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B-decay, 78, 178

B-stability valley, see valley of stability
n Carinae, 218, 327, 435

30 Doradus, see Tarantula Nebula

absorption
continuum, 40
line, 40
abundance, 59
accretion
accretion-induced phenomena, 415
disks, 406, 408
Eddington luminosity, 218
efficiency, 414
limiting rate, 413
nova, 422
power, 412
Roche lobe overflow, 372, 373, 401, 406,
408, 421, 487, 488
streams, 406
temperature, 413
wind-driven, 401, 410
X-ray burst, 425
accretion disks
as elevators, 409
as energy-storage reservoirs, 415
formation, 222, 408
heating, 408
internal angular momentum transfer,
222,409
luminosities, 409
active galactic nuclei, 416, 469
adiabatic index, 57
ADS astronomy abstract service, 522
advection, 90
AGB stars, 308
and planetary nebulae, 316
carbon stars, 318
deep convection, 308, 314
dredge-up episodes, 317
ejection of envelope, 315
mass loss, 308, 314
sources of PAHs, 318
superwind, 317
thermal pulses, 308
AGN, see active galactic nuclei

Algol paradox, 416
534

Algol variables (algols), 418
angular size of stars, 13

arXiv preprint server, 522
asteroseismology, 233, 338, 358
AT 2017gfo, 491

atomic mass unit, 55

Avogadro constant, 55

Balmer series, 37, 40
BAT, 464
BATSE, 462
BeppoSAX, 463
binary pulsars, 372
formation, 372
Hulse—Taylor binary (Binary Pulsar), 373
tests of general relativity, 373
binary star system, 14
accretion, 387, 401
Algol, 20, 416
and novae, 421
binary neutron stars, 372
Castor, 14
circularization of orbits, 387, 406
classification, 405
common-envelope evolution, 373, 486
contact binary, 405
detached binary, 405
eclipsing, 14, 19, 25
evolution, 405
formation of massive, 486
geometry, 15
mass function, 387
primary star, 406
secondary star, 406
semidetached binary, 405
Sirius, 15
spectroscopic, 17, 387
tidal interactions, 387, 406
tilt angle, 18, 387
true orbit, 18
visual, 18
X-ray binaries, 387, 411
binding energy
Q-values, 108
curve of, 105, 106
nuclear, 105, 106, 108
bipolar outflows, 201, 221
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black hole central engines
causality and source size, 390
for gamma-ray bursts, 465, 469
black holes, 378
and frame dragging, 386, 474
and gravitational waves, 392, 396, 478, 482,
487, 488
and magnetic fields, 386, 474
as central engines, 470
as endpoint of stellar evolution, 297, 330, 378,
487, 488
at center of Milky way (Sgr A*), 392
candidates in X-ray binaries, 391, 392
Cygnus X-1, 389, 411
event horizons, 378
evidence for stellar-mass black holes, 386, 387
extremal Kerr, 386, 485
formation of supermassive, 489
formed by direct stellar collapse, 331
Hawking, 393
imaging event horizons, 394
in X-ray binaries, 387, 396
intermediate-mass, 393
jets, 416
Kerr, 470
known masses of, 396
mini, 393
natal kick, 450
negative heat capacity of, 98
supermassive rotating, 416, 474
blackbodies, 9-11, 13, 78
blue stragglers, 418
Boltzmann equation, 32, 36
Bose-Einstein distribution, 69
BPM 37093, 358
bremsstrahlung radiation, 158, 179
broken symmetries, 255
brown dwarfs, 215

carbon—nitrogen—oxygen cycle, see CNO cycle
cataclysmic variables, 415
causality and source size, 390, 468
Chandrasekhar limit, 303, 350, 352, 353
Cherenkov radiation, 240
chirality, 181, 274
chromosphere, 32
clusters
age of, 44
globular, 3, 43
open or galactic, 3, 43
turnoff point, 43, 44, 418
CNO cycle, 110-113, 135, 136, 451
collapsar model of gamma-ray bursts, 471
and long-period bursts, 471
and Wolf—Rayet stars, 471
jets, 471
color index, 12
and surface temperature, 12, 13

