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basic postulate of astrophysics, 13
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astrophysical phenomena
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funnel flows, 875

interplanetary magnetic field (IMF), 130
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quiescent prominence, 662

solar eclipse, 16

solar flare, 16, 120
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space weather, 16

stellar oscillations, 239

superflare, 305

X-ray emitting stars, 16

astrophysical plasmas, 11–19

axi-symmetric static equilibria
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diamagnetic equilibria, 641

equilibrium-stability β limit, 634

flux functions, 636
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global confinement parameters, 631

governing equations, 617

Grad–Shafranov equation, 635

hoop force, 628

internal self-inductance ℓi, 629, 640

inverse aspect ratio, 620, 648

magnetic surface, 623

modified safety factor q∗, 632
orthogonal flux coordinates, 621

poloidal magnetic flux, 619, 635

resonant field lines/surfaces, 623, 683

safety factor, 620

scaling parameters, 631

Shafranov shift, 627, 637

straight-field-line coordinates, 621, 668

toroidal magnetic flux, 619

toroidal plasma current, 628

vacuum field equations, 642
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Bernoulli equation, 712
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∆(r) shift of the flux surfaces, 718
magnetic/flow surfaces, 709

nonlinear PDE for poloidal flux, 712

poloidal Alfvén Mach number, 711

poloidal velocity stream function, 709

small inverse aspect ratio expansion, 716–719

toroidally rotating plasmas, 660

variational principle, 712

ballooning modes

ballooning transformation, 683

Connor–Hastie–Taylor equation, 687

governing ODEs, 687

β-induced Alfvén eigenmode (BAE), 702

boundary conditions, 112

astrophysical models IV–VI, 143

laboratory models I–III, 138–141

line-tying, 113

boundary layer analysis, 538

Brunt–Väisäläa frequency, 442

Burgers’ equation, 170

celestial mechanics

Kepler’s laws, 11

Newton’s gravitational law, 13

centrifugal acceleration, 447

characteristics, 169–178

Alfvén disturbances, 175

characteristic directions, 172

characteristic speeds, 174, 838

degeneracy, 178

entropy disturbances, 175

initial value problem, 172–173

magneto-acoustic disturbances, 175

normal to spatial part, 174

reciprocal normal surface, 176

space-time characteristics, 838

tangential discontinuities, 178

weak discontinuities, 170, 174–177

classical transport coefficients, 79–83

Braginskii’s expressions, 81

electrical conductivity, 80

electron and ion viscosities, 82

electron thermal conductivity, 80

heat transfer function, 82

ion thermal conductivity, 82

Spitzer resistivity, 80

thermo-electric coupling, 80

classification of MHD shocks, 854–865

Clebsch coordinates, 253

Clebsch potentials, 683

collisions, 75–78

collisionality, 52

electron relaxation time, 76

electron–electron collision frequency, 76

electron–ion collision frequency, 76

ion relaxation time, 76

ion–ion collision frequency, 76

temperature equilibration time, 77

conservation laws, 116–128

continua for axi-symmetric stationary plasmas

Alfvén continua, 728

dispersion equation, 733, 734

Eulerian entropy continua, 728

slow continua, 728

trans-slow continua, 731

continuous spectrum

exponential damping, 389

relation with branch cuts, 376, 384

resonant absorption, 405

three continua, 380

cyclotron motion, 27–30

frequency, 28

radius, 28

relativistic, 32

cylindrical plasmas

Alfvén’s model, 346

apparent singularities, 334

boundary condition at origin, 332, 407

boundary conditions, interface, 336–339

constant-pitch magnetic field, 346

curvature magnetic field, 325

diffuse linear pinch, 325

dimensionless scaling, 326

equilibrium, 181, 325–330

field line projection, 330

field line-bending, 344

force-free magnetic fields, 327

free-boundary modes, 342–345

‘ghost’ plasma, 337, 345, 372

Hain–Lüst equation, 332, 335

interface models, 329

lack of equilibrium, 181

magnetic flux tube, 325

magnetic surfaces, 184

matrix eigenvalue problem, 331

pressure, Eulerian, 334

pressure, Lagrangian, 334

singularities, 333

spectral structure, 339

stability, 348–368

static equilibrium, 181, 183

‘straight tokamak’, 328

system of first order ODEs, 334

tokamak approximation, 343

wave equation, 330–339

waves in a θ-pinch, 341

direct and inverse cascade, 755

disc truncation radius, 875

discontinuities, 133–138

contact, 137

jump conditions, 133

Rankine–Hugoniot relations, 133

shocks, 133

tangential, 137

discretization

accuracy, errors, 572

consistency, 572

efficiency, 572

global truncation error, 571
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numerical stability, 572

