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Preface

This book follows closely a lecture course I gave entitled ‘Astronomical
Spectroscopy’ to third-year undergraduate students at University College
London between 1998 and 2003. The students who attended had done
a prior introductory course on Quantum Mechanics which covered the
hydrogen atom but no further atomic physics or spectroscopy. A similar
level of prior knowledge is assumed in the current work.

In writing a book of this sort there are many people whose help has
been essential for completion of the enterprise. First I must thank Bill
Somerville who inaugurated the course Astronomical Spectroscopy and
taught it for two years before me. He selflessly shared his lecture notes
and other materials with me. I like to would thank Ceinwen Sanderson
for turning my hand scrawled lecture notes into IXTgX, and my colleagues
Tony Lynas-Gray, Bill Somerville, Peter Storey and Jeremy Yates for their
extensive comments on the draft of the book. I owe a debt of gratitude to
my graduate students Bob Barber and Natasha Doss who checked all the
problems and found many errors. I thank all of them for the corrections:
any errors that remain are all mine.

I must also thank the students who attended my Astronomical Spec-
troscopy course. It was great fun to teach, not least because the latest de-
velopments in astrophysics often fed straight into the lectures. Particular
thanks are due to the class of 2003 who made a number of helpful com-
ments and suggestions on the contents of the book.

A book on spectroscopy thrives on good illustrations and I have
shamelessly plundered the literature and other sources for spectra to il-
lustrate this one. I must thank Xiaowei Liu for help with digitising many
of the published spectra, and my student Iryna Rozum, my son Matthew
and David Rage for their help with the other illustrations. Can I thank the
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journals and many authors who greeted my requests to reproduce their
work with prompt enthusiasm, and especially those authors who adapted
figures at my request? Each journal and author is individually acknowl-
edged in the figure captions.

Finally I must give very warm acknowledgement to the many UCL as-
tronomers past and present who have answered my many questions on
astrophysics with a patience their frequent stupidity probably did not de-
serve. Particularly high on this list are Pete Storey and Mike Barlow but
the rest of the varied lunch crew should not be forgotten. Without you my
knowledge of things astronomical would be the same as it was the day I
arrived at UCL — nothing.

Jonathan Tennyson
London
July 2004

In making a second edition I have taken the opportunity to add a chap-
ter on the effects of magnetic fields on atomic spectra and to increase
the coverage of molecular spectroscopy. The launch of high resolution
infra red telescopes, recently Herschel and soon JWST, the development
of extremely powerful ground-based long-wavelength telescopes such as
ALMA, and the start of spectroscopic study of extra-solar planets have all
acted to increase the astronomical importance of molecular spectroscopy.
Indeed it is one of the joys of the study of astronomical spectroscopy that
the constant discoveries drive the need for ever deeper understanding of
the spectroscopy of atomic and molecular species which in turn enrich our
appreciation of the Universe around us.

In preparing this second edition I would like to thank the many people
who made very positive comments on the first edition and the (surpris-
ingly) few who found errors in it. I am grateful to Bob Barber, Pete Storey,
Michael Down, Stephen Harrison and Dermot Madden for their comments
on the manuscript and, again, those astronomers who have allowed me to
use their work to illustrate important points in spectroscopy.

Jonathan Tennyson
London
October 2010
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Chapter 1

Why Record Spectra of
Astronomical Objects?

‘We will never know how to study by any means the chemical
composition (of stars), or their mineralogical structure.’

— Auguste Comte (1835)

1.1 A Historical Introduction

In the first part of the 19th century, astronomers began to make paral-
lax measurements which revealed for the first time how distant even the
closest stars are from us. Since travel to the stars was, and still is, impossi-
ble with foreseeable technology, many scientists believed that the compo-
sition and character of the stars would forever remain a mystery. This view
is pithily summarised by the quote from the positivist French philosopher
Auguste Comte (1798-1857) given above.

Today, the composition of stars, and indeed of the diffuse material in
the large spaces in between the stars, is well known. How did this sit-
uation come about? In fact the first steps to finding the solution to the
problem had been taken even before Comte began writing.

In 1814, Joseph von Fraunhofer (1787-1826) used one of the high-
quality prisms he had manufactured to diffract a beam of sunlight, taken
from a slit in his shutters, onto a whitewashed wall. Besides the charac-
teristic colours of the rainbow, which had been observed in this fashion
since Newton, he saw many dark lines (see Fig. 1.1). He meticulously
catalogued the exact wavelength of each dark line — which are still known
today as Fraunhofer lines — and labelled the strongest of them with let-
ters. Many of these labels, such as the sodium D lines (see Sec. 6.4) are
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2 .%:um/.?ér.y b Dorihschir- 1816 _15.

Fig.1.1 The solar spectrum as recorded by Fraunhofer.

still used today. Fraunhofer not only recorded the first astronomical spec-
trum, he recorded the first-ever high-resolution spectrum. Fraunhofer’s
spectrum was the first to resolve discrete line transitions.