B, 12
B-V, 12
of Antares, 13
of Spica, 13
U-B, 12
common envelope evolution, 372, 373, 405, 487-489
Compton Gamma-Ray Observatory (CGRO), 462
Compton scattering, 157, 179
concentration variables
abundance, 59
mass density, 59
mass fraction, 59
number density, 59
convection
actual temperature gradients, 170, 189
adiabatic temperature gradient, 167, 189
and helium core burning, 306
convective fluxes, 517
convective instability, 163
convective velocity, 516
critical temperature gradient, 167
fully convective stars, 212
in core collapse supernova, 447, 448
in red giant stars, 303, 308, 314
in stellar cores, 175, 306
in the Sun, 174
Ledoux, 165
macroconvection, 162
microconvection, 162
mixing-length theory, 171, 173, 516
pressure scale height, 172
radiative temperature gradients, 171
role of adiabatic index, 168
role of pressure gradient, 169
salt-finger, 166, 167
Schwarzschild, 164
standing accretion shock instability (SASI), 449
surface ionization zones, 177
coordinates
Eulerian, 88
Lagrangian, 88, 94
Coulomb barrier, 117
Coulomb forces, 107
Crab Pulsar, 369
Cygnus X-1, 389, 411

Dalton’s law of partial pressures, 58
dark ages, 330
de Broglie wavelength, 67, 71, 78
deflagration, 437
deflection of light by gravity
gravitational curvature radius, 381
gravitational lensing, 395, 484
degeneracy
lifting of, 305, 423
of white dwarfs, 348, 349
degenerate matter, 67
electron, 66, 74, 423
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degenerate matter (cont.) equation of state, 53
helium flash, 305 nonrelativistic gas, 70
neutron, 66 adiabatic, 65
thermonuclear runaway in, 305, 423, 426 and de Broglie wavelength, 67, 71
white dwarfs, 349 and quantum mechanics, 67, 353
density exponents, see nuclear reactions, and quantum statistics, 67
density exponents and special relativity, 353
detonation, 437 Bose-Einstein distribution, 69
deuterium burning in protostars, 211, 247 classical gas, 69, 70
differentials, exact and inexact, 57 closing stellar equations, 190
Dirac neutrinos, 257 degenerate, 66, 72, 74, 78
distance density of quantum states, 71
Cepheid distance scale, 26 Fermi—Dirac distribution, 69
parallax, 6 ideal gas, 54
parsec, 6 isothermal helium cores, 304
spectroscopic parallax, 48 matter and radiation, 79
to o Centauri by spectroscopic parallax, 48 Maxwell distribution, 70
to Arcturus by spectroscopic parallax, 48 neutron star, 482
to stars in a cluster, 41 nonrelativistic degenerate gases, 75
distance modulus, 8 perfect gas, see ideal gas
DOI number, 522 photons, 78
Doppler spectroscopy method, 223 polytropic, 63, 64, 76, 192
double pulsars, 372 pressure integral, 54
formation, 372 quantum critical density, 70
tests of general relativity, 373 quantum gas, 69, 70
doubly-diffusive instability, see salt-finger convection transition from classical to quantum gas, 72, 78
dredge-up episodes, 303 ultrarelativistic degenerate gases, 76, 353
ultrarelativistic gases, 72
Eddington luminosity, 218, 314 white dwarf, 347, 353
Eddington model (of star), 81 equivalence principle, 379
effective temperature Euler equation, 406
and blackbody radiators, 10 Eulerian coordinates, 88
and stellar radii, 11 Eulerian derivative, 90
of Sun, 11 event horizons, 378
Einstein equation, 382 exascale computers, 449
electron capture, 178, 180, 182, 360 exoplanets, 222
energy conservation for stars, 95 Doppler spectroscopy method, 223
energy production rate, 123, 137 transits, 224
CNO cycle, 137 extensive properties, 92
triple-o reaction, 142 extrasolar planets, see exoplanets
energy transport, 153
bound-bound absorption, 158 Fermi energy, 74
bound—free absorption, 158 Fermi momentum, 74, 78
conduction, 153, 156 Fermi—Dirac distribution, 69
convection, 153, 162-171, 173 Feynman diagrams, 258
diffusion, 154 first law of thermodynamics, 56, 94
free—free absorption, 158 fluence, 461, 462
in degenerate matter, 158 function of state, see state functions
Kramer’s law, 160
mean free path, 155 Gaia mission, 7, 48
neutrino emission, 153, 178, 327, 329 gamma-ray bursts, 460
photon absorption, 158 afterglows, 464, 491, 495
photon opacities, 159 and energy conservation, 468
radiation, 153, 157 and gravitational waves, 491
Thomson scattering, 157 and multimessenger astronomy, 491
energy widths, 116 and star-forming regions, 468
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association with core collapse supernovae,
469, 470
association with galaxies, 468
association with neutron star mergers, 469,
474, 491
beamed emission, 464, 468, 491, 495
causality and source size, 468
central engine, 469
characteristics, 464
collapsar model, 471
cosmological origin, 464
discovery, 460
duration, 466
fireball model, 464
fluence, 462
hardness of spectrum, 462
isotropic distribution on sky, 462, 464
localization, 463, 491
long-period, 416, 461, 464, 469
long-period bursts and Wolf—Rayet stars, 470
Lorentz y-factor, 469
nomenclature, 464
nonthermal emission, 464
off-axis emission, 495
optical depth, 467
power-law spectrum, 467
short-period, 461, 464, 469, 491
the gamma-ray sky, 460
Gamow window, 120
general covariance, 379
general relativity, see gravity
geometrized units, 502
giant stars, 43
GPS and relativistic corrections, 379
gravitational curvature radius
and deflection of light, 381
and strength of gravity, 381
gravitational lensing, see deflection of
light by gravity
gravitational stability, 78, 80, 96
and adiabatic index, 354
collapse of protostar, 207, 208
in adiabatic approximation, 206, 207
Jeans density, 204
Jeans length, 203
Jeans mass, 203
gravitational waves, 478
and equations of state, 482
and late stellar evolution, 482, 487, 489
and multimessenger astronomy, 476, 490
as standard sirens, 495
determining the Hubble parameter, 495
frequency, 490
from binary pulsars, 373
from black hole formation, 331
from merger of black hole binaries, 482, 487, 488

