. 763, 2002.

4.6 Research Group Stochastic Algorithms and Nonparametric Statistics

4.6.1 Overview Die Forschungsgruppe befasst sich mit Arbeiten zur angewandten, algorithmisch orientierten Wahrscheinlichkeitstheorie und zur Mathematischen Statistik, die konstruktive und theoretische Aspekte statistischer und numerischer Aufgabenstellungen beinhalten und durch Komplexitätsuntersuchungen ergänzt werden.

The research of the group centers on topics in applied and algorithmic probability theory and mathematical statistics that include methodological and theoretical aspects of statistical and numerical problems. This is complemented by investigations of their complexity.

Im Vordergrund stehen dabei Anwendungen in den Wirtschafts-, Ingenieur- und Lebenswissenschaften. Insbesondere geht es um die Modellierung komplexer Zusammenhänge mit Methoden der nichtparametrischen Statistik, um die Risikobewertung für Finanzmärkte mit Hilfe stochastischer Differentialgleichungen und um die Effizienz stochastischer Algorithmen.

The focus is on applications in economics, engineering and life sciences. Of special interest are modeling of complex systems using methods from nonparametric statistics, risk assessments in financial markets using stochastic differential equations and the efficiency of stochastic algorithms.

Für das vergangene Jahr wurden in der Forschungsgruppe folgende Schwerpunkte für die Arbeit gesetzt:

• Nichtparametrische statistische Methoden der Bildverarbeitung, für Finanzmärkte, Ökonometrie, Cluster- und Diskriminanzanalyse,

• Angewandte Finanzmathematik, speziell Risikomessung und -steuerung, Bewertung und Simulation von Zinsderivaten sowie Portfolio-Optimierung unter Transaktionskosten,

For the last year the following main topics were set:

• Nonparametric statistical methods in imaging processing, for financial markets, econometrics, clustering and discriminant analysis;

• Applied financial mathematics, especially risk evaluation, risk management, interest rate modeling, calibration and pricing of non-standard derivatives, and portfolio optimization in the presence of transaction costs;

• Stochastische Simulation komplexer hochdimensionaler Probleme (voll entwickelte Turbulenz, Partikelverhalten in turbulenten Regimen, dynamische stochastische Algorithmen).

• Stochastic models in numerical mathematics and Monte Carlo methods with applications to turbulent transport, nucleation and coagulation processes, and to the solution of boundary value problems in deterministic and stochastic formulations.

4.6.2 Projects

Statistical data analysis

Collaborators: V. Essaoulova, A. Hutt, S. Jaschke, P. Mathé, H.-J. Mucha, J. Polzehl, V. Spokoiny.

Cooperation with: F. Godtliebsen (University of Tromsø, Norway), G. Torheim (Amersham Health, Oslo, Norway), S. Sardy (Swiss Federal Institute of Technology (EPFL) Lausanne, Switzerland), A. Juditski (Université de Grenoble, France), M. Hristache (ENSAI, Rennes, France), W. Härdle (SFB 373, Humboldt-Universität zu Berlin), J. Horowitz (Northwestern University, Chicago, USA), S. Sperlich (University Carlos III, Madrid, Spain), D. Mercurio (Humboldt-Universität zu Berlin), I. Grama (Université de Bretagne-Sud, Vannes, France), C. Vial-Roget (ENSAI, Rennes, France), A. Goldenshluger (University of Haifa, Israel), Y. Xia (Cambridge University, UK), O. Bunke, B. Droge and H. Herwartz (SFB 373, Humboldt- Universität zu Berlin), H.-G. Bartel (Humboldt-Universität zu Berlin), R. Brüggemann (Institut für Gewässerökologie und Binnenfischerei, Berlin), J. Dolata (Johann Wolfgang Goethe- Universität Frankfurt am Main), U. Simon (Institut für Gewässerökologie und Binnenfischerei, Berlin), P. Thiesen (Universität der Bundeswehr Hamburg), O. Lepski and Yu. Golubev (Université de Marseille, France), A. Samarov (Massachusetts Institute of Technology, Cambridge, USA), S.V. Pereverzev (National Academy of Sciences of Ukraine, Kiev), R. von Sachs (Université Louvain-la-Neuve, Belgium), S. Zwanzig (Uppsala University, Sweden), B. Röhl-Kuhn (Bundesanstalt für Materialforschung und -prüfung (BAM) Berlin)

