THEORETICAL STUDIES OF WAVE INTERACTIONS IN THE SUN

A DISSERTATION SUBMITTED TO THE DEPARTMENT OF MECHANICAL ENGINEERING AND THE COMMITTEE ON GRADUATE STUDIES OF STANFORD UNIVERSITY IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Shravan M. Hanasoge September 2007

© Copyright by Shravan M. Hanasoge 2008 All Rights Reserved

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in scope and quality as a dissertation for the degree of Doctor of Philosophy.

(Parviz Moin) Principal Adviser

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in scope and quality as a dissertation for the degree of Doctor of Philosophy.

(Philip Scherrer)

I certify that I have read this dissertation and that, in my opinion, it is fully adequate in scope and quality as a dissertation for the degree of Doctor of Philosophy.

(Sanjiva Lele)

Approved for the University Committee on Graduate Studies.

iv

Abstract

Direct observation of the solar subsurface is impossible due to the high degree of optical scattering by the partially ionized plasma that inhabits the near-surface layers of the Sun. The deepest part of the Sun visible to us, known as the photosphere (also the solar surface), appears as a roiling turbulent radiative magnetized convecting plasma. At first glance, it would seem therefore that subtle questions relating to the subsurface constitution of the Sun seem completely unanswerable and the interior properties unknowable. However, analogous to geoseismology, a great deal can be gleaned about the internal structure and dynamics of the Sun by carefully observing the waves that appear at the solar surface. This has been made possible over the last few decades through the development and application of powerful techniques of helioseismology which combine mathematical rigour and sophisticated guesswork. Analyses of the high quality observations made by the Michelson Doppler Imager (MDI) instrument onboard the Solar and Heliospheric Observatory (SOHO) satellite have led to continuous progress in our ability to infer subtle aspects of the recondite solar interior. This rush of discoveries has brought with it some skepticism and a need to determine whether the diagnostic agents, namely the waves, indeed behave as we expect them to. Moreover, it is instructive to develop an appreciation for the sensitivities of these waves to anomalies at various depths for it tells us what is detectable and how close we are to the detection.

Towards this goal, modeling wave behavior in the Sun using either numerical or analytical techniques is a useful way to proceed. Numerical methods are developed to simulate linear wave propagation in a solar-like stratified medium. Calculations are performed in spherical and Cartesian geometry, where the former takes into account global, large wavelength, long lived waves and the latter, near-surface short wavelength, short lifetime waves. There are many numerical challenges encountered in these computations: steep density and pressure gradients, convective instabilities, aliasing, boundary conditions etc. that must be dealt with care. Since the problem is computationally intensive, the code is parallelized according to the Message Passing Interface (MPI) standard. Validation procedures to ensure that the reliability of the numerical algorithm are discussed in some detail. Results of analyses of helioseismology on this artificial data are reported and discussed.

The extent of the interaction of magnetic fields with waves is a leading question in helioseismology. Theoretical work that attempts to characterize and quantify these interactions provides a useful complement to the standard numerical approach invoked to address such problems. The Born approximation, a form of perturbation theory, is widely invoked in helioseismic inverse theory. We investigate the Born approximation in the context of magnetic fields and demonstrate its validity and determine the range of applicability. Of more involved theory is the estimation of the wave scattering matrix associated with a thin flux tube embedded in a solar-like medium. Evanescent waves known as jacket modes, which appear due the mathematical incompleteness of the set of resonant mode eigenfunctions are shown to be quite essential in calculating the extent of scatter in the wavefield.