from neutron star mergers, 476, 491
from supernovae, 476
GW150914, 482, 483, 487, 488
luminosity, 485
multimessenger astronomy, 491
strain, 481, 483, 490
template waveforms, 480
test of general relativity in strong gravity, 476
gravity
and curved spacetime, 380, 381
general covariance, 379
general relativity, 78
Newtonian, 78, 86
Newtonian versus general relativity, 378
Poisson equation, 86
principle of equivalence, 379
strength of (table), 381
GRB, see gamma-ray bursts
GW150914
detection, 482
luminosity, 485
properties of (table), 485
waveform, 483
GW170817, 491

Hayashi tracks,
dependence on composition and mass, 214
forbidden zone, 212
heat
and inexact differentials, 57
and work in non-adiabatic pulsations, 340
change is not a state function, 57
flow though mass shell, 95
Heisenberg uncertainty principle
and crystallization of white dwarfs, 358
and delocalized electrons, 318
and momentum, 78
and neutrino oscillations, 259
and quantum pressure, 77
energy widths, 116
statement of, 67
virtual particles, 258
helicity, 180, 181
helioseismology, 233
and asteroseismology, 358
and speed of sound in Sun, 236
g-modes, 233, 358
p-modes, 233
helium burning
and anthropic principle, 146
energy production rate, 142, 143
equilibrium population of 8Be, 139
ground state of 12¢, 141
helium flash, 140
helium ignition on the RGB branch, 304
helium main sequence, 306
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helium burning (cont.)
Hoyle resonance, 140
NSE, 140
outcome, 146
production of neon, 143
production of oxygen, 143
simulated, 145
temperature sensitivity, 142, 306
triple-a, 138, 139
helium flash, 140, 305
helium main sequence, 306
helium shell flashes, see thermal pulses
Herbig—Haro objects, 201
Hertzsprung gap, 303, 488
Hertzsprung—Russell (HR) diagram, 32
evolution of, 49
excitation and ionization, 32
for globular clusters, 43
for open clusters, 43, 44
for stars near the Sun, 41, 42
from Hipparcos data, 42
giant stars, 43, 46
instability strip, 337
ionization and Saha equations, 33
luminosity classes, 45
main sequence, 42, 46
Morgan—Keenan (MK) system, 45
spectral classes, 32, 38
supergiant stars, 43, 47
temperature boundaries of instability strip, 343
white dwarfs, 43
hierarchical triple-star system, 371
Hipparcos satellite, 7, 42, 48
homology, 208
hot CNO cycle, 423
Hoyle resonance in IZC, 140
HR diagram, see Hertzsprung—Russell
(HR) diagram
Hubble parameter, 495
hydrogen burning
CNO catalysis, 112
CNO cycle, 110113
competition of PP chains and CNO cycle, 113
efficiency of, 109
in earliest stars, 113
PP chains, 110, 113
hydrostatic equilibrium, 86
and radiation pressure, 435
conditions for, 86
contrasting Eulerian and Lagrangian
descriptions, 89
Eulerian description, 88, 188
for polytropes, 192
for Sun, 229
in general relativity, 365
Lagrangian description, 88, 188

onset in protostar collapse, 209
Oppenheimer—Volkov equations, 366
Poisson equation, 86

