Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

Stellar Evolution Physics
Volume 1: Physical Processes in Stellar Interiors

This volume describes the microscopic physics operating in stars and demonstrates how
stars respond from formation, through hydrogen-burning phases, up to the onset of helium
burning. Intended for beginning graduate students and senior undergraduates with a solid
background in physics, it illustrates the intricate interplay between the microscopic physi-
cal processes and the stars’ macroscopic responses. The volume examines the gravitation-
ally contracting phase which carries the star from formation to the core hydrogen-burning
main sequence, through the main sequence phase, through shell hydrogen-burning phases
as a red giant, up to the onset of core helium burning. Particular emphasis is placed on
describing the gravothermal responses of stars to nuclear transformations in the interior
and energy loss from the surface, responses which express the very essence of stellar evo-
lution. The volume is replete with many illustrations and detailed numerical solutions to
prepare the reader to program and calculate evolutionary models.

The processes in this volume are added to in Volume 2 of Stellar Evolution Physics:
Advanced Evolution of Single Stars (ISBN 978-1-107-01657-6), which explains the micro-
scopic physics operating in stars in advanced stages of their evolution and describes how
they respond to this microphysics. Stellar Evolution Physics is also available as a 2-volume
set (ISBN 978-1-107-60253-3). Taken together, the two volumes will prepare a graduate
student for professional-level research in this key area of astrophysics.

Icko Iben, Jr. is Emeritus Distinguished Professor of Astronomy and Physics at the
University of Illinois at Urbana-Champaign, where he also gained his MS and PhD degrees
in Physics and where a Distinguished Lectureship in his name was established in 1998.
He initiated his teaching career at Williams College (1958-61), engaged in astrophysics
research as a Senior Research Fellow at Cal Tech (1961-4), and continued his teaching
career at MIT (1964-72) and Illinois (1972-99). He has held visiting professorships at
over a dozen institutions, including Harvard University, the University of California at
Santa Cruz, the University of Bologna, Italy, and Niigata University, Japan. He was elected
to the US National Academy of Sciences in 1985, and his awards include the Russell
Lectureship of the American Astronomical Society (1989), the George Darwin Lecture-
ship (1984) and the Eddington Medal (1990) of the Royal Astronomical Society, and the
Eminent Scientist Award of the Japan Society for the Promotion of Science (2003—4).

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

Stellar Evolution Physics

Volume 1: Physical Processes in Stellar Interiors
——

|CKO IBEN, JR.

University of lllinois at Urbana-Champaign

B CAMBRIDGE
% UNIVERSITY PRESS

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

| CAMBRIDGE

UNIVERSITY PRESS

Shaftesbury Road, Cambridge CB2 8EA, United Kingdom
One Liberty Plaza, 20th Floor, New York, NY 10006, USA
477 Williamstown Road, Port Melbourne, VIC 3207, Australia
314-321, 3rd Floor, Plot 3, Splendor Forum, Jasola District Centre, New Delhi — 110025, India
103 Penang Road, #05-06/07, Visioncrest Commercial, Singapore 238467

Cambridge University Press is part of Cambridge University Press & Assessment,
a department of the University of Cambridge.

We share the University’s mission to contribute to society through the pursuit of
education, learning and research at the highest international levels of excellence.

www.cambridge.org
Information on this title: www.cambridge.org/9781107016569

© I. Iben, Jr. 2013

This publication is in copyright. Subject to statutory exception and to the provisions
of relevant collective licensing agreements, no reproduction of any part may take
place without the written permission of Cambridge University Press & Assessment.

First published 2013
A catalogue record for this publication is available from the British Library

Library of Congress Cataloging-in-Publication data
Iben, Icko, 1931—
Stellar evolution physics / Icko Iben, Jr.
p. cm.
Includes bibliographical references and index.
ISBN 978-1-107-01656-9 (Hardback)
1. Stars—Evolution. 2. Stellar dynamics. I. Title.
QB806.124 2012
523.878-dc23
2012019504

ISBN  978-1-107-01656-9  Hardback
Also available as part of a two-volume set, Stellar Evolution Physics ISBN 978-1-107-60253-3

Cambridge University Press & Assessment has no responsibility for the persistence
or accuracy of URLS for external or third-party internet websites referred to in this
publication and does not guarantee that any content on such websites is, or will
remain, accurate or appropriate.