Acknowledgements

It has been my privelege to work with the SOI group. I am thankful to Phil Scherrer for his continual support and guidance over the course of these somewhat drama-filled years. Tom Duvall, my advisor, has been a mentor non-pareil; I thank him for all that he has taught me about helioseismology and the scientific method in general. The many speculative excursions in the realm of helioseismology that we undertook have been a constant source of intellectual stimulation. Jesper Schou, with whom I am yet to climb a mountain, has contributed much toward making my time at Stanford fun; our many discussions relating to the Sun, science, politics, mountains, and gossip have been thoroughly entertaining. Many thanks to Rasmus Larsen, who showed me how enjoyable scientific computing could be. The inimitable Sébastien Couvidat, who added colour, great amusement, and a healthy dose of impropriety to life at SOI, has made getting here that much easier. Sébastien, Rajaguru, and Richard have taught me a good deal of solar physics; in particular, I thank them for the entertaining lunches that we have shared. In more ways than one, Prof. Parviz Moin made all of this possible; I am very thankful for his support and generosity at the crucial junctures. The many discussions with Prof. Sanjiva Lele greatly helped in clarifying several numerical and physical aspects of my work.

My life here would have been entirely incomplete were it not for close friends and good room-mates: Dev, Anderson, Gandalf, Rap, Anant, the Chain, Rob, K, Nolan, Neel, Vijay, Veronica, Shonali, Sylvia, Aaron, Filip, Namita, and Josh. Lastly, none of this would have been possible without the encouragement and support of my parents, to whom I extend a sense of deep gratitude.

Contents

Abstract v

Acknowledgements vii

1 Introduction 1 1.1 Time-distance helioseismology . . . . . . . . . . . . . . . . . . . . . . 4 1.2 Magnetic field interactions . . . . . . . . . . . . . . . . . . . . . . . . 6 1.3 The Forward method . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.4 Results Contained in This Work . . . . . . . . . . . . . . . . . . . . . 9

2 Computations in spherical geometry 11 2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 2.2 The problem definition . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.3 Numerical method . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.3.1 Parallelism in OpenMP . . . . . . . . . . . . . . . . . . . . . . 15 2.3.2 Parallelism according to message passing . . . . . . . . . . . . 16 2.4 Acoustic wave propagation in the sun . . . . . . . . . . . . . . . . . . 17 2.4.1 Upper turning point: reflection at the surface . . . . . . . . . 18 2.5 Computational issues . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.5.1 Choice of radial grid . . . . . . . . . . . . . . . . . . . . . . . 19 2.5.2 Spectral blocking and radial dealiasing . . . . . . . . . . . . . 24 2.5.3 CFL restrictions . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.5.4 Lower boundary issues . . . . . . . . . . . . . . . . . . . . . . 28 2.5.5 Buffer layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.5.6 Convective instabilities . . . . . . . . . . . . . . . . . . . . . . 29 2.6 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.6.1 ADIPACK . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 2.6.2 Shifts in frequencies due to rotation . . . . . . . . . . . . . . . 34 2.7 Results and analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.7.1 Travel times . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 2.7.2 Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.7.3 Line Asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . 38 2.8 Detectability of interior convection . . . . . . . . . . . . . . . . . . . 40 2.9 Ray calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 2.9.1 Deep convection model . . . . . . . . . . . . . . . . . . . . . . 43 2.9.2 Surface convection model . . . . . . . . . . . . . . . . . . . . . 43 2.9.3 Travel times . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 2.9.4 Correlations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 2.10 Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 49

3 Near-surface oscillations 51 3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.2 The Simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.2.1 Numerical Algorithm . . . . . . . . . . . . . . . . . . . . . . . 56 3.2.2 Power Spectrum . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.3 Noise Subtraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.4 Travel times with Surface Focusing . . . . . . . . . . . . . . . . . . . 59 3.4.1 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 3.4.2 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 3.5 Kernels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.5.1 Source Kernels . . . . . . . . . . . . . . . . . . . . . . . . . . 69 3.5.2 Sound-Speed Kernels . . . . . . . . . . . . . . . . . . . . . . . 71 3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4 The Born approximation for magnetic fields 76 4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.2 The Problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.2.1 Governing equations . . . . . . . . . . . . . . . . . . . . . . . 78 4.2.2 Steady background state . . . . . . . . . . . . . . . . . . . . . 78 4.2.3 Linear waves . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 4.3 Exact Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 4.4 First Born approximation . . . . . . . . . . . . . . . . . . . . . . . . 82 4.5 Born tends to the exact solution as ϵ → 0 . . . . . . . . . . . . . . . . 86 4.6 Travel Times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 4.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 Scattering by a flux tube 95 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 5.2 The model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 5.2.1 Flux tube . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 5.2.2 Oscillations of the tube: the kink mode . . . . . . . . . . . . . 99 5.2.3 Jacket modes and a lower boundary . . . . . . . . . . . . . . . 99 5.2.4 The tube boundary . . . . . . . . . . . . . . . . . . . . . . . . 100 5.3 Solution procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 5.4 Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 5.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