virial theorem, 92

IMF, see initial mass function (IMF)
initial mass function (IMF), 201, 219, 335
instability
convective, 163-166, 168-170, 230, 448
doubly diffusive, 167
gravitational, 80, 203, 207, 354
of iron core, 324
pair-instability supernova, 434, 435
pulsational, 27, 337, 342, 343
Schonberg—Chandrasekhar, 303, 304
thermal pulses, 308
thermonuclear runaway in degenerate matter,
305,415,416, 421-423, 426, 430, 434, 435
thin-shell, 308, 310
instability strip,
and k-mechanism, 342
temperature boundaries, 343
intensive properties, 92
interstellar reddening, 41
ionization
and mean molecular weight, 59
and Saha equations, 33, 35, 68
by pressure, 66, 68, 77
by temperature, 33, 38, 68
helium ionization zones, 343
hydrogen ionization zones, 343
in solar surface, 36
of helium, 35, 343
of hydrogen, 35, 343
of metals, 62
iron peak, 107

jets
collapsar model, 471
from gamma-ray bursts, 464
Lorentz y-factor, 469

Kelvin—-Helmholtz timescale, see timescale
Kepler’s laws, 16, 18, 387
Kerr spacetime
metric, 385
vacuum solution, 385
kilonova, 493, 495, 496
kinetic energy for stars, 95
Kramer’s law, 160

Lagrange points, 403, 404
Lagrangian coordinates, 88, 94
Lagrangian derivative, 90
Lane—Emden equation, 193, 195, 349
lanthanides and opacity, 495
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Large Magellanic Cloud (LMC), 440, 451
LBYV, see luminous blue variables
lifecycles, see stellar lifecycles
LIGO, 373, 392, 476, 478, 482
limiting lower mass for stars, 214
limiting upper mass for stars, 217, 218
line element, see metric
Lorentz factor

definition, 384, 467

for gamma-ray bursts, 468

for LHC, 469

for quasars, 469
luminosity

and magnitudes, 3

expression for, 171, 189

for mass shell, 95

of stars, 3

of Sun, 11

photon, 4

relationship to density, 28

relationship to mass, 22
luminosity classes, 45

pressure broadening of spectral lines, 46

spectroscopic parallax, 48

surface densities, 47
luminous blue variables, 327

macronova, see kilonova
magnetars, 374
magnitude, 3, 12
absolute, 8, 28
apparent, 5
blue sensitive (B), 5
bolometric, 8
normalizations, 6
of the Sun, 8
photovisual (V), 5
ultraviolet (UV), 5
visual, 5
main sequence stars, 42
Majorana neutrinos, 257
mass density, 59
mass fraction, 59
mass loss
and black hole formation, 486
and massive black hole binaries, 487
evidence from white dwarf masses, 4
from AGB stars, 314
from RGB stars, 304
from Wolf—Rayet stars, 326
from young stars, 326, 487
soot and interstellar dust, 318
source of luminosity, 4
mass—luminosity relationship, 20, 22
masses
atomic, 106

binding energy, 108

effective neutrino mass in medium, 273

effective plasmon mass in medium, 179

for binary stars, 387

gravitational, 379

inertial, 379

mass excess, 107

mass matrix, 274

nuclear, 106
Maxwell distribution, 70, 115
mean free path, 155
mean molecular weight, 55, 58—-60
metal-poor stars, 24, 330, 487
metallicity, 62

and binary black holes, 487

and gamma-ray bursts, 469

and opacity, 470

and the r-process, 457

enrichment in galaxies, 334

massive stars as primary source, 335

of Large Magellanic Cloud, 451

of Pop III stars, 330
metals, 61, 330
metric

and line element, 382

Kerr, 385

Minkowski, 383

Schwarzschild, 384
metric tensor

and geometry of spacetime, 381

Kerr, 385

Minkowski, 383

Schwarzschild, 384

source of gravitational field, 380
millisecond pulsars, 370, 371
Minkowski spacetime

metric, 383

vacuum solution, 383
mirror principle, 299, 307
mixing-length theory, see convection
moles, 55
Morgan—Keenan (MK) system, 45
MSP recycling, see millisecond pulsars
MSW effect, see neutrino oscillations
multimessenger astronomy, 476, 490, 491