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

Preface page xiii
Bibliography and references XVi
Partl Introduction and overview 1

1 Qualitative description of single and binary star evolution 3
1.1 On the evolutionary status of real single stars 5
1.2 Close binary stars and evolutionary scenarios 14
Bibliography and references 28

2 Quantitative foundations of stellar evolution theory 30
2.1 Observed properties of the Sun 30
2.2 Nearby stars in the Hertzsprung—Russell diagram 38
2.3 Mass—luminosity relationships 41
24 Evolutionary paths of theoretical models in the HR diagram 45
2.5 The evolutionary status of familiar stars 51
Bibliography and references 54
Part Il Basic physical processes in stellar interiors 55

3 Propertiesof and physical processesinmain sequence stars —order of magnitude estimates 57

3.1 Particle numbers and separations, pressures and temperatures 58
3.2 Departures from a classical perfect gas: electrostatic interactions,
electron degeneracy, and radiation pressure 61
3.2.1 Electrostatic forces 61
3.2.2 The exclusion principle and electron degeneracy 62
3.2.3 Radiation pressure 64
33 Virial theorems relating kinetic, gravitational binding, and net binding
energies 65
34 Energy transport: radiation, convection, and conduction 68
3.4.1 Radiative flow and mass—luminosity relationships 69
3.4.2  Opacity sources 71
3.4.3 Convection 73

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

vi Contents

3.4.4 Heat conduction by electrons 78

3.4.5 Summary 80
35 Nuclear energy-generation rates and evolutionary time scales 80
3.6 The static electrical field 86
Bibliography and references 87

4 Statistical mechanics, thermodynamics, and equations of state 88

4.1 Quantum-mechanical wave functions and the unit cell in phase space 89
4.2 The connection between thermodynamics and Fermi—Dirac statistics

for particles which obey the Pauli exclusion principle 91
4.3 Calculation of pressure and energy density 97
4.4 Equation of state for non-degenerate, non-relativistic ions 99
4.5 Equation of state for weakly degenerate, non-relativistic electrons 101
4.6 Equation of state for strongly degenerate, non-relativistic electrons 105
4.7 Equation of state for non-relativistic electrons of intermediate

degeneracy 110
4.8 Equation of state for relativistically degenerate electrons at zero

temperature 116
4.9 Equation of state for relativistically degenerate electrons at finite

temperatures 121
4.10  High temperatures and electron—positron pairs 128
4.11 Indistinguishable particles, Bose—Einstein statistics, and the

electromagnetic radiation field 149
4.12  Maxwell-Boltzmann statistics and entropy 154
4.13  Tonization equilibrium and the Saha equation for pure hydrogen 158
4.14  Thermodynamic properties of partially ionized hydrogen 165
4.15  The generalized Saha equations, with application to pure helium 170
4.16  Thermodynamic properties of hydrogen- and helium-rich matter

in stellar envelopes 174
4.17  The effect of Coulomb interactions on the equation of state for a gas 179

4.17.1 Modifications when electrons are modestly degenerate 184

4.17.2 When electrons are significantly degenerate 187
Bibliography and references 189

5 Polytropes and single zone models 191

5.1 The basic structure equation when pressure is proportional to a fixed

power (141/N) of the density 193
5.2 Several properties of solutions as functions of N 197
53 Additional properties of solutions when an equation of state and a law

of nuclear energy generation are assumed 210
54 Luminosity as a function of position in core nuclear burning models 215
5.5 Polytropic characteristics of zero age main sequence models 222
5.6 Models in adiabatic equilibrium: existence of a maximum temperature

and decrease of entropy with time 224

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

vii Contents

5.7 White dwarf properties revealed by polytropes: radius—mass relation-

ships and the maximum mass 231

5.7.1 Consequences of the N = 3/2 polytropic approximation 232

5.7.2  The Chandrasekhar mass limit from the N = 3 polytrope 235
5.8 Insights from one zone models: white dwarf radius versus mass,

heating and cooling in a low mass star as functions of radius, and

compression and ion cooling as luminosity sources in white dwarfs 237

5.8.1 The temperature maximum and the nature of energy sources
in cooling white dwarfs and completely convective low mass

