NCAR/CT 167

| | | | | | | | | | | |

Katholieke Universiteit Leuven

Faculteit Wetenschappen Centrum voor Plasma Astrofysica

Numerical simulation and analysis of magnetically dominated MHD bow shock flows with applications in space physics

Hans De Sterck

Proefschrift voorgelegd tot het bekomen van de graad van Doctor in de Wetenschappen

Promotoren:

Prof. Dr. S. Poedts Dr. B. C. Low

MONICA: Magnetohydrodynamics Over Notoriously Incomputable Cylindrical Apparatus (T. J. Barth)

Thank you

I have really enjoyed a lot doing the work for this dissertation at the Centre for Plasma Astrophysics (CPA) in Leuven and at the High Altitude Observatory (HAO) in Boulder, and I want to thank all the people I met and interacted with at CPA and HAO.

In particular, I am much indebted to my thesis advisors Stefaan Poedts and B. C. Low, who always left me the freedom to work on what really interested me, while at the same time providing me with their expert guidance and support.

At CPA I enjoyed a nice and cosy working atmosphere for which I thank Marcel Goossens, Arnold Debosscher, Petra, Michael, Vladimir, Wouter, Hilde, Arnout, David, Peter, Robert, Balasz, Arpi, Vladimir, Ronald and the ‘newer generation’ that I only met occasionally after having moved to HAO.

I have also spent a few months at the FOM Institute in Nieuwegein, and I thank Hans Goedbloed, Rony Keppens and Sander Beliën for the hospitality and for the interesting and nice time spent there.

David Vanden Abeele and Herman Deconinck provided me with the von Karman multi-block code which was an invaluable starting point for the numerical work I did for my thesis. I have also had a very fruitful exchange with Gabor Tóth on numerical techniques.

During my three years in Boulder I enjoyed a working place at HAO which was at the same time very professional and very sympathetic. I thank Keith MacGregor, Art Hundhausen, Tom Holzer and Gang Lu for interesting discussions on the thesis work. Many fellow-students and postdocs became good friends, and the countless lunchtime basketball games, after-work volleyball games, the weekend hikes and dinners were welcome changes of mind and could even be counted among the sources of inspiration for this work. I thank my office-mate and brother-in-arms Chano, and my friends Rob, Cheryl, Hanli, Elain, Scott, Mausumi, Wouter, Thierry, José, Chip, Debrah, Cindy, Wayne, Graham, Colin, Colin, and many others for all of this.

When I occasionally went back to Belgium, I always got a warm welcome from Bernard, Hilke, and the whole sporex-gang, who made me feel back at home in Leuven right away.

My sisters and parents have always warmly supported me in all I wanted to do. Finally I want to thank Marina for all the support while living much of this with me.

Contents

1 Introduction 12

2 Fluid description of shock phenomena in gases and plasmas: a bird’s eye view 16 2.1 Hydrodynamic description of shock phenomena in gases . 17 2.2 Magnetohydrodynamic description of

shock phenomena in plasmas . . . . . . . . . . . . . . . . 22 2.2.1 Symmetrical two-dimensional flow around a cylinder . . . . . . . . . . . . . . . . . . . . . . . . 25 2.2.2 Three-dimensional flow over a sphere . . . . . . . . 29 2.3 MHD shock phenomena in nature . . . . . . . . . . . . . . 30 2.3.1 The validity of the MHD approximation . . . . . . 31 2.3.2 On the physical existence of intermediate and compound shocks . . . . . . . . . . . . . . . . . . . . . 33 2.3.3 Bow shocks in the solar system: planets, comets and the heliosphere . . . . . . . . . . . . . . . . . . 35 2.3.4 Solar coronal mass ejections and traveling interplanetary shocks . . . . . . . . . . . . . . . . . . . 39 2.3.5 Astrophysical shock phenomena . . . . . . . . . . . 42 2.3.6 Laboratory plasmas and magnetic reconnection . . 44 2.4 Analytical and numerical techniques to study MHD shock phenomena . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3 Analytical properties of the ideal MHD equations 48 3.1 The ideal MHD equations . . . . . . . . . . . . . . . . . . 48 3.1.1 ‘Physical’ form of the MHD equations . . . . . . . 48 3.1.2 Conservative form of the MHD equations . . . . . 50 3.1.3 Scaling invariance of the stationary ideal MHD equations . . . . . . . . . . . . . . . . . . . . . . . 53 3.2 Characteristic analysis of the ideal MHD equations . . . . 55 3.2.1 The theory of characteristics . . . . . . . . . . . . 55 3.2.2 Characteristic analysis of time-dependent MHD in one space dimension . . . . . . . . . . . . . . . . . 59