natal kick, 450, 487
natural units, 502, 504
Navier-Stokes equations, 406
negative heat capacity
black holes, 96, 98
stars, 96, 98
neutrino cooling, 178, 183, 327, 329, 356, 357
neutrino oscillations
adiabatic condition, 286
adiabatic resonance flavor conversion, 283
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neutrino oscillations (cont.) rapid neutron capture (r-process), 125, 456, 457
adiabaticity parameter &, 286 slow neutron capture (s-process), 125, 310
antineutrino matter resonance, 281 neutron stars
CP violation, 266 as dense quantum liquids, 365
effective neutrino mass in medium, 273 as endpoint of stellar evolution, 297, 330
energy dependence of flavor conversion, 290 basic properties, 359
interaction of neutrinos with matter, 271 binary neutron stars, 372
mass matrix, 274 Cas A, 364
matter mixing angle, 277 cooling, 362
matter oscillation length, 278 equation of state, 482
MSW effect in matter, 271 internal structure, 361
MSW flavor conversion, 279, 285, 287 luminosity, 360
MSW resonance condition, 280 magnetars, 374
MSW solutions in matter, 276 magnetic field, 374
neutrino mass hierarchy, 267 mass, 360
oscillations with three flavors, 265 natal kick, 450
propagation of left-handed neutrinos, 274 neutronization, 360
Super-K evidence for oscillations, 291 Oppenheimer—Volkov equations, 366
time-average or classical probabilities, 263 prediction of, 359
vacuum oscillation length, 262 protoneutron star, 362
vacuum oscillations, 260 pulsars, 367
neutrinoless double S-decay, 257 size, 360
neutrinos superfluidity in, 364
and cooling of massive stars, 183, 329 Urca process, 362
and parity, 181 X-ray emission, 362
bremsstrahlung, 179 neutronization, 360
chirality, 181, 274 nonthermal emission, 465
coherent scattering, 184 from gamma-ray bursts, 464, 467
cooling by neutrino emission, 153, 178, 183, implications of, 465
304, 327, 329, 356, 357 polarization, 465
cooling rates, 182 requires optically thin medium, 467
cross section, 178 synchrotron radiation, 465
Dirac, 257 nova, 421
emission, 4, 178, 327, 329 breakout from CNO to hot CNO, 126
emission during silicon burning, 183 hot CNO cycle, 126, 423
finite mass, 260 lightcurve, 422
flavor mixing, 242, 259 Nova Cygni 1992, 421
flavor production, 182 nucleosynthesis, 425
helicity, 180, 181 recurrence, 421, 425
Majorana, 257 RS Ophiuchi, 425
mass hierarchy, 267 NSE, 140
masses, 256 nuclear forces
masses in Standard Model, 256 Coulomb repulsion, 107
pair annihilation, 179 pairing interactions, 107
photoneutrinos, 179 quadrupole interactions, 107
plasma neutrinos, 179, 180, 356, 357 saturation, 106
production mechanisms, 178 shell effects, 107
recombination, 180 surface effects, 106
reheating in core collapse supernova, symmetry energy, 107
446, 447 volume effects, 106
solar, 236, 357 nuclear reactions
solar neutrino spectrum, 236 advanced burning, 147
trapping in core collapse supernova, 444 angular momentum, 127
Urca process, 180, 182 barrier penetration factor, 118
neutron capture reactions carbon burning, 147
no Coulomb barrier, 125 Caughlan—Fowler rates, 507
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CNO cycle, 135, 136
competition of capture and B-decay, 126
Coulomb barrier, 117
cross section parameterization, 116, 123
cross sections, 114, 115, 121
density exponents, 123
deuterium burning in protostars, 247
deuterium burning in stars, 211
energy widths, 116
Gamow window, 120, 121
Hoyle resonance, 140
isotopic abundance changes, 189
isotopic spin, 127
neon burning, 147
neutron capture, 125
neutron reactions, 124
nonresonant, 116, 117
nuclear statistical equilibrium (NSE), 140, 141
oxygen burning, 147
parity, 127
PP chains, 131
rate libraries, 123, 507
rate of energy production, 123, 137
rates, 78, 114, 115
ReacLib library, 507
reaction networks, 510, 511
resonant, 116, 121
rp-process, 425
S-factor, 119
selection rules, 127
silicon burning, 148, 149, 514
Sommerfeld parameter, 118
temperature exponents, 123, 133, 142
thermal averaging, 115
timescales for advanced burning, 151
triple-a, 138, 140, 141, 304
weak interactions, 124
nuclear statistical equilibrium, see NSE
nucleosynthesis
big bang, 139, 211
CNO cycle, 135, 136
hot CNO cycle, 425
isotopic abundance changes, 189
nova, 425
PP chains, 131
r-process, 310, 314, 456
rp-process, 425, 426
s-process, 308, 310, 314, 315
triple-or, 138
X-ray burst, 426
number density, 59