stars 242
5.9 One zone models of neutron stars, neutron star composition,
and neutron star masses 248
Bibliography and references 256
6 Hydrogen-burning reactions and energy-generation rates 258
6.1 The nature and energetics of the pp reaction 260
6.2 Ingredients of the pp-reaction probability 261
6.3 An estimate of the weak interaction coupling constant 262
6.4 The nuclear matrix element 264
6.5 A numerical estimate of the cross section 268
6.6 The pp-reaction rate and proton lifetime 269
6.7 Other hydrogen-burning reactions — laboratory cross sections
and extrapolation to stellar conditions 271
6.8 The pp-chain reactions 275
6.9 Equilibrium abundances and energy-generation rates for pp-chain
reactions 280
6.10  The CN-cycle reactions 284
6.11  The effect of electrostatic screening on nuclear reaction rates 287
6.12  Polytropic models for zero age main sequence stars 291
Bibliography and references 297
7 Photon—matter interaction probabilities, absorption cross sections, and opacity 298
7.1 Photons and the electron—photon interaction Hamiltonian 300
7.2 First order perturbation theory and the golden rule for a radiative
transition between two matter eigenstates 303
7.3 The relationship between emission and absorption probabilities 307
7.4 The cross section for bound—free (photoelectric) absorption
from the K shell 312
7.4.1  On the determination of the associated opacity coefficient 319
7.5 The matrix element for free—free (inverse bremsstrahlung) absorption 319
7.6 The cross section for free—free absorption 325
7.7 The Kramers semiclassical approximation and Gaunt factors
for free—free absorption 331
7.8 Spontaneous emission between bound atomic states 337

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics

Icko Iben
Frontmatter
More Information

viii

Contents

7.9

7.10
7.11

7.12

7.13

7.14

7.15
7.16

Detailed balance, stimulated emission, bound—bound cross sections,

and line broadening

The Rosseland mean opacity

Sample calculations of the Rosseland mean opacity

7.11.1 Hydrogen and helium completely ionized, oxygen with zero
to two bound electrons

3 and

7.11.2 Anatomy of an opacity when density = 1 g cm™
temperature varies from 107 to 10° K

7.11.3 Arbitrary states of ionization for hydrogen, helium, and oxygen

7.11.4 Number abundances and opacities as functions of temperature
when density = 0.01 gcm™3

7.11.5 Number abundances and opacities as functions of temperature
when density = 107* g cm ™3

7.11.6 Number abundances and opacities as functions of temperature
when density = 107% g cm ™3

7.11.7 The effect on the Rosseland mean opacity of using Coulomb-
distorted plane waves for electrons to obtain the free—free
absorption coefficient

7.11.8 Concluding comments

Analytical approximations to results of opacity calculations

for intermediate to high temperatures

7.12.1 Keller—Meyerott opacities

7.12.2 Metal-free opacities at high temperatures

7.12.3 Cox—Stewart opacities at intermediate to high temperatures
for mixtures of hydrogen and helium when Z < 0.02

7.12.4 Cox—Stewart opacities at high temperatures for mixtures
of helium, carbon, and oxygen

Convective cores in stars burning nuclear fuel at the center

7.13.1 The criterion for convection at the center and evidence
for the composite nature of models relying on CN-cycle
energy generation

7.13.2 Estimates of the size of a convection core in CN-cycle-burning
main sequence stars

7.13.3 Convective regions in realistic models of zero age main
sequence models

Algorithms for interpolation in opacity tables

7.14.1 Linear interpolation

7.14.2 Quadratic interpolation

7.14.3 Cubic spline interpolation

7.14.4 Bicubic spline interpolation

Interpolation in opacity tables: a concrete example

Absorption by the negative hydrogen ion

Bibliography and references

341
347
350

351

354
361

363

371

376

377
379

380
381
382

384

385
388

389

392

395
399
399
401
404
410
415
419
433

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

iX Contents

8 Equations of stellar evolution and methods of solution 435
8.1 Consequences of the conservation of mass, momentum, and energy 437
8.2 Examples of the creation—destruction potential for ions and electrons 446
8.3 The quasistatic equations of stellar structure in spherical symmetry 453
8.4 The photospheric boundary condition 457
8.5 The classical fitting technique for model construction 459
8.5.1 Development close to the model center and near the surface 459
8.5.2  Matching results of inward and outward integrations 460
8.6 On the construction of integration algorithms 462
8.6.1 Application to stellar structure 476
8.7 The relaxation technique for model construction 477
8.8 Composition changes in radiative regions due to nuclear transformations 493

8.9 Solution of linear equations by Gaussian elimination and LU
decomposition 500
8.10  Composition changes in convective regions 506
8.10.1 Time scales of relevance 507
8.10.2 Convective diffusion in the mixing length approximation 508