Fraunhofer did not know what caused the dark lines he observed.
However he performed a similar experiment using light from the nearby
red-star Betelgeuse and found that the pattern of dark lines he observed
changed significantly. Fraunhofer concluded correctly that most of those
features were somehow related to the composition of the object he was
observing. In fact some of the lines were due to the Earth’s atmosphere,
the so-called telluric lines. For example, the features Fraunhofer marked
A and B in his solar spectrum are actually due to molecular oxygen in our
own atmosphere.

The first real step in understanding Fraunhofer’s observations came
in the middle of the 19th century with the experiments of Gustav Kirch-
hoff (1824-1887) and Robert Bunsen (1811-1899). These scientists studied
the colour of the light emitted when metals were burnt in flames. They
found that in certain cases the wavelength of the emitted light gave an
exact match with the Fraunhofer lines. The sodium D lines, which give
sodium street lights their characteristic orange colour, were one such ex-
ample. These experiments demonstrated that the Fraunhofer lines were a
direct consequence of the atomic composition of the Sun.

Any understanding of how these lines came about had to wait until the
arrival of the 20th century with the revolution of scientific theory repre-
sented by quantum mechanics. The developments of quantum mechanics
and spectroscopy have always been closely linked. As it is through the
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study of spectra that we have learnt of many of the riches in the Universe
around us, the development of astrophysics has also been closely linked to
that of spectroscopy and quantum mechanics. This book aims to give an
introduction to the spectroscopy of atoms and molecules that are impor-
tant for astrophysics. This book is not a text on quantum mechanics, and
indeed, some basic knowledge of quantum mechanics is assumed, for it is
not possible to understand or interpret spectra without some understand-
ing of quantum mechanics.

Hearnshaw (1986) gives a fascinating historical view of the relationship
between astronomy, spectroscopy and the technical developments in both
fields (see further reading).

1.2 What One Can Learn from Studying Spectra

Essentially all information about astronomical objects outside the solar
system comes through the study of electromagnetic radiation (light) as it
reaches us. This light can contain much detailed information which is only
obtained by careful analysis. Generally speaking, one can classify the in-
formation obtained by observing light according to the spectral resolution;
that is the degree of sensitivity to different wavelengths, used to make the
observation. One can classify such observations using the following gen-
eral categories.

When one looks at the night sky with the naked eye, most astronom-
ical bodies appear white. White light is actually light that is composed
of many wavelengths which are not resolved into their different colours.
Monitoring white light gives the positions of objects in the night sky. It
can be used to construct maps of stars and galaxies. It can also be used to
plot the movements of heavenly bodies such as comets through the night
sky.

If one looks carefully at some celestial objects, such as the planets Mars
and Jupiter, or stars such as Betelgeuse, one can see that these objects are
tinged with a certain colour. Using instruments with low resolving power,
itis possible to separate the light arriving at Earth into broad band colours.
Observing colours tells us something about temperatures. For example,
blue stars are hotter than red ones; objects that emit X-rays, such as the
solar corona, are very hot, whereas cold objects may only emit electro-
magnetic radiation of very long wavelengths such as radio waves.

The most detailed astrophysical information is only obtained from
high-resolution studies which involve detecting the light arriving at the
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earth as a function of its component wavelengths. This allows detailed
spectroscopic features to be identified separately from broad band features
such as colour. At the highest resolution, such studies not only yield the
central wavelength of any feature, often referred to as a line, but also the
shape of the feature. Such studies can yield significant extra information
and this book is largely devoted to the physical basis of this information
and how it can be interpreted.

To interpret an astronomical spectrum, one needs considerable knowl-
edge of atomic and molecular physics. This knowledge usually comes
from laboratory studies which provide the basic physical parameters
necessary for understanding the astronomical spectrum. There is a di-
rect relationship between these physical parameters and the astronomical
information that can be obtained by observing spectra. Thus for any line
observed in an astronomical spectrum, one can potentially use laboratory
data to extract the following information.

The composition of the object being observed can be inferred by know-
ing which atom (or ion or molecule) produces the observed transition.

The temperature and other physical conditions can be deduced from
assigning the actual transition being observed to precise energy levels in
the atom. Transitions take place between many different states in a partic-
ular atom. Knowing which states are involved gives direct information on
the degree of excitation of the system. This can be used to determine the
physical conditions, such as the temperature or density of the environment
local to the system.

The abundance of the species undergoing the transition can only be
determined if the intrinsic strength of the transition being observed is
known. Line strengths can be hard to determine in the laboratory. As-
tronomically, the strength of a transition is directly related to the number
of atoms undergoing the transition under suitable conditions of optical
depth (see below). Knowledge of the intensity of transitions is therefore
important for determining the abundance of any species.

Motions of the species being observed relative to the earth, or indeed
the whole region containing the species, lead to a shift in the wavelength
of the line; this shift is known as the Doppler shift. The Doppler shift is the
change in the line position from the position measured in the laboratory.
This shift is given by the Doppler formula,

AX

v
e 1R 1.1
c X ‘ (1.1)