Supported by: BMBF: “Effiziente Methoden zur Bestimmung von Risikomaßen” (Efficient methods for the valuation of risk measures) DFG: DFG-Forschungszentrum “Mathematik für Schlüsseltechnologien” (Research Center “Mathematics for Key Technologies”); SFB 373 “Quantifikation und Simulation Ökonomischer Prozesse” (Quantification and simulation of economic processes), Humboldt-Universität zu Berlin; Priority Program 1114 “Mathematische Methoden der Zeitreihenanalyse und digitalen Bildverarbeitung” (Mathematical methods for time series analysis and digital image processing)

The theoretical basis of the project Statistical data analysis are modern nonparametric statistical methods designed to model and analyze complex structures. WIAS has, with main mathematical contributions, become an authority in this field including its applications to problems in technology, medicine and environmental research as well as risk evaluation for financial products.

Methods developed in the institute within this project area can be grouped into the following main classes.

1. Adaptive smoothing (V. Essaoulova, A. Hutt, J. Polzehl, V. Spokoiny). The studies of adaptive smoothing methods have mainly been motivated by applications to medical imaging, especially in the context of dynamic and functional Magnet Resonance Imaging (dMRI and fMRI), and the analysis of high-frequency financial time series. Research on imaging problems is carried out within the DFG Research Center “Mathematics for Key Technologies” and the DFG Priority Program 1114 “Mathematical methods for time series analysis and digital image processing”. Modeling of local stationary time series is based on cooperation within the SFB 373 “Quantification and simulation of economical processes” at

Humboldt University of Berlin and the BMBF project “Efficient methods for the valuation of risk measures”. Cooperation also exists with G. Torheim (Amersham Health, Oslo, Norway) and F. Godtliebsen (University of Tromsø, Norway) for the analysis of dMRI experiments. Two main approaches have been proposed and investigated, a pointwise adaptive approach and adaptive weights smoothing. The pointwise adaptive approach was developed in [37] for estimation of regression functions with discontinuities. [29] extended this method to smoothing of 2D images. The procedure delivers an optimal (in rate) quality of edge recovering and demonstrates a reasonable numerical performance. Other interesting applications of this approach include the analysis of time-varying and local stationary time series and tail index estimation. [25] develop a pointwise adaptive approach for volatility modeling of financial time series. [9] extends this procedure to the case of multi-dimensional financial time series. Appropriate methods for local stationary time series are investigated in [6] and [7]. [5] propose a new method of adaptive estimation of the tail index of a distribution by reducing the original problem to the inhomogeneous exponential model and applying the pointwise adaptive estimation procedure. Although the pointwise adaptive procedure turns out to be asymptotically efficient, its computational complexity is high and results for finite sample sizes are less promising than for the other method called adaptive weights smoothing .

The adaptive weights smoothing approach has been proposed in [30] in the context of image denoising. The general idea behind the adaptive weights smoothing procedure is structural adaptation. The procedure attempts in an iterative way to recover the unknown local structure from the data and to utilize the obtained structural information for improving the quality of estimation. The procedure possesses a number of remarkable properties like preservation of edges and contrasts and nearly optimal noise reduction inside large homogeneous regions. It is also dimension-free and applies in high-dimensional situations. The original procedure designed for the local constant regression model has been thoroughly revised and generalized to a wide variety of models. Results have been presented at several conferences and are contained in [32, 33]. [32] describes how the AWS procedure can be used for estimation of piecewise smooth curves or manifolds by local polynomial approximation.