dissipation

artificial, 406

resistivity, magnetic diffusivity, 132

resonant, 416, 418, 428

thermal conductivity, diffusivity, 9, 132

viscosity, kinematic diffusivity, 132

dissipative and ideal fluids, 83–86

divergence B treatments, 814–818

constrained transport, 816

field interpolated central difference scheme, 817

hyperbolic cleaning, 817

MOC-CT, 822

parabolic cleaning, 817

Powell’s source terms, 815

projection scheme, 815

vector potential, 815

Doppler shift, 149, 174, 449, 461

drift motion, 33–38

B ×∇B drift, 34

E × B drift, 33

dynamo

Babcock model, 296

coefficients α, β, 300

Cowling’s theorem, 299

kinematic dynamo, 300

magnetic buoyancy, 298

magnetic diffusivity, 298

solar dynamo, 296

turbulent magnetic diffusivity, 299

dynamo action, 762

electrodynamics, 105

Ampère’s law, 106

displacement current, 31, 106

electromagnetic waves, 31

Faraday’s law, 114

Maxwell’s equations, 30–33

Ohm’s law, 114

Poisson’s law, 107

pre-Maxwell equations, 19, 31

ellipticity induced Alfvén eigenmode (EAE), 702

Elsässer variables, 759

energy

flow, 118

kinetic energy density, 119

potential energy density, 119

energy principle, 204–205

normal modes and, 206

proof of, 207

entropy waves, 149, 152–153, 156, 847

epicyclic frequency, 515

epicyclic modes, 517

equilibrium for tokamak plasmas, 617–635

essential spectra, 482

Eulerian entropy continuum, 448

extended MHD, 560–566

collisionless reconnection, 563

generalized Ohm’s law, 562

Hall current, 563

Hall MHD, 561, 562

whistler wave, 561

fast magneto-acoustic waves, 156–157, 162, 165

finite difference methods

first order accuracy, 573

first order backward difference, 573

first order forward difference, 573

grid points, 572

mesh points, 572

second order central difference, 573

finite element method

basis functions, 576

essential boundary conditions, 578

Galerkin method, 577

natural boundary conditions, 577

residual, 576

shape functions, 576

weak formulation, 577

weight functions, 576

weighted residual formulation, 577

Fjørtoft’s theorem, 492

fluid description, 52–63

force operator, 186–196

equation of motion, 186

homogeneous plasma, 189

self-adjointness, 187, 191–196

force-free magnetic field, 127, 440, 525

constant pitch field, 128, 146

Lundquist field, 127

Fredholm alternative, 381

Frieman–Rotenberg formalism, 448–452

average Doppler–Coriolis shift, 461

Doppler–Coriolis operator, 458

generalized force operator, 452

in straight-field-line coordinates, 722

kinematic transformations, 450

parallel field operator, 723

parallel flow operator, 723

pre-self-adjointness relation, 455

quasi-Lagrangian representation, 448

Galerkin method, 693

gas dynamic shocks, 840–845

distilled energy jump condition, 843

distilled entropy condition, 843

entropy condition, 841

entropy-forbidden jumps, 844

entropy-permitted shocks, 844

Hugoniot adiabatic, 841

shock strength, 842

time reversal duality, 845

gauge transformation, 125

generalized eigenvalue problem, 152

geodesic acoustic mode (GAM), 673, 679

geodesic curvature of magnetic field line, 671

ghost cells, 587

global Alfvén eigenmode (GAE), 348

global conservation laws, 118

energy, 121

magnetic flux, 121
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mass, 121