OB associations, 201

opacity, 159
and metallicity, 469, 470, 487
and optical depth, 230, 231, 236

contributions to, 160

dominant contributions, 161

Kramer’s law, 160

Rosseland mean, 159, 161, 230, 344

solar opacity, 160

temperature and density dependence, 78, 161

Thomson opacity, 160
Oppenheimer—Volkov equations, 366

comparison with Newtonian gravity, 366

hydrostatic equilibrium in general relativity, 366
optical depth

altered by relativity, 468

and solar surface, 230, 231, 236

definition, 230, 231, 236

in gamma-ray burst, 467

P Cygni, 327
P Cygni profiles, 201
PAH (polycyclic aromatic hydrocarbon), 318
pair-instability supernova, see supernova
parallax
o Centauri, 7
measured by Gaia, 7
measured by ground-based telescopes, 7
measured by Hipparcos, 7
parallax angle, 6
range of, 26
spectroscopic, 48
parity
and chirality of neutrinos, 181
and nuclear reactions, 127
nonconservation in weak interactions, 181
parsec, 6, 7
partition function, 33
phase transition
quantum, 77
thermal, 77
photoneutrinos, 179
Planck law, 9, 78
planetary nebulae, 297, 330
plasmons, 179
as heavy photons, 180
decay of, 180
in condensed matter, 179
source of neutrino—antineutrino pairs, 180
Poisson equation, 86
Pop I, Pop 11, Pop 111, see stellar populations
PP chains
competition with CNO cycle, 113
dominant energy source for Sun, 110
minimum temperature for, 214
reactions of, 110, 131
pressure
broadening, 46
for ideal gases, 54, 60
from electrons, 60
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pressure (cont.)
from ions, 60
integral, 54
ionization, 66, 68
quantum, 77
radiation, 435
scale height, 172
proper motion, 22
proton—proton chains, see PP chains
protoplanetary disks, 221
protostar
contraction to main sequence, 207, 247
deuterium burning, 247
initial free-fall collapse, 208
onset of hydrostatic equilibrium, 209
PSR J0337+1715, 371
pulsars, 367
and tests of general relativity, 373
as spinning neutron stars, 367
basic properties, 367
binary pulsars, 372
binary spinup, 371
Crab Pulsar, 369
discovery, 369
double pulsars, 372
gamma-ray emission, 461
glitches, 369
lighthouse mechanism, 367
magnetars, 374
magnetic fields, 368, 374
millisecond pulsars, 370, 371
nomenclature, 370
pulsar—-WD-WD triplet PSR J0337+1715, 371
spindown, 369
pulsation, 337
e-mechanism and stability of massive stars, 344
adiabatic radial, 337
and heat engines, 340
fundamental mode, 339
nearly adiabatic, 340
non-adiabatic radial, 340
non-radial, 344
opacity and x-mechanism, 342
overtones, 339
partial ionization zones and instability strip, 342
radial acoustic modes, 338
role of radiative opacity, 342
thermodynamics of sustained, 340
work done, 340

quantum mechanics, 519
de Broglie wavelength, 67
exclusion principle and degeneracy, 67
matrix elements, 520
observables, 520
operators, 519
quantum field theory, 521
quantum statistics, 67

relativistic quantum field theory, 521
uncertainty principle, 67
unitary transformations, 520
wave equations, 519
wavefunctions, 519
quantum statistics, 67
quasars, 330, 416, 469
Q-values, 108, 134

r-process
and Solar System abundances, 310
and the origin of heavy elements, 456
competition with s-process, 314
heavy r-process nuclei, 495-497
in neutron star mergers, 495497
kilonova, 495-497
light r-process nuclei, 495-497
time delay, 457
timescales, 457

radial velocities (stars), 22

radiation laws, 9
Planck law, 9
Stefan—-Boltzmann law, 9
Wien law, 9

random walk, 100

recombination transition, 330

recycling of stellar material, see stellar lifecycles

red giant evolution, 297
asymptotic giant branch (AGB), 300, 307
crossing the Hertzsprung gap, 303
deep convection, 303, 308, 314
development of isothermal core, 303
evolution away from main sequence, 246
helium flash, 305
helium ignition, 304
horizontal branch (HB), 300, 306
mass loss, 308
mirror response of mass shells, 299, 307
red giant branch (RGB), 300, 302
Schonberg—Chandrasekhar limit, 303, 304
shell burning, 298
thermal pulses, 308

reionization transition, 330

restricted 3-body problem, 402

Roche lobes, 372, 373, 404

Roche potential, 402

Rosseland mean, see opacity

rp-process, 426

s-process, 310, 314
S0-2, 392
Saha equations, 33, 36, 140
Sakurai’s Object (V4334 Sgr), 311
Sanduleak —69 202, see Sk —69 202
Schonberg—Chandrasekhar limit, 303, 304
Schwarzschild spacetime

