The chemically
controlled cosmos

Astronomical molecules from the
Big Bang to exploding stars

T. W. HARTQUIST
Max-Planck-Institut filr extraterrestrische Physik, Garching

and

D. A. WILLIAMS
University College London

Mustrations by Richard Williams

CAMBRIDGE

&P UNIVERSITY PRESS




Contents

I
Preface page xi
Acknowledgements XV
A brief history 1
1.1 The dawn of the field 2
12 New windows on the molecular composition of the cosmos 4
Selected references 7
Setting the astronomical scene 8
2.1 Timescales 9
2.2 Distances 11
2.3 Temperatures and densities 12
24 Astronomical evolution 13
Selected reference 14
The tools of the trade 15
3.1 Atomic energy levels: rules and regulations 15
3.2 Molecular energy levels: new freedoms 18
3.3 Vibration in molecules: more freedom, less choice 20
3.4 Rotation of molecules 22
3.5 Molecular energy levels: getting it together 23
3.6 Introduction to astrochemistry 24
3.7 Ion-molecule reactions: the fast track for chemistry 25
3.8 Neutral chemistry: change your partners! 27
3.9 Heterogeneous catalysis 28
3.10 Heating and cooling 29
3.11 The electromagnetic spectrum 31
Selected references 31
Chemistry after the Big Bang 32
4.1 The first chemistry in the Universe 33
4.2 Cooling and collapse: the consequences of chemistry 36



43

Contents

Intergalactic shocks

Selected references

Interstellar clouds — the birthplaces of stars

51
52
53

5.4
5.5
5.6
57
5.8
59
5.10

5.11

5.12

5.13

5.14
5.15

The Milky Way and its nonstellar content

Interstellar dust: soot and sand

Direct observations of the gas in the different types of
interstellar cloud

Molecular hydrogen — the key to interstellar chemistry
Dark clouds: chemical factories in the interstellar medium
Diffuse clouds: chemistry by starlight

Dust: the interstellar catalytic converter

Interstellar shocks: overcoming the chemical hump
Chemical influences on cloud temperatures

Magnetic retardation of cloud collapse in regions of
stellar birth

Ionization in clouds — the chemical control of magnetically
retarded collapse

The inference of the cosmic ray induced ionization rate in
diffuse clouds

The inference of the ionization rate in dark clouds
Another way to find the fractional ionization in dark clouds
Diagnosis of conditions following the Big Bang using
present day molecules

Selected references

Star formation

6.1
6.2
6.3
6.4

6.5

The initial state clumps

Why are the initial state clumps stable?

The collapse from the initial state; core cluster formation
Chemical-dynamical cycling in regions of solar-like star
formation

The infall of a core to form a star

6.6 Regions of massive star formation
Selected references

The Solar System at birth

7.1 The formation of the disk

7.2 Lightning in the proto-Solar Nebula?
7.3 Where did the comets form?

74
7.5

Why does the Earth have water?
The Sun as a molecular source

Selected references

Stellar winds and outflows

8.1

T Tauri winds

viii

39
43

45
46

51
54
57
59
60
61
63

65

68

70
72
72

74
76

78
80
81

87
89
93
97

98

100
103
106
110
111
112

113
116



10

11

12

Contents

8.2 Cool stellar envelopes
8.3 Planetary nebulae

8.4 Classical novae
Selected references

Astronomical masers near bright stars

9.1 Stimulated emission

9.2 Populating the upper level — pumping the maser
9.3 OH masers near young stars

9.4 H,0O masers near young stars

9.5 Masers in stellar outflows

Selected references

Supernovae: fairly big bangs

10.1 Introduction to supernovae

10.2 What happens in a supernova

10.3 Supernova chemistry: a hydrogen-poor environment
Selected references

Molecules in active galaxies

11.1 The black hole — accretion disk model of the central engines
11.2 Starburst galaxies

11.3 Seyfert galaxies

11.4 Megamasers and gigamasers

11.5 Molecular features in quasar spectra

Selected references

Epilogue

Index

118
122
126
130

131

131
133
134
139
141
142

143

143
146
149
152

153

154
155
156
158
160
160

162
164



