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Second Edition

The distribution of elements in the cosmos is the result of many processes, and

it provides a powerful tool to study the Big Bang, the density of baryonic matter,

nucleosynthesis and the formation and evolution of stars and galaxies. This text-

book, by a pioneer of the field, provides a lucid and wide-ranging introduction

to the interdisciplinary subject of galactic chemical evolution for advanced under-

graduates and graduate students. It is also an authoritative overview for researchers

and professional scientists.

In this textbook many exciting topics in astrophysics and cosmology are covered,

from abundance measurements in astronomical sources, to light element produc-

tion by cosmic rays and the effects of galactic processes on the evolution of the

elements. Simple derivations for key results are provided, together with problems

and helpful solution hints, enabling the student to develop an understanding of

results from numerical models and real observations.

This new edition includes results from recent space missions, including WMAP

and FUSE, new material on abundances from stellar populations, nebular analysis

and meteoric isotopic anomalies, and abundance analysis of X-ray gas, and several

extra problems at the end of chapters.
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Bernard E. J. Pagel

Bernard Ephraim Julius Pagel was born in Berlin on 4 January 1930, but when

his father was dismissed from his post as Jewish persecution increased, the family

moved to Britain in 1933. From Merchant Taylors’ School he won an open schol-

arship in Natural Sciences at Sidney Sussex College, Cambridge, graduating with

First-class honours in Physics in 1950. His early research at Cambridge (Ph.D.

1955) centred on the solar atmosphere. Inspired by Willy Fowler, a future Nobel

Prize winner who was visiting from California, he started a life-long interest in the

abundances of the chemical elements.

In 1956 he moved to the Royal Greenwich Observatory at Herstmonceux Cas-

tle, Sussex. A search for more accurate estimates of chemical abundances led him

to develop new analytic methods of analyzing the spectra of stars. By 1967, Sus-

sex University had established an M.Sc. programme in astronomy, where Bernard

lectured. During the early 1970s he began to develop the simple but elegant theo-

retical models to describe the chemical evolution of galaxies that have served as a

foundation for the subject.

In 1975, using the new Anglo-Australian Telescope, Bernard started a long

series of collaborations on the abundance analysis of H II regions in external

galaxies, starting with the Magellanic Clouds. This led to the development of a

method of estimating rough values for chemical abundances when observational

data were sparse and only the strongest lines could be seen. Despite the method’s

acknowledged limitations, it had enormous influence as modern detectors allowed

spectroscopic observation of faint galaxies. Variants of the method are still exten-

sively used today. Further collaboration through observatories in the Canary Islands

resulted in his fruitful influence on a generation of Spanish research students.

Retirement at 60 from his happy years at Herstmonceux was compulsory, so he

moved in 1990 to a Chair at the Nordic Institute for Theoretical Astrophysics in

Copenhagen. He became respected throughout Scandinavian astronomy, aided by

his extraordinary facility for languages. A major programme was completed on the
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determination of the primordial helium abundance, and he started new joint work

on the chemical evolution of our own Galaxy. By the time he had ‘retired’ again in

1998, this time from Copenhagen back to Sussex, he had written the first edition of

Nucleosynthesis and Chemical Evolution of Galaxies, the revisions for the second

edition of which he had virtually completed just before his death on 14 July 2007.

He could be a formidable, but always fair, critic, and gave freely of his time

to those who asked for help and advice. The Pagel family household in Ring-

mer, Sussex, will be warmly remembered by many visiting astronomers. Bernard

loved classical music – often playing the piano with great enthusiasm, if not with

quite the accuracy of his abundance determinations! He will be remembered with

great affection, particularly for the beady-eyed look over his pipe and a quick and

brilliant intelligence which would even put one of his heroes, Sherlock Holmes,

to shame.
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Preface to the first edition

This book is based on a lecture course given at Copenhagen University in the

past few years to a mixed audience of advanced undergraduates, graduate students

and some senior colleagues with backgrounds in either physics or astronomy. It is

intended to cover a wide range of interconnected topics including thermonuclear

reactions, cosmic abundances, primordial synthesis of elements in the Big Bang,

stellar evolution and nucleosynthesis. There is also a (mainly analytical) treatment

of factors governing the distribution of element abundances in stars, gas clouds and

galaxies and related observational data are presented.