metric, 384

vacuum solution, 384
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selection rules, 127
conservation of angular momentum, 127
conservation of isospin, 127
conservation of parity, 127
Sgr A*
and the star S0-2, 392
evidence for a supermassive black hole, 393
mass, 393
shell burning, 298
helium shell source, 307
hydrogen shell source, 138, 301
mirror principle, 299, 307
shell sources
helium shell source, 307, 308
hydrogen shell source, 307, 308
thermal pulses, 308
thin-shell instability, 308, 310
shockwave
excluded in mixing-length models, 172
in core collapse supernova, 444
silicon burning, 148, 149, 336
Sk —69 202, 440, 451
SN 1987A, see Supernova 1987A
soft gamma-ray repeater (SGR), see magnetars
solar neutrino problem
astrophysics versus particle physics, 241
Davis chlorine experiment, 238
gallium experiments, 239
KamLAND constraints on mixing angles, 292
large mixing angle and MSW, 294
neutrino deficit, 238
neutrino flavor mixing, 259
resolution of, 290
SNO mixing solution, 292
SNO observation of flavor mixing, 291
Super Kamiokande results, 239
total SNO solar neutrino flux, 292
sound speed
and expansion timescale, 91
in Sun, 236
space velocities (stars), 22
special relativity
Lorentz y-factor, 469
relationship with general relativity, 379
spectral classes, 32
(table), 38
and absorption spectra, 38
as color index sequence, 39
as temperature sequence, 39
carbon stars (C), 39
hot blue stars with strong emission, 39
IR objects (L, T, Y), 39
old R, N, S classes, 39
special classes, 39
white dwarfs (D), 39
spectral index, 467

spectroscopic binaries, 17
spectroscopic parallax, 48
spectrum-luminosity diagram, see Hertzsprung—
Russell (HR) diagram
speed of sound, see sound speed
stability valley, see valley of stability
Standard Model of elementary particle physics, 254
beyond the Standard Model, 268
CP symmetry, 266
CPT symmetry, 266
electroweak interactions, 182
Feynman diagrams, 258
finite neutrino mass, 260
leptonic flavor mixing, 259
neutrino masses, 256
quark flavor mixing, 259
standard sirens, 495
Standard Solar Model, 228
assumptions of, 228
constraints and solution, 230
testing with helioseismology, 233
testing with neutrinos, 236, 237
standardizable candle, 431, 436
star formation, 201
brown dwarfs, 215
collapse of protostar, 207
dependence on composition, 205
development of radiative core, 213
exoplanets, 222
fragmentation, 204
fully convective stars, 212
gravitational stability in adiabatic approximation,
206, 207
Hayashi forbidden zone, 212
Hayashi tracks, 212
Herbig—Haro objects, 201
homology, 208
in the early Universe, 464
initial free-fall collapse, 208
initial mass function, 201, 219
Jeans criteria for gravitational collapse, 203
limiting lower mass, 201, 214
limiting upper mass, 201, 217, 218
OB associations, 201
onset of hydrostatic equilibrium, 209
protoplanetary disks, 201, 221
T Tauri stars, 201
termination of fragmentation, 212
starbursts, 334
state functions, 57
Stefan—Boltzmann law, 9, 10
stellar lifecycles, 333
stellar luminosities, 22
stellar masses, 13, 17, 21, 22
stellar populations, 23
features of, 24
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stellar populations (cont.)
Pop1, 23,24
Pop 11, 23, 24
Pop 111, 24, 113, 330

stellar radial velocities, 17

stellar radii, 11, 13, 21, 22

stellar structure equations
boundary conditions, 196
general solutions, 190, 196
Lane-Emden solution, 192, 195
stiffness, 196
summary, 188

stress—energy tensor, 382

structure formation, 464

subgiant stars, 303

Sun, 228
5-minute oscillations, 233
bolometric magnitude, 8
CNO reactions, 135
composition, 61, 229
degeneracy of core, 73
dynamical timescale, 91
effective surface temperature, 11
energy generation, 229
energy transport, 230
engulfing Earth, 319, 320
evolution on the main sequence, 242
helioseismology, 233
Kelvin—Helmholtz timescale, 99
luminosity, 11
neutrino production, 236
optical depth, 230, 231, 236
PP chains, 131
pressure of atmosphere, 34
red giant phase, 319, 320
rotation rate, 236
solar constant, 11
solar neutrino spectrum, 236
speed of sound, 236
Standard Solar Model, 228

superfluid
in helium-3, 365
in neutron stars, 364
phase transition, 365

supergiant stars, 43

supernova, 429
1987A, 357
and formation of black holes, 486
association with gamma-ray bursts, 470
convection in, 447
core collapse, 297, 330, 360, 431, 440, 442
double-degenerate mechanism, 435
entropy of core, 442
failed, 331
lightcurves, 429, 474
neutrino emission, 357
nucleosynthesis, 438, 456
observational classification, 429

pair-instability, 330, 434, 435
remnants, 439
remnants of core collapse, 449
single degenerate mechanism, 435
standing accretion shock instability (SASI), 449
Supernova 1987A, 440, 450
thermonuclear, 434
Type la, 416, 430, 434
Type Ib, 431, 470
Type Ic, 431,470
Type 11, 433
Supernova 1987A, 440, 450, 451
SWIFT, 464
symmetric matter, 61, 348
synchrotron radiation, 465