3.2.3 Characteristic analysis of stationary MHD in two space dimensions . . . . . . . . . . . . . . . . . . . 61 3.2.4 Characteristic analysis of stationary fieldaligned MHD in two space dimensions . . . . . . . 63 3.2.5 Characteristic analysis of stationary planar field-aligned MHD in two space dimensions . . . . 66 3.3 MHD discontinuities . . . . . . . . . . . . . . . . . . . . . 71 3.3.1 MHD Rankine-Hugoniot relations . . . . . . . . . 71 3.3.2 Shocks . . . . . . . . . . . . . . . . . . . . . . . . . 73 3.3.3 Other discontinuities . . . . . . . . . . . . . . . . . 80 3.3.4 Stability of shocks . . . . . . . . . . . . . . . . . . 80 3.3.5 Non-convexity and MHD compound shocks . . . . 81

4 A finite volume ideal MHD code 90 4.1 Upwind discretization of conservation laws in one space dimension . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 4.1.1 Scalar conservation laws . . . . . . . . . . . . . . . 91 4.1.2 Systems of conservation laws . . . . . . . . . . . . 95 4.2 Spatial discretization: finite volume

schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 4.2.1 One–dimensional space . . . . . . . . . . . . . . . 98 4.2.2 Two–dimensional space . . . . . . . . . . . . . . . 100 4.2.3 Three–dimensional space . . . . . . . . . . . . . . 102 4.2.4 Axial symmetry . . . . . . . . . . . . . . . . . . . 102 4.2.5 Numerical flux functions . . . . . . . . . . . . . . . 104 4.2.6 Boundary conditions . . . . . . . . . . . . . . . . . 106 4.3 Temporal discretization: explicit Runge-Kutta schemes . . 108 4.4 Enforcing the ∇ · ⃗B constraint in MHD . . . . . . . . . . 109 4.5 Implementation on massively parallel

computers . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5 MHD model flows with shocks: characteristic analysis and grid convergence study 114 5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 115 5.2 Characteristic analysis of model flows . . . . . . . . . . . 116 5.2.1 Cylindrical expansion flow . . . . . . . . . . . . . . 116 5.2.2 Expanding tube flow . . . . . . . . . . . . . . . . . 118 5.2.3 Wedge flow . . . . . . . . . . . . . . . . . . . . . . 120 5.2.4 Bow shock flow . . . . . . . . . . . . . . . . . . . . 121 5.2.5 Nozzle flow . . . . . . . . . . . . . . . . . . . . . . 123 5.3 Grid convergence criteria . . . . . . . . . . . . . . . . . . 124 5.4 Grid convergence study of model flows . . . . . . . . . . . 128 5.4.1 Numerical simulation aspects . . . . . . . . . . . . 128 5.4.2 Grid convergence results for flux conservation . . . 129

5.4.3 Grid convergence results for global invariants . . . 132 5.4.4 Grid convergence results for Rankine-Hugoniot relations . . . . . . . . . . . . . . . . . . . . . . . . . 134 5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 139 Appendix: Radial outflow from a rotating cylindrical object . . 140