momentum, 121

Grad–Shafranov equation, 635–647

dimensionless flux function profiles, 649

large aspect ratio expansion, 637

low-β tokamak approximation, 638

numerical solution methods, 655

poloidal current stream function, 635

poloidal flux scaling, 651

shifted circle coordinates, 637

unit profiles, 649

gravitating fluid instabilities

Brunt–Väisäläa frequency, 241

convective cells, 242

convective instabilities, 241–242

Schwarzschild criterion, 241

gravitating fluid slab

boundary conditions, 240

HD wave equation, 239–241

gravitating plasma instabilities

energy principle, 280

Euler–Lagrange equation, 281

gravitational instabilities, 279–289

gravitational interchange, 264

gravitational quasi-interchange, 264

interchanges with shear, 285

interchanges without shear, 283

local interchange stability, 266, 286

magnetic shear, 265, 286

Newcomb’s procedure, 281

Parker instability, 263

Rayleigh–Taylor instability, 263, 286

Suydam’s criterion, 287

gravitating plasma slab

derivation wave equation, 252–257

exponential stratification, 258

field line projection, 253–256

first order differential equations, 257

homogeneous wave problem, 249

matrix wave equation, 254

MHD wave equation, 248–264

one-dimensional representation, 373

one-dimensional systems, 249

second order differential equation, 255

total pressure perturbation, 257

gravitation, 108

external, 109

internal, 108

gravito-acoustic waves, 242–244

acoustic cutoff frequency, 244

Brunt–Väisäläa frequency, 241

cavity modes, 241

dispersion equation, 242

evanescence, 243

f -modes, 244
free-boundary modes, 244

g-modes, 243
Lamb frequency, 244

p-modes, 243

Sturmian, anti-Sturmian, 243

turning point frequencies, 243

gravito-MHD waves, 258–264

apparent crossing slow/Alfvén, 263

Brunt–Väisäläa frequency NB, 258

Brunt–Väisäläa, magnetic Nm, 259

dispersion equation, 259

Green’s function, 381

Green’s dyadic, 377

Laplace contour, 381, 385, 386, 390

poles, 376, 388

Riemann sheet, 384

guiding centre approximation, 30

gyro-motion, see cyclotron motion

H-mode in tokamak, 697

Hamiltonian formulation

canonical momentum, 457

Hamilton’s principle for linear ideal MHD, 457

Hamiltonian of linear perturbations, 457

Harris sheet, 554

helioseismology, 238, 245–248, 399, 701

5 minute oscillations, 244

cavity modes, 246

f -modes, 246
g-modes, 246
Lamb frequency, 245

p-modes, 246
power spectrum oscillations, 246

radial wave equation, 245

spherical geometry, 245

systematics, 248

Hilbert space, 190–191

inner product, 190

linear operator in, 190

norm, 190

self-adjoint operators, 191, 340

Howard’s criterion, 495

hydrodynamics

convective instability, 238

isentropic motion, 238

Rayleigh–Taylor instability, 238

Schwarzschild criterion, 238

solar interior, 233

wave equation gravitating slab, 239–241

ideal fluids, 52

ideal relativistic MHD, 900–902

characteristic speeds, 905

de Hoffman–Teller frame, 908

Friedrichs diagrams, 903

from conservative to primitive variables, 908

Lichnerowicz adiabat, 907

linear waves, 902–904

magnetic pressure invariant, 900

normal perpendicular shocks, 907

numerical challenges, 910–911

1D Riemann problem, 909

shock conditions, 906–908

impedance matching, 394

incompressibility, 221
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induction equation, 107, 114