T Tauri stars, 201
tangential velocities (stars), 22
Tarantula Nebula, 43, 440, 451
temperature
effective, 10
effective of Sun, 11
temperature exponents, see nuclear reactions
tensors, 380
thermal adjustment timescale, see Kelvin—-Helmholtz
timescale
thermal equilibrium, 94
thermal pressure, 77
thermal pulses, 308
and dredge-up episodes, 318
duration, 308
for Sakurai’s Object, 311
number of, 308
thin-shell instability, 308, 310
thermonuclear reactions, see nuclear reactions
thermonuclear runaway, 305, 423, 426, 439
thin-shell instability, 308, 310
Thomson scattering
cross section, 157, 467
opacity, 160
relation to Compton scattering, 157
timescale
contraction, 100
dynamical, 91, 92, 101, 191
evolutionary timescales, 245
expansion, 91
for advanced burning, 151, 192
free-fall, 28, 91, 101, 208
hydrodynamical, 92
Kelvin—Helmholtz, 97, 99-101
main sequence lifetime, 243
nuclear burning, 133, 191, 192
nuclear burning of helium, 306
random walk, 100
table of timescales, 191
thermal adjustment, 97, 191
Tolman—Oppenheimer—Volkov (TOV) equations,
see Oppenheimer—Volkov equations
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total energy of a star, 95

triple-o reaction, see nuclear reactions and helium
burning

triple-star systems, 372, 373

uncertainty principle, see Heisenberg uncertainty
principle

unitary transformations, 520

Urca process, 180, 182

valley of stability, 125, 313
variable stars, 337
8 Sct, 338
g-mechanism, 344
k-mechanism, 342
as heat engines, 340
Cepheid, 25, 28, 338, 343
eclipsing, 25, 337
eruptive, 25, 337
instability strip, 337
long-period red, 28, 338
Mira, 28, 338
nomenclature, 26
non-adiabatic radial pulsations, 340
non-radial pulsating, 344
partial ionization zones in pulsating,
342
period—luminosity relations, 25, 26, 28
pulsating, 25, 27, 28, 337, 338
role of radiative opacity in pulsating,
342
RR Lyra, 26, 28, 338
W Vir, 338
white dwarf, 39, 357
77 Ceti, 39, 338, 358
virial theorem
and negative heat capacities, 96
for ideal gas, 92
VLBA, 394

weak interactions, 106, 124
and neutrino physics, 254
charged currents, 257
electron capture, 134
neutral currents, 257

white dwarf, 346
and degeneracy, 348
and novae, 421
and polytropic equation of state, 76
and special relativity, 347
as AGB core, 316

as endpoint of stellar evolution, 297, 330
as Sun’s destiny, 319
asteroseismology, 233, 358
asteroseismology of BPM 37093, 358
Chandrasekhar limiting mass, 350,
352,353

cooling, 356
cooling curves as age indicators, 356, 358
crystallization, 358
density and gravity, 347
equation of state, 347, 349
high-mass, 76
in HR diagram, 43
insulating blanket model of cooling, 356
internal structure, 355
ions in, 348
Lane—Emden equation, 349
low-mass, 76, 349
masses as evidence for mass loss, 4
photons in, 348
properties, 346
Sirius B, 15, 346
spectral classes, 39
temperature profile, 355

Wien law, 9

Wolf-Rayet star
and gamma-ray bursts, 470, 471, 474
and Type Ib and Ic supernovae, 433
characteristics, 326
collapsar model, 473
direct collapse to black holes, 489
mass emission, 327, 328, 335, 470, 471
spectral classification, 39

work
and inexact differentials, 57
done by mass shell, 95
done by pulsation, 340
is not state function, 57

X-ray binaries
and black holes, 389, 396
classification, 411
Cygnus X-1, 389
high-mass X-ray binaries, 387, 411, 415
low-mass X-ray binaries, 372, 373, 411, 415
X-ray burst, 415, 425
X-rays, 426

ZAMS, see zero age main sequence (ZAMS)
zero age main sequence (ZAMS), 61, 219, 246, 297,
301, 488
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