8.10.3 Solution of the convective diffusion equation: conversion
to a difference equation and construction of recurrence

relationships 511
8.10.4 The outer boundary condition and the quantities ax and bg 513
8.10.5 The inner boundary condition and determination of new

composition variables 515
8.10.6 Composition in the static envelope 516

8.11 Remarks on mixing in radiative zones due to particle diffusion:
gravitational settling, abundance-gradient induced diffusion and

rotation-induced diffusion 516
8.12  Zoning considerations and choice of time step 519
8.13  On the evolution of the computing environment 521
Bibliography and references 525

Partlll Pre-main sequence, main sequence, and shell hydrogen-burning

evolution of single stars 527
9 Star formation, pre-main sequence evolution, and the zero age main sequence 529
9.1 Some concepts relevant to star formation 531
9.1.1 The Jeans criterion 531
9.1.2  The roles of magnetic fields and cosmic rays 534
9.1.3  Other studies of collapse and formation of a quasistatic core 535
9.1.4 Further description of the accretion phase 538

9.2 Pre-main sequence quasistatic evolution of a solar mass population I
model with deuterium burning 539

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics

Icko Iben
Frontmatter
More Information

Contents

10

9.3

9.4

9.5

9.2.1 Input physics and initial abundances for evolutionary
calculations

9.2.2  Structure and gravothermal characteristics of a Hayashi-band
model

9.2.3  The deuterium-burning phase

9.2.4 Evolution in the HR diagram and characteristics of models
along the approximately vertical portion of the track

9.2.5 Development of a radiative core and the transition from
vertically downward to upward and leftward in the HR diagram

9.2.6  Characteristics of a model in transition from the convective
phase to the predominantly radiative phase

Approach of a solar mass model to the main sequence: the onset

and ascendancy of hydrogen burning by pp-chain reactions

and properties of a zero-age main sequence model

9.3.1 Hydrogen burning begins

9.3.2 A model in which nuclear burning and gravitational work
contribute comparably to the surface luminosity

9.3.3 A zero age main sequence model

Evolution of a5 M population I model to the main sequence: gravita-

tional contraction, C — N burning, CN-cycle burning, and properties

of a zero age main sequence model

Evolution of a 25 Mg, gravitationally contracting population I model

through deuterium burning and two C — N burning phases,

and properties of a CN-cycle burning zero age main sequence model

Bibliography and references

Solar structure and neutrino physics

10.1

10.2

10.3

10.4
10.5
10.6
10.7

10.8
10.9
10.10

Construction and properties of a Z =0.01 solar-like model

with the Sun’s luminosity, radius, and estimated age

Construction and properties of a Z = 0.02 solar-like model

with the Sun’s luminosity, radius, and estimated age, and comparisons
with the Z =0.01 solar-like model

Contributions to photon and neutrino luminosities and to neutrino
fluxes at the Earth

The solar neutrino problem

Neutrino oscillations in vacuum

The MSW effect

Numerical solutions for neutrinos produced at the center of a simple
solar model

Solutions for neutrinos produced in realistic solar models

Summary and conclusions

Postscript

Bibliography and references

540

543
548

556

563

566

573

573

579

587

597

622

635

637

639

658

668
673
682
689

699
703
710
711
712

© in this web service Cambridge University Press & Assessment

www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

Xi Contents

11 Evolution through hydrogen-burning phases of models of mass 1, 5, and 25 M, 714

11.1  Evolution of a I Mg model during core and shell hydrogen burning

on the main sequence, formation of an electron-degenerate core,

and core growth during shell hydrogen burning on the red giant branch 716
11.2  Evolution of a 5 M model during core hydrogen burning, develop-

ment of a thick hydrogen-burning shell, and shell hydrogen-burning

evolution up to the onset of core helium burning as a red giant 768
11.3  Evolution of a 25 M model without mass loss during core hydrogen

burning on the main sequence and during shell hydrogen burning near

the main sequence up to the onset of core helium burning as a blue giant 820
11.4  Global properties of main sequence models as functions of model

mass and estimates of surface mass loss during pure hydrogen-burning

phases 836

11.4.1 Global main sequence properties 836

11.4.2 Mass loss during hydrogen-burning phases 840
Bibliography and references 845
Index 846

© in this web service Cambridge University Press & Assessment www.cambridge.org



www.cambridge.org/9781107016569
www.cambridge.org

Cambridge University Press & Assessment
978-1-107-01656-9 — Stellar Evolution Physics
Icko Iben

Frontmatter

More Information

Preface

The bright stars in the familiar constellations of the Milky Way have intrigued mankind for
millennia. Over the past several centuries we have obtained by observations a quantitative
understanding of the intrinsic global and surface characteristics of these stars, and over the
past century we have learned something about their internal structure and the manner in
which they change with time. An awareness that one kind of star can transform into another
kind of star and an appreciation of how this transformation is achieved have been accom-
plishments of the last half of the twentieth century. One of the objectives of this monograph
is to describe some of the transformations and to understand how they come about.