initial value problem, 373, 396

instabilities

ballooning mode, 441, 673

coalescence instability, 557

edge-localized mode (ELM), 697

external kink, 441, 625

gravitational interchange, 441

infernal mode, 696

interchange, 35, 441, 442, 673, 689

internal kink, 441, 626

Jeans instability, 166, 441

Kelvin–Helmholtz instability, 559

magneto-rotational instability (MRI), 441, 873

Mercier criterion, 442

neo-classical tearing mode, 441

Parker instability, 441, 443

quasi-interchange, 442

quasi-Parker instability, 444

Rayleigh–Taylor instability, 876

resistive gravitational interchange mode, 543

resistive wall mode, 546

Schwarzschild criterion, 442

Suydam criterion, 442

tearing mode, 531, 695

trans-slow Alfvén continuum (TSAC) modes, 734

interface plasmas, 213–229

boundary conditions, 215–217

energy conservation, 141–142

first interface condition, 216, 217

plasma–plasma (model II*), 217

plasma–vacuum (model II), 216

second interface condition, 216, 217

self-adjointness, 218–219

variational principles, 219–220

ion whistler wave, 565

Iroshnikov–Kraichnan scaling, 769

iso-thermal MHD, 783–786

magneto-acoustic Riemann invariant, 785, 806

ITER, 438, 618

Kelvin–Helmholtz instability, 478–480, 489–494

dispersion equation for interface plasmas, 479

for fluids, 489

in interface plasmas, 478

kinematic expressions, 121–123

line element, 122

surface element, 122

volume element, 123

kinematic MHD, 760

kinematic viscosity, 750

kinetic plasma theory, 38–51, 67–78

Balescu–Lenard collision integral, 70

BBGKY hierarchy, 68

Boltzmann equation, 39, 67–70

closure of kinetic equations, 75

collisionless Boltzmann equation, 67

collisions, 39

definition heat flow, 72

definition heat transfer, 73

definition stress tensor, 72

definition temperature, 72

distribution function, 38, 67

initial value problem, 48

Landau collision integral, 39, 69

Landau damping, 46–51, 273

local thermal equilibrium, 74

Maxwell distribution, 41, 74

moments of Boltzmann equation, 40, 70–72

phase mixing, 46

phase space, 67

Rosenbluth potentials, 69

thermal fluctuations, 72

thermal quantities, 41

van Kampen modes, 46, 273

Vlasov equation, 39, 67

Vlasov–Poisson problem, 47

kink instability, 61

Kolmogorov scaling, 754

Kruskal–Shafranov condition, 62, 345, 625

Lagrangian displacement vector, 185

Lagrangian representation, 447

Laplace contour, 381, 385, 386

deformation, 390

Laplace transform

contour and convergence, 199

forward, 199, 373

Green’s function, 381

inverse, 199, 373, 379

leaky mode, 392, 393

initial value problem, 396

normal-mode analysis, 395

linearized MHD

counting boundary conditions, 187

damped and overstable waves, 188

Eulerian representation, 187

initial value problem, 198–200

Lagrangian representation, 187

linearization MHD equations, 183–186

stable waves and instabilities, 188

linked magnetic loops, 126

Liouville’s theorem, 39

local conservation laws, 121

energy, 123

magnetic flux, 123

mass, 123

momentum, 123

Lorentz force, 55

loss cone, 36

low β plasma, 380, 400

Lundquist number, 129

magnetic axis, 618

magnetic bottle, 35

magnetic confinement, 9

θ-pinch, 10, 60

cusp, 35

magnetic mirror, 35

optimization problem, 11

spheromak, 3
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stellarator, 3

tokamak, 3, 9

z-pinch, 10, 60
magnetic field

no spherical symmetry, 19

shear, 126

solenoidal condition, 125

magnetic field lines

curvature vector, 670

frozen-in, 124

inverse pitch, 125, 326

reconnection, 130

safety factor (q), 328
Seret–Frenet triad, 670

tearing, 130

x-point separatrix, 130

magnetic flux, 113–116

magnetic helicity, 124–128, 527

magnetic moment, 35

magnetic pressure, 61

magnetic reconnection, 554–563

GEM challenge, 554

Newton challenge, 554, 560

self-feeding turbulent reconnection, 558

stationary Petschek reconnection, 558

Sweet–Parker reconnection, 556

magnetic Reynolds number, 56, 129, 532, 535

magnetic rigidity, 32

magnetic shear, 473

magnetic stress, 119

magnetic structures, 17

magnetic surface symmetry triad, 671

magnetic surface/field line triad, 722

magnetic tension, 119

magnetic topology, 124

magnetic/flow surfaces

Gaussian curvature, 725

geodesic curvature, 725

magnetically modified Brunt–Väisäläa frequency, 442

magnetized accretion-ejection structure, 874

magneto-rotational instability, 513

magnetohydrodynamics (MHD), 6, 23

electric field secondary, 24

magnetic flux conservation, 116

Ohm’s law, 24

spatial and temporal aspects, 147

symmetric hyperbolic equations, 151, 173, 175

magnetospheres, 320–321

flux transfer event, 321

Kelvin–Helmholtz instability, 321

ring current, 37

ultra low frequency wave, 321

Maxwell stress tensor, 119

Maxwell’s equations, 30

Mercier criterion, 688

MHD discontinuities

contact discontinuity, 846, 847

magneto-acoustic shock, 848, 850

rotational or Alfvén discontinuity, 848, 850

tangential discontinuity, 846, 847

MHD equations, 56, 107

conservation form, 116–118

non-relativistic approximation, 107