6 Magnetically dominated MHD bow shock flows: symmetrical two-dimensional flow around a cylinder 144 6.1 Topology of magnetically dominated

bow shock flows . . . . . . . . . . . . . . . . . . . . . . . . 147 6.1.1 The switch-on regime . . . . . . . . . . . . . . . . 147 6.1.2 Shock configurations at perpendicular points . . . 148 6.1.3 Topology of symmetrical bow shock flows . . . . . 150 6.2 Detailed interpretation and identification of discontinuities in a magnetically dominated bow shock flow . . . . . 154 6.3 Parameter study of symmetrical bow shock flows . . . . . 165 6.4 Characteristic analysis and steady compound shocks . . . 171 6.4.1 Hydrodynamic bow shock . . . . . . . . . . . . . . 173 6.4.2 Pressure-dominated MHD bow shock . . . . . . . . 174 6.4.3 Magnetically dominated MHD bow shock . . . . . 174 6.5 Symmetry and stability . . . . . . . . . . . . . . . . . . . 181 6.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 187

7 Magnetically dominated MHD bow shock flows: threedimensional flow over a sphere 190 7.1 3D bow shock flow over a sphere . . . . . . . . . . . . . . 192 7.1.1 Set-up of the simulations . . . . . . . . . . . . . . 192 7.1.2 Pressure-dominated 3D bow shock flows . . . . . . 194 7.1.3 Magnetically dominated 3D bow shock flows . . . 196 7.2 Field-aligned axially symmetrical flow over a sphere . . . 205 7.3 3D topology of magnetically dominated bow shock flows . 208 7.4 Transient waves during the time evolution towards a steady state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211 7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 215

8 Applications in space physics 216 8.1 Shocks induced by fast CMEs . . . . . . . . . . . . . . . . 217 8.1.1 Coronal mass ejections . . . . . . . . . . . . . . . . 217 8.1.2 Coronagraph observations . . . . . . . . . . . . . . 219 8.1.3 CMEs and shocks . . . . . . . . . . . . . . . . . . 220 8.2 Slow shocks in the earth’s

magnetosheath . . . . . . . . . . . . . . . . . . . . . . . . 226 8.2.1 The solar wind, the earth’s magnetosphere and magnetic clouds . . . . . . . . . . . . . . . . . . . 226 8.2.2 3D bow shock flows around a paraboloid surface . 229

8.2.3 Observations of slow shocks in the magnetosheath 239

9 On the admissibility of intermediate shocks 248 9.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 248 9.2 Admissibility of shocks in model systems . . . . . . . . . . 250 9.2.1 Scalar model . . . . . . . . . . . . . . . . . . . . . 250 9.2.2 Convex strictly hyperbolic system . . . . . . . . . 256 9.2.3 Non-strictly hyperbolic system . . . . . . . . . . . 259 9.2.4 Rotationally invariant non-strictly hyperbolic system . . . . . . . . . . . . . . . . . . . . . . . . . . 261 9.2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . 268 9.3 Planar MHD . . . . . . . . . . . . . . . . . . . . . . . . . 269 9.3.1 Admissibility of shocks in planar MHD . . . . . . . 269 9.3.2 Shock types in 2D magnetically dominated bow shock flows . . . . . . . . . . . . . . . . . . . . . . 270 9.3.3 Numerical and physical instabilities . . . . . . . . 271 9.4 Full MHD . . . . . . . . . . . . . . . . . . . . . . . . . . . 282 9.4.1 Admissibility of shocks in full MHD . . . . . . . . 282 9.4.2 Shock types in 3D magnetically dominated bow shock flows . . . . . . . . . . . . . . . . . . . . . . 287 9.4.3 Physical admissibility of intermediate shocks . . . 288 9.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . 294

10 Conclusions and outlook 296 10.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 296 10.1.1 Contributions to the physics of MHD plasma flows with shocks . . . . . . . . . . . . . . . . . . . . . . 296 10.1.2 Numerical simulation of MHD flows with

shocks . . . . . . . . . . . . . . . . . . . . . . . . . 298 10.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299 10.2.1 Physics of MHD plasma flows with shocks . . . . . 299 10.2.2 New numerical simulation techniques . . . . . . . . 301 10.2.3 Other directions . . . . . . . . . . . . . . . . . . . 301

Samenvatting 304

Bibliography 310