The microscopic and macroscopic physics that enters into the construction of the equa-
tions of stellar structure and evolution is described in many other monographs and texts.
For highly personal reasons, this physics is nonetheless developed here in some detail.
My undergraduate and graduate training was in physics, but I did not fully appreciate the
beauty of physics until, just prior to my second year of college teaching, during an enforced
sedentary period occasioned by a collision between myself on a bicycle and an automo-
bile, I discovered the book Frontiers of Astronomy by Fred Hoyle and became entranced
with the idea that the evolution of stars could be understood by applying the principles of
physics. During my next two years of teaching, I embarked on a self study course heavily
influenced by the vivid discription of physical processes in stars by Arthur S. Eddington
in his book The Internal Constitution of the Stars and by the straightforward description
of how to construct solutions to the equations of stellar structure by Martin Schwarzschild
in his book The Structure and Evolution of the Stars. These books taught me that stars
provide a context for understanding physics on many different levels.

Stars are fascinating objects in their own right and the marvelous transformations which
they experience as they evolve provide a captivating story worth telling over and over again.
In this book, the distinction between the microscopic physics that occurs in stars and the
macroscopic response of the stars to the operation of this physics is highly blurred. In short,
physics is physics and every effort has been made to understand the relationship between
the microscopic and macroscopic aspects of this physics. As Eddington put it, “It would
be hard to say whether the star or the electron is the hero of our epic.”

In the world of single stars and of stars in wide binaries, focus has been placed on how
a star of low to intermediate mass reaches the main sequence, then evolves successively
through the main sequence phase, into a red giant, through the core helium-burning phase,
into and through the shell helium- and hydrogen-burning asymptotic giant branch phase,
and finally into a white dwarf. Attention has also been given to the evolution of stars mas-
sive enough to experience central and shell carbon burning, experience a type II supernova
explosion, and then evolve into a neutron star or black hole.

Xiii
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Xiv Preface

A basic objective has been to provide some feeling for what stars really are — not just
how big, how bright, and how old they are, but what is going on inside them. How hot are
they inside, how dense are they, what sources of pressure do they rely on to balance gravity,
what are their energy sources, what are the dominant modes of energy transport, what has
been the extent of nuclear transformations in their interiors, and so forth, are questions that
have been deemed of central importance. Although one needs to understand physics deeply
in order to address these questions properly, and although one can solve the equations based
on this physics, many aspects of the solution must be described in a very qualitative way.
In an effort to offset the impression of remoteness between the input physics and the set
of numbers which constitutes a model star, some partial solutions have been constructed
which attempt to tie together in a simple and straightforward way the macroscopic charac-
teristics of stars with the microscopic physics occurring in their interiors.

Just as it has benefited from other disciplines, the science of stellar evolution has con-
tributed to other disciplines. For example, much of the light coming from distant galaxies
is the sum of the contributions of individual stars which are themselves unresolvable, but
knowledge of whose characteristics is essential for understanding the structure and evolu-
tion of these galaxies. By the same token, understanding cosmology requires understand-
ing the characteristics of galaxy evolution. Thus, to fully understand both galaxy evolution
and cosmology, one needs also to understand stellar evolution, and so the colors (surface
temperatures), luminosities, and evolutionary time scales which characterize different evo-
lutionary stages receive careful attention.

The heavy elements which are essential for the formation of terrestial planets and for the
existence of life on such planets have been constructed in stars and ejected by them into the
interstellar medium out of which successive generations of stars are born. Hence, to truly
understand the origins of the Solar System and of life, one needs to understand the manner
in which stars contribute to the build-up of the heavy elements in the Galaxy. A description
of element building in stars is therefore a central theme.

The logic of the presentation, including the grouping of the observational evidence, has
evolved through almost five decades of emersion in theoretical model building and com-
parison with the observations. The observations have, in some instances, eliminated pos-
sible theoretical paths, made multiple by uncertainties in and incompleteness of the input
physics, and, in others, it has opened up new possibilities for theoretical exploration not
previously envisioned.