6 Concluding remarks 110 6.1 Forward modeling and helioseismology . . . . . . . . . . . . . . . . . 111 6.2 Magnetic field effects . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

A Altering the background state 114

B Code verification 116 B.0.1 Eigenfunctions . . . . . . . . . . . . . . . . . . . . . . . . . . 119 B.0.2 Efficacy of the transmitting boundary . . . . . . . . . . . . . . 123 B.0.3 Evanescent behaviour . . . . . . . . . . . . . . . . . . . . . . . 125 B.0.4 Spherical Harmonics and the optimized R-K scheme . . . . . . 132

B.0.5 Measuring reflection phases . . . . . . . . . . . . . . . . . . . 133

C Kernels and Phase speeds 138 C.1 Scaling Kernels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 C.2 Phase Speeds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

D The scattering coefficients 141 D.1 Exact solution coefficients . . . . . . . . . . . . . . . . . . . . . . . . 141 D.2 Useful Integrals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 D.3 Born approximation coefficients . . . . . . . . . . . . . . . . . . . . . 142

E Eigenvalues 143 E.1 Jacket mode eigenvalues . . . . . . . . . . . . . . . . . . . . . . . . . 143 E.2 p-mode eigenvalues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

Bibliography 145

List of Tables

5.1 Scattering coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . 103 C.1 Annuli and Phase-Speed Filter Parameters . . . . . . . . . . . . . . . 140

List of Figures

1.1 The velocity power spectrum of the Sun as observed by MDI . . . . . 3 1.2 A time-distance diagram obtained by analyzing MDI data . . . . . . 5

2.1 Background properties from model S of the sun . . . . . . . . . . . . 20 2.2 Acoustic cutoff frequency as a function of radius . . . . . . . . . . . 21 2.3 Fractional grid spacing as a function of radius for . . . . . . . . . . . 22 2.4 Spectral blocking in a linear simulation . . . . . . . . . . . . . . . . . 26 2.5 Convective instability timescales as a function of radius . . . . . . . . 30 2.6 A comparison between the properties of by model S and the artificial model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.7 A comparison between the properties model S and the artificial model 33 2.8 Logarithmic power spectrum for a simulation in spherical geometry . 35 2.9 Comparison between resonant wavemodes computed by ADIPACK and the simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 2.10 The m − ν power spectrum for a simulation with pure rotation . . . . 37 2.11 Comparison of various ridges obtained from South pole and simulated data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 2.12 Comparison between correlations obtained from MDI Medium-l data and simulation data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 2.13 Line asymmetry for wave modes with degree l = 30 . . . . . . . . . . 41 2.14 Sections of ASH and supergranulation velocity profiles . . . . . . . . 44 2.15 Quadrants used for travel time averaging . . . . . . . . . . . . . . . . 46 2.16 East-west travel-time difference map for a ray . . . . . . . . . . . . . 47