Ohm’s law, 56

scale independence, 110–112

MHD equilibrium

conformal mapping, 656

Galerkin method, 660

gravitating plasma equilibria, 662

high β tokamak, 627, 633

iso-parametric mapping, 659

low β tokamak, 627, 633

Soloviev equilibrium, 652–655

MHD flow regimes

sub-fast, super-Alfvénic, 859

sub-slow, 859

super-fast, 859

super-slow, sub-Alfvénic, 859

MHD shocks

de Hoffmann–Teller polar plots, 865–870

de Hoffmann–Teller transformation, 851

distilled energy jump condition, 854

distilled entropy condition, 854

entropy-allowed and forbidden duality, 864

fast shocks, 852

4–1 and 4–2 jumps, 859

hydrodynamic shocks, 853

intermediate shocks, 852

jump conditions in shock frame, 839

magneto-sonic transition values, 857

MHD shock conditions, 846–853

parallel shocks, 853, 860

perpendicular shocks, 852, 860

prograde intermediate shocks, 855, 861

retrograde intermediate shocks, 855, 860, 861

shock evolutionarity, 860, 870

shock strength, 857

slow shocks, 852

switch-off shocks, 853

switch-on shocks, 853, 860

time reversal duality, 859, 864

MHD spectral theory

σ-stability, 283

accumulation fast waves, 250

accumulation slow waves, 251

Alfvén and slow continua, 269–273

apparent singularities, 341

cluster spectra, 278–279, 347, 351, 370

continuous spectrum, 265–279, 341, 389

D = 0 apparent singularities, 256, 257, 269
damping of Alfvén waves, 273

degenerate Alfvén waves, 250, 342

discrete spectrum, 341

essential spectrum, 250, 262

fast cluster point singularities, 272

HD and MHD, relation spectra, 262

heating by Alfvén waves, 273

historical note, 273
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improper Alfvén eigenfunction, 271

leaky mode, 392, 393

MHD, initial value problem, 273

N = 0 genuine singularities, 256
number of nodes of eigenfunction, 250

orthogonality of eigenfunctions, 276

oscillation theorems, 273–278, 341

quasi-mode, 386, 391

resolvent operator, 273

role in temporal evolution, 372

small and large solutions, 268, 270

spectral structure, 265–279, 346

Sturm’s oscillation theorem, 274

Sturm–Liouville system, 274, 340

Sturmian, anti-Sturmian, 275, 347, 348

surface mode, 386, 393

turning point frequencies, 251

variational procedures, 341

MHD spectroscopy, 245–248, 399

galactic plasmas, 445

tokamaks, 663, 702, 703

MHD wave equations, 150–159

3 × 3 representation, 155

7 × 7 representation, 154

8 × 8 representation, 151

admitting monopoles, 154

compressibility, 154

counting variables, 147–155

dimensionless variables, 151

dispersion equation, 155, 159

gravitating plasma slab, 255

numerical ∇ · B wave, 154–155

plane wave solutions, 151

spurious eigenvalues, 152

symmetric operator, 151

velocity representation, 155–157

vorticity, 154

wave vector projection, 154

MHD waves

asymptotic properties, 165

constructive interference, 161

cusp velocity, 165

dispersion diagrams, 157–159

eigenfrequency ordering, 157

envelope wave fronts, 161

Friedrichs diagrams, 162

group diagrams, 159–169

group velocity, 160

local propagation, 159

low-β approximation, 163

non-dispersive, 160

orthogonal eigenfunctions, 157

parallel propagation, 159

perpendicular propagation, 159

phase diagrams, 159–169

phase velocity, 160

relation to spectrum, 159

relation to stability, 159

return angle in group diagram, 165

self-gravity (Jeans), 166

mirror effect, 34, 36

misnomers

Larmor frequency, Larmor radius, 28

local field line coordinates, 253

magnetic contribution to angular momentum, 711

sound Mach number in plasmas, 846

non-holonomic initial data, 448

nonlinear conservation laws, 780–783

characteristic speeds, 781

characteristic variables, 782

conservative variables, 781

flux Jacobian, 781

generalized Riemann invariants, 783

Hugoniot locus, 788

linearly degenerate wave field, 789

method of characteristics, 782

overcompressive shock, 788

primitive variables, 781

quasi-linear form, 781

Riemann invariants, 782

simple wave, 782

strictly hyperbolic system, 782

structure coefficient, 789

normal Alfvén Mach number, 849

normal curvature of magnetic field line, 671

nuclear fusion reactions, 4–6, 15

α particle heating, 4

Bremsstrahlung losses, 7

CNO cycle, 5

confinement time, 8

core of the Sun, 5

deuterium–deuterium reactions, 8

deuterium–tritium reactions, 5

heat transport losses, 7

ignition condition, 7

in stars, 15

Lawson criterion, 7

Li6/ Li7 blanket, 4
product nτET , 8
proton–proton chain, 5

thermonuclear output power, 6

numerical methods

adaptive mesh refinement (AMR), 819

approximate Riemann solver, 807

arbitrary Lagrangian–Eulerian (ALE), 825

conservative scheme, 791

dimensional splitting strategy, 814

∇ · B treatments, 814

entropy fix, 809

finite volume method, 796

Gibbs phenomenon, 792

Godunov method, 798

high resolution method, 796

HLL solver, 810

hybrid scheme, 796

hyper-diffusion, 826

Lax–Friedrichs scheme, 791

linear reconstruction, 803
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minmod limiter, 804