Some of the content of the course is a concise summary of fairly standard mate-

rial concerning abundance determinations in stars, cold gas and ionized nebulae,

cosmology, stellar evolution and nucleosynthesis that is available in much more

detail elsewhere, notably in the books cited in the reading list or in review articles;

here I have attempted to concentrate on giving up-to-date information, often in

graphical form, and to give the simplest possible derivations of well-known results

(e.g. exponential distribution of exposures in the main s-process). The section on

Chemical Evolution of Galaxies deals with a rapidly growing subject in a more

distinctive way, based on work in which I and some colleagues have been engaged

over the years. The problem in this field is that uncertainties arising from prob-

lems in stellar and galactic evolution are compounded. Observational results are

accumulating at a rapid rate and numerical models making a variety of often arbi-

trary assumptions are proliferating, leading to a jungle of more or less justifiable

inferences that are often forgotten in the next instant paper. The analytical formal-

ism on which I have been working on and off since my paper with the late B. E.

Patchett in 1975, and to which very significant contributions have also been made

by D. D. Clayton, M. G. Edmunds, F. G. A. Hartwick, R. B. Larson, D. Lynden-

Bell, W. L. W. Sargent, L. Searle, B. M. Tinsley and others, is designed not only

to keep the computations simple but also to introduce some order into the subject

and provide the reader with an insight into what actually are the important factors

xv
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xvi Preface to the first edition

in chemical evolution models, whether analytical or numerical, and which are the

major uncertainties.

The book should be considered basically as a textbook suitable for beginning

graduate students with a background in either physics or astronomy, but it is hoped

that parts of it will also be useful to professional scientists. For this purpose, I have

tried to keep the text as expository as possible with a minimum of references, but

added notes at the ends of some chapters to provide a guide to the literature.

I should like to take this opportunity to thank Donald Lynden-Bell for arousing

my interest in this subject and for his continued encouragement and stimulation

over the years; and likewise Michael Edmunds, whose collaboration in both obser-

vational and theoretical projects has been a source of pleasure as well as (one

hopes) insight. Thanks are due to them, and also to Sven Åberg, Chris Pethick

and the late Roger Tayler, for helpful comments on successive versions. Finally, I

warmly thank Elisabeth Grothe for her willing and expert work on the diagrams.

Bernard Pagel
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Preface to the second edition

Much has happened since the book first came out in 1997. Cosmology has been

transformed by balloon and satellite studies of the microwave background and

by studies of distant supernovae. Host galaxies of γ -ray burst sources have been

identified and some of their properties revealed. Cosmological simulations have

been very successful in accounting for the large-scale structure of the Universe,

although they are still challenged by observed element:element ratios suggest-

ing that the largest galaxies were formed rapidly a long time ago, limiting the

time available for their formation by mergers. The coming of 10-metre class tele-

scopes, supplementing the Hubble Space Telescope, has led to enormous advances

in abundance determinations in stars of all kinds and in galaxies, notably at high

redshifts. Some stellar atmospheres can now be modelled by ab initio hydrody-

namical simulations which account for granulation and eliminate the need for ad

hoc parameters describing ‘macro-turbulence’ and ‘micro-turbulence’, leading to

increasingly sophisticated abundance determinations. Nevertheless, simple ana-

lytical treatments retain their usefulness because of the insight they provide into

the essential ingredients of more elaborate numerical models, whether of stellar

atmospheres or of galactic chemical evolution.

I thank Monica Grady, Chris Tout and Max Pettini for critically reading through

the revised Chapters 3, 5 and 12 respectively, and Mike Edmunds for contin-

ued cooperation and enlightening discussions. I owe particular thanks to my wife

Annabel Tuby Pagel for her loving care during difficult times.

Bernard Pagel
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