One of the greatest pleasures in writing this book has been to experience moments of
revelation when insight comes for the first time. At such moments, I recall the words of
T. S. Eliot in Four Quartets to the effect that it is in the nature of mankind to explore, and
that the end result of all our exploring is to return to the place from which we started and
to understand it for the first time. The exact quote, near the end of the fourth quartet (Little
Gidding), is:

“We shall not cease from exploration
And the end of all our exploring
Will be to arrive where we started
And know the place for the first time.”
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XV Preface

An even greater pleasure would be realized if perusal of this book were to inspire some
in future generations to contribute to the description of the physics that constitutes stellar
evolution in simple and transparent ways, free of jargon and complex mathematics. I would
encourage those so motivated to actually construct a stellar evolution code to explore a
phase of evolution not yet properly addressed. One of the most exciting moments in my
life occurred when in 1963, after almost a year of effort as a senior research fellow at Cal
Tech, an evolution program I was constructing finally worked. The music and words of
Franz Joseph Haydn’s The Creation exploded in my brain: “The heavens are telling the
glory of God, the wonder of His work displays the firmament.”

Due to its length, the book is broken into two volumes and the text is divided into six
parts, three parts in the first volume and three in the second volume. In Part I, a qualita-
tive description of single and binary star evolution is followed by a quantitative descrip-
tion of the global characteristics (luminosity, radius, and mass) of stars provided by the
observations. In Part II, the basic physical processes occurring in main sequence stars
are outlined and the stage is set for constructing realistic mathematical models. Equa-
tions of state are constructed by exploring the consequences of momentum and energy
balance under conditions of thermodynamic equilibrium and simple stellar models are
constructed by demanding only a balance between gravity forces inward and pressure
gradient forces outward and a one-parameter relationship between pressure and density.
Estimates of the rates of hydrogen-burning reactions and of cross sections for photon—
matter interactions are obtained. Part IT ends with a description of the equations necessary
for constructing theoretical models and of methods for solving the equations. In Part III,
solutions of the equations as applied to the evolution of 1 My, 5 Mg, and 25 M models
approaching the main sequence are presented. Solar models are constructed and a discus-
sion is given of how the initial discrepancy between a predicted and detected solar neu-
trino flux forced scientists to rethink neutrino physics and resolve the discrepancy, thus
vindicating the basic validity of the input physics on which astrophysicists had relied
for decades in constructing stellar models. Part III ends with the solutions of the equa-
tions of stellar structure as applied to the evolution of 1 Mg, 5 Mg, and 25 M models
through all phases of hydrogen burning until the onset of helium burning in the hydrogen-
exhausted core.

The second volume begins with a description, in Part IV, of physical processes that
are particularly important during advanced phases of evolution. These processes are dif-
fusion, heat conduction by electrons, neutrino losses by beta-decay reactions of the sort
occurring in terrestial laboratories and of a sort uniquely occurring in stars, and helium-
burning reactions. In Part V, models of 1 Mgand 5 Mg are evolved through the core
helium-burning phase and into the thermally pulsing AGB (TPAGB) phase, with a spe-
cial chapter devoted to the production of s-process elements. The 25 M model is evolved
through the core helium-burning phase and into the shell carbon-burning phase. In the
sixth and final part, the 1 Mg TPAGB model is subjected to wind mass loss, evolved
through the planetary nebula phase, and, after an exploration of the physics of solids
and liquids, is evolved into the white dwarf stage through phases of liquefaction and
solidification.
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Xvi Preface

The presentation in the book assumes a solid grounding in basic physics at the advanced
undergraduate and early graduate levels and a firm grasp of calculus. The reader would ben-
efit from having had an elementary course in astronomy, but this is not an essential require-
ment. The content and level of presentation of Volume 1 are suitable for a one-semester
beginning graduate-level course which is also within the capabilities of well-prepared
senior undergraduate physics students. Volume 2 discusses somewhat more sophisticated
physical processes, and carries the discussion of stellar evolution to more advanced stages
than described in the first volume. It could form the basis of a second one-semester grad-
uate level course in which students might be encouraged to write and/or make use of a
stellar evolution code to construct their own evolutionary models.

My original intent was to provide a definitive account of the evolution from start to finish
of all stars whose evolution is essentially quasistatic. To my surprise, I have found that there
remain as many unanswered questions regarding this evolution as there have been answers,
a discovery that makes me quite sanguine about the future of the field. The story which I
tell is far from complete and there are mountains of rewarding work remaining for future
generations to tackle.
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