monotonicity preserving scheme, 792

monotonized central-difference limiter, 804

pseudo-convergence, 813

pseudo-spectral method, 824

Richtmyer two-step Lax–Wendroff scheme, 791

Roe solver, 807

semi-implicit methods, 828

shock-capturing scheme, 796

slope limiting, 803

Strang splitting, 813

total variation diminishing (TVD), 793

TVDLF method, 802

numerical MHD

double umbilic point, 800

quintuple umbilic point, 800

shearing box model, 823

solar magneto-convection, 826

Tanaka’s splitting strategy, 818

triple umbilic point, 800

Ohmic dissipation, 56

one-fluid equations, 95–101

generalized Ohm’s law, 97

maximal ordering, 95–99

resistive and ideal, 99–101

orbit theory, 30

Oscillation Theorems in complex plane, 466–470

alternator, 468

for complex frequencies, 469

for real frequencies, 468

overstable mode, 452, 475

parallel gradient operator, 668

partial differential equations

Cauchy problem, 171

elliptic, 172

hyperbolic, 172

linear advection equation, 169

parabolic, 172

quasi-linear, 173

phase mixing, 399, 427

coronal loops and holes, 432

running waves, 427

standing waves, 427

time scale, 427

Picard iteration, 655

pinch effect, 60

planetary magnetism, 320

plasma

β, 35, 326

Coulomb interaction, 20

crude definition, 3

Debye length, 21, 45

Debye shielding, 21

Langmuir waves, 43

macroscopic approach, 23–24

microscopic definition, 19–23

occurrence, 3, 19

perfectly conducting fluid, 6

plasma frequency, 44

quasi charge-neutrality, 21

Saha equation, 20

plasma oscillations, 43

Poisson adiabatic, 841

poloidal curvature of magnetic surface, 671

Poynting vector, 120, 121

Prandtl number, 759

predictor–corrector method, 605

pressure-driven p-modes, 483
primitive variables, 119

quadratic eigenvalue problem, 452

quadratic forms in MHD, 200–205

linearized kinetic energy, 191

linearized potential energy, 201

quantum mechanics, 32

quasi-mode, 386, 391, 404, 410, 413

rarefaction wave, 789–790

centred simple wave, 789

integral curve, 789

Rayleigh’s circulation criterion, 515

Rayleigh’s inflection point theorem, 492

Rayleigh–Taylor instability, 221–229, 478, 488

growth rate, 227

interchange instability, 222, 226

magnetic shear, 222, 226

Parker instability, 222

wall stabilization, 222, 227

relativistic gas dynamic waves

characteristic speeds, 890

entropy waves, 890

Huygens construction for sound waves, 891

linear sound waves, 890

phase and group speed diagrams, 890

shock relations, 891

Taub adiabat, 894

3 + 1 formalism, 889
relativistic gas dynamics

particle number conservation, 886

stress-energy tensor, 886

relativity

energy, 32

Lorentz transformation, 31, 34

momentum, 32

rest mass, 32

relativity and electromagnetism

electric four-vector, 896

electromagnetic field tensor, 896

electromagnetic stress-energy, 899

four-current, 897

Lorentz transformation for E and B, 896

magnetic four-vector, 899

Maxwell equations, 895

relativity and thermodynamics

effective polytropic index, 889

entropy, 888, 900

Mathews approximation, 889

polytropic equation of state, 888

relativistic enthalpy, 887

Synge gas, 888
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resistive gravitational interchange mode