2.17 The RMS east-west and north-south travel times and correlations with corresponding velocity maps . . . . . . . . . . . . . . . . . . . . . . . 48 2.18 Average power of convective velocities from the ASH simulation . . . 48 2.19 RMS convective radial, latitudinal and longitudinal velocities from the ASH simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.1 Comparison of wavenumber averaged power profiles of MDI high-resolution data and simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.2 ‘Quiet’ power spectrum obtained from a simulation in cartesian geometry 58 3.3 Vertical cut in the sound-speed perturbation . . . . . . . . . . . . . . 59 3.4 Effect of noise subtraction of time-averaged RMS velocities . . . . . . 60 3.5 The spatial RMS velocity at the photosphere of a simulation as compared to MDI high-resolution data . . . . . . . . . . . . . . . . . . . 61 3.6 Example of mean travel-time perturbation map for Δ = 30.55 Mm . . 63 3.7 Cut across mean travel-time perturbation map at y = 50 Mm . . . . 64 3.8 Azimuthal averages of mean travel times . . . . . . . . . . . . . . . . 66 3.9 The time averaged RMS velocity for the source-suppression test . . . 68 3.10 Source perturbations kernels for the f mode . . . . . . . . . . . . . . 70 3.11 The source kernel obtained by the suppressing approximately half the sources and doubling the strengths of the rest . . . . . . . . . . . . . 72 3.12 Comparison between sound-speed kernels obtained analytically and simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.1 Scattering coefficients as a function of azimuthal order . . . . . . . . 82 4.2 Real and imaginary parts of the scattered pressure field in the Born approximation and the exact solution . . . . . . . . . . . . . . . . . . 85 4.3 The fractional error as a function of azimuthal order . . . . . . . . . . 88 4.4 The pressure field of the unperturbed and scattered wavepackets . . 90 4.5 Local travel-time shifts caused by the magnetic cylinder . . . . . . . . 91 4.6 Ratio of the Born to exact scattering coefficients . . . . . . . . . . . . 93

5.1 Comparisons of real and imaginary parts of the fit to the corresponding real and imaginary parts of the right hand side . . . . . . . . . . . . . 105 5.2 The amplitudes of the scattered resonant modes as a function of mode number for various values of plasma-β and frequency (part I) . . . . . 106 5.3 The amplitudes of the scattered resonant modes as a function of mode number for various values of plasma-β and frequency (part II) . . . . 107 5.4 The phases of the scattered resonant modes a function of mode number for various values of plasma-β and frequency . . . . . . . . . . . . . . 107 5.5 The kink mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

B.1 Resolution in the radial direction as a function of the non-dimensional radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 B.2 Spatial convergence rate of the compact finite differences with fifthorder accurate boundary conditions . . . . . . . . . . . . . . . . . . . 119 B.3 Experiment to determine the spatial error convergence rate in a temporally evolving system . . . . . . . . . . . . . . . . . . . . . . . . . . 120 B.4 Spatial error convergence rate (with radial dealiasing) based on the experiment of Figure B.3 . . . . . . . . . . . . . . . . . . . . . . . . . 121 B.5 Comparison of eigenfunctions for a resonant mode of frequency ν = 6.6111 mHz, obtained analytically and through simulation with n = 121124 B.6 Simulated and analytical eigenfunctions for ν = 1.68 mHz, for the model described in § B.0.3 . . . . . . . . . . . . . . . . . . . . . . . . 129 B.7 The sponge and the upper boundary of the polytrope (and lower boundary of the isothermal atmosphere) at s = 1 . . . . . . . . . . . . . . . 130 B.8 Efficacy of the transmitting boundary . . . . . . . . . . . . . . . . . . 131 B.9 Error convergence rate of the temporal scheme . . . . . . . . . . . . . 133 B.10 Error convergence rate plotted against the spherical-harmonic bandwidth, l_{max} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 B.11 Power spectrum from a simulation with the dots showing frequencies as estimated by ADIPACK . . . . . . . . . . . . . . . . . . . . . . . . 136 B.12 Duvall’s Law for a solar model and the altered model . . . . . . . . . 137

B.13 Envelope (group) travel times for differing numbers of bounces; simulated or artificial data (ART) and GONG data (GONG) . . . . . . . 138