growth rate, 544

resistive layer width, 544

stability criterion, 543

resistive MHD equations, 55, 128–132

induction equation, 56

time scale of resistive diffusion, 56

resistive MHD spectrum, 544–553

Alfvén dispersion equation, 549

eigenvalue problem, 693

homogeneous compressible plasma, 549

ideal quasi-mode, 553

inhomogeneous compressible plasma, 551

resistive normal mode analysis, 532

resistive wall mode, 544–548

resolvent operator, 373

resonant absorption, 399, 400, 406

absorption coefficient, 430

coupling factor, 410, 411

damping, 418

efficiency, 410

energetics, 414, 415, 420

energy absorption rate, 407

foot point driving, 424

fractional absorption, 410, 412

quality factor, 417

role of quasi-modes, 410

solar applications, 428

temporal evolution, 419

tokamak, 417

Reynolds number, 56

Reynolds stress tensor, 119

Richardson number, 495

Riemann problem, 798–800

iso-thermal MHD, 804

Riemann sheet, 384

runaway electrons, 33

Runge–Kutta methods, 605

safety factor, 620

saturation of ideal internal kink, 832

scalar conservation law, 786–790

compound wave, 790

convex flux, 790

Godunov theorem, 795

integral form, 796

inviscid Burgers’ equation, 786

Lax entropy condition, 788

Rankine–Hugoniot relation, 787

rarefaction wave, 789

Riemann problem, 788

scale independence of MHD, 437

Schwarzschild radius, 109

Schwarzschild–Suydam stability criterion, 496

self-similar transonic flows, 872

semi-discretization, 604

Shafranov shift, 329, 716

Shakura and Sunyaev α-parameter, 518

shocks

collisionless, 133

entropy condition, 135

gas dynamics, 133

MHD, 133

single particle motion, 27–38

slow magneto-acoustic waves, 156–157, 162, 165

solar magnetism, 293–309

butterfly diagram, 295

coronal heating problem, 308

coronal hole, 292, 307

coronal loops, 305, 307

coronal mass ejection, 306, 314

granules, 295, 304

helmet streamer, 307

Maunder minimum, 295

neutral current sheet, 312

penumbra, 303

photospheric network, 295

polar plume, 307

polarities (p, f), 296

prominence, 301, 305

solar cycle, 294

solar dynamo, 296

solar flares, 305

solar maxima/minima, 295

sunspots, 294

supergranules, 295, 304

umbra, 302

solar wind

critical point, 311

interplanetary magnetic field, 312

Parker model, 309

solar breeze, 311

transonic flow, 312

sound Mach number, 843

sound waves, 147–149

compressible, 149

longitudinal, 149

sound velocity, 148

wave equation, 148

space weather, 292, 313–321

special relativity

four-dimensional space-time, 880

four-velocity, 882

length contraction, 881

light-like four-vector, 884

Lorentz boost, 881

Lorentz transformation, 880

Minkowski metric, 883

proper time, 882

relativistic beaming, 917

relativistic Doppler effect, 891

relativistic three-momentum, 884

relativistic wave aberration, 891

space-like four-vector, 884

space-time diagram, 881

space-time event, 881

three-velocity addition, 885

time dilation, 881

time-like four-vector, 884
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specific heats (γ), ratio of, 42

spectral method

Chebyshev polynomials, 585

collocation approach, 586

Legendre polynomials, 585

non-Galerkin approach, 586

tau approach, 586

spectral theory

alternatives, 196–200

analogy with quantum mechanics, 190, 210, 339

approximate spectrum, 197

compact operator, 197

continuous spectrum, 197, 207

discrete (point) spectrum, 197

eigenvalue problem, 196

Fredholm alternative, 196

Heisenberg ‘picture’, 211

ideal MHD spectrum, 187

quadratic forms, 196

resolvent operator, 198

Schrödinger ‘picture’, 211

self-adjoint operators, 191

unbounded operator, 197

spectral theory for stationary plasmas

apparent fast and slow singularities, 501

cluster criteria and gravitational interchanges, 495

complex oscillation theorem, 485

flow continua, 480

gravito-MHD wave equation for plane flow, 475

local Alfvén and slow frequencies, 477

local Coriolis shift, 499

local Doppler shift, 474

non-holonomic Eulerian entropy continua, 481

real oscillation theorem, 482

solution averaged Doppler–Coriolis shift, 475, 505

turning point frequencies, 477, 501

spectral theory stationary plasmas

Alfvén and slow continua, 477, 481, 501

Spectral Web, 462–470

conjugate path, 463

solution path, 463

Spitzer resistivity, 43, 298

stability

σ-stability, 209–210

compressibility, 188

constraints, 183, 186

field line bending, 188

gravity, 189

internal and external modes, 212

intuitive approach, 181–183

inverted glass of water, 182, 212

marginal (neutral), 181, 188

nonlinear, 182

stability of cylindrical plasmas

σ-stability, 351–352

constant-pitch field, 354–357

effective wall at singularity, 339, 345

external kink mode, 342

force-free magnetic fields, 357–361

general energy expression, 363

instabilities of a z-pinch, 353
Newcomb’s procedure, 348–351

oscillation theorems, 348

pure interchanges, 346, 355

quasi-interchanges, 346, 355

skin current at singularity, 358

skin current model, 342

‘small’ solutions, 359

‘straight tokamak’, 361–368

surface mode, 343

Suydam’s criterion, 348–351

stability of ‘straight tokamak’

q0 = 1, 365
energy expression, 364

external kink modes, 366

internal kink modes, 364

low-β tokamak ordering, 355, 363

rational magnetic surfaces, 366

sawtooth oscillations, 365

toroidal mode number n, 343
wall stabilization, 344

standard view of nature

flaw, 17

fundamental forces, 18

static tokamak plasmas

Alfvén and slow continuum, 677

spectral variational principle, 676

spectral wave equation, 675

steady-state problem, 570

stellarator, 628

straight cylinder with elliptical cross-section, 632

straight tokamak approximation, 624

straight-field-line coordinates, 722, 732

Christoffel symbols and curvature expressions, 671

Sturm–Liouville equation, 569

Sun

chromosphere, 294, 301

convection zone, 234, 237–238, 293

convective stability, 238

core, 234, 236, 293

corona, 294

differential rotation, 293, 294

Doppler shift, 301

dynamo, 238

heliosphere, 294, 312

hydrodynamics of interior, 233–234

hydrostatic equilibrium, 235

luminosity, 233

photosphere, 294, 301

radiative equilibrium, 234–237

radiative zone, 234, 293

Schwarzschild criterion, 238

solar constant, 233

standard solar model, 233

thermal conduction coefficient, 234

thermonuclear reactions, 234

turbulent mixing, 238

sunspot seismology, 430
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supersonic flow, 133

surface current, 137

surface mode, 386, 393

surface vorticity, 138

tearing mode

asymptotic analysis, 535

constant Ψ approximation, 541

∆
′ jump of logarithmic derivative, 542

Furth–Killeen–Rosenbluth solution, 541

growth rate, 542

incompressible resistive MHD, 534

induced by Kelvin–Helmholtz, 559

inner resistive layer, 536

matching of logarithmic derivatives, 540

matching to resistive layer solution, 537

regularity boundary conditions, 540

resistive layer width, 543

scaling of resistive layer equations, 539

thermodynamic variables, 107

entropy, 108

internal energy, 107

θ-pinch, 624

time derivative

Eulerian, 106, 185

Lagrangian, 106, 185

tokamak, 617

disruptions, 120

safety factor, 62, 125

toroidal Alfvén eigenmode (TAE), 682, 701

toroidal bootstrap current, 628

toroidal curvature of magnetic surface, 671

toroidal flow Alfvén eigenmode (TFAE), 703

transition ellipticity to hyperbolicity, 715, 719, 838

transonic MHD flows, 871

elliptic and hyperbolic flow regimes, 715

equilibrium for transonic plasmas, 709–715

fast elliptic flow regime, 716

forbidden flow regimes, 872

limiting line characteristics, 872

slow elliptic flow regime, 716

trans-slow poloidal flow ordering, 720, 724

transonically rotating axi-symmetric plasmas, 707

transport theory, 42, 74

Chapman–Enskog procedure, 74

neo-classical transport, 78

transport coefficients, 42

turbulent transport, 78

Troyon limit, 690

two-fluid equations, 53, 78–95

electron skin depth, 55, 85

heat flow, 53

ideal, 86

quasi charge-neutrality, 55

ratio of masses over charges, 88

resistive, 54, 86

viscosity, 53

Universe

big bang, 17

plasmas everywhere, 16, 19

variational principles in MHD, 200–205

choice of norms, 205

energy principle, 204

extended σ-stability principle, 220

extended energy principle, 220

extended spectral principle, 220

Hamilton’s principle, 202

interface extensions, 219–220

modified energy principle, 210

Rayleigh–Ritz principle, 203

vector potential, 124, 526, 692

for vacuum field, 214

velocity shear, 473

viewpoints

differential equations, 181

energy and force, 181–183

variational quadratic forms, 182

von Neumann method, 600

vorticity–streamfunction formulation, 751

vorticity–velocity formulation, 751

wave equation for incompressible plasmas, 478

wave packet shapes, 160

waves in two-fluid plasmas, 86–95

cutoff frequencies, 93

dispersion equation, 91, 161

high-frequency limits, 94

MHD limit, 94

resonance limits, 94

z-pinch, 624
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