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Forward to Version 1 (2006) 
 

The Astrobiology Primer has been created as a reference tool for people interested 
in the interdisciplinary field of astrobiology. The field incorporates many diverse research 
endeavors but it is our hope that this slim volume will present you with all you need to 
know to become involved and to understand, at least at a fundamental level, the state of 
the art. Each section includes a brief overview of a topic and a short list of readable and 
important literature for those interested in deeper knowledge. Because of the great 
diversity of material, each section was written by a different author with a different 
expertise. All contributors are listed in the back. 

We have entitled the Primer version 1 in hope that it will be only the first in a 
series, produced every three to five years. This way we can insure that the Primer keeps 
up with the current state of research. We hope that it will be a great resource for anyone 
trying to keep up with an ever-changing field. If you have noticed any errors of fact or 
wish to be involved in future incarnations of the project, please contact me. 

 
Lucas Mix 
lucas@flirble.org 
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Introduction (LM) 
 

Astrobiology, the study of life as a planetary phenomenon, aims to understand the 
fundamental nature of life on earth and the possibility of life elsewhere. To achieve this 
goal, astrobiologists have initiated unprecedented communication between the disciplines 
of astronomy, biology, chemistry, and geology, incorporating information and systems 
theory methods. The fundamental questions of what “life” means and how it arose have 
brought in broad philosophical concerns, while the practical limits of space exploration 
have meant that engineering plays an important roll as well. 

The benefits of this interdisciplinary collaboration have been, and continue to be, 
immense. The input of scientists from multiple areas has forced researchers to become 
aware of their basic assumptions and why they do science the way they do. Cooperation 
has led to insights about the many connections between life and the atmosphere, oceans, 
and crust of Earth. Comparisons of geologic and atmospheric features on Earth, Mars, 
and Venus have provided insight into their different histories and what part life may or 
may not have played. Likewise, the growing body of data about planets orbiting distant 
stars (as well as smaller bodies orbiting our own star) has revealed much about the 
formation of our own planetary system and how stars and planets interact. 

There is, however, a steep learning curve in Astrobiology resulting from the 
variety of backgrounds brought to the field. Conferences provide unique insights, but can 
be tedious and unproductive when presenters and audience fail to connect on terminology 
and basic assumptions. The purpose of the Astrobiology Primer is to bridge some of these 
gaps by creating a common foundation in knowledge. 

 
What the Primer is 

Our intention was to create a short, accessible, and very limited reference for 
astrobiologists. We hope that many of you will be able to come to the Primer with a 
specific question and find either the answer or the location of an answer in the literature. 
We also hope that you will want to pick it up and brush up on the basics before going to a 
talk or visiting a colleague in a different field. 

The Primer originated as an NAI graduate student project. Several of us decided 
that graduate students entering the field would benefit from a short volume that would act 
as an introduction to astrobiology, but could also provide a list of areas where an 
astrobiologist might wish to be competent. As the project evolved, it came to our 
attention that such a reference could be valuable to the entire community. We hope that it 
will become an important part of the developing discussion between fields. 

Above all, the Primer is intended to be an ongoing project. What you see is only 
the most recent and limited version of a larger endeavor. If the project is well received, a 
new version of the Primer will be released every 2-3 years incorporating new research 
and correcting the mistakes of earlier versions. No one volume can contain the vast 
amount of information brought to play in astrobiology. We believe, however, that the 
Primer can provide a forum and a language around which the community can develop a 
consensus about central issues. 
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What the Primer is Not  
The Astrobiology Primer is not a textbook. Many good textbooks exist, and we 

would like to recommend 
  

Astronomy 
Carroll BW, Ostlie DA (1996) An Introduction to Modern Astrophysics. Addison-Wesley,. 
Freedman R, Kaufmann WJ (1999) Universe. 5th Ed. WH Freeman. 

Biochemistry 
Garrett RH, Grisham CM (2004) Biochemistry. 3rd Ed. Brooks Cole. 

Biology 
Purves WK, Sadava D, Orians GH, Heller C (2003) Life: The Science of Biology. 7th Ed. 

Sinauer Associates and W. H. Freeman. 
Chemistry 

Brown TL, Lemay HE, Bursten BE, Lemay H (1999) Chemistry: The Central Science. 8th 
Ed. Prentice Hall. 

Geology 
Marshak S (2004) Essentials of Geology: Portrait of Earth. W.W. Norton and Co. 
Plummer CC, McGeary D, Carlson D (2002) Physical Geology. 9th  Ed. McGraw Hill. 

Microbiology  
Madigan M, Martinko J (2005) Brock Biology of Microorganisms. 11th Ed. Prentice Hall. 

Planetary Science 
De Pater I, Lissauer JJ (2001) Planetary Science. Cambridge. 

Physics 
Halliday D, Resnick R, Walker J (2004) Fundamentals of Physics. 7th Ed. John Wiley and 

Sons. 
 

A book this size cannot hope to give a complete picture of any topic. Rather, we hope it 
will be viewed as a table of contents for the vast literature available. Sections of the 
primer are written to introduce the current state of the art in the field and represent a 
synthesis. The articles listed below each section are valuable places to look for more 
information, but they are not, in general, citations. Each author brings much additional 
information to their section. 

Unfortunately, the Primer cannot be comprehensive. Each chapter will 
demonstrate the biases and limited knowledge of the editors. Where we have erred, we 
hope that you will contact us and help us create a reliable central index of information for 
astrobiologists. 

Neither is the Primer an official representation of NASA/NAI research, positions, 
or goals. While NAI has been greatly helpful in facilitating communication and 
resources, the contents of the primer are a product of independent work. We are deeply 
indebted to NAI and the International Astronomical Union Commission 51: 
Bioastronomy for their efforts. 

 
How the Primer was Arranged 

The Primer was constructed collaboratively. Ninety researchers from around the 
world contributed information about what they expected from other astrobiologists and 
what they would like to know themselves, but still had trouble with (see Contributors). 
Those submissions were read and considered by the editors who produced a list of seven 
general categories of knowledge, represented by the seven chapters in the Primer. 

Each chapter has been divided into small, digestible segments with references for 
further information. The brevity of the primer means that much important research was 
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left out and some material has been oversimplified. The editors would like to apologize 
for the undoubted errors and omissions that resulted from our attempts to condense the 
material. 

The initials appearing at the beginning of each chapter reflect the editor 
responsible for gathering and organizing the information in that chapter. Likewise, the 
initials at the beginning of each section indicate the author fo r that section. In both cases, 
however, input from contributors and editors has seriously impacted the content and tone 
of the material. 
 
A Note on Terminology 

One of the challenges inherent in any multidisiciplinary work is that the same 
words often have different meanings for the different disciplines. We have tried to be 
consistent throughout, but some ambiguities remain. 

The word terrestrial has caused particular trouble and in the Primer “terrestrial” or 
earthlike planets are referred to as rocky plane ts and “terrestrial” or Earth located 
organisms and environments are referred to as Terrean. 
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Chapter 1. Stellar Formation and Evolution 
(KvB, SeR) 
 
Introduction: Stars and Astrobiology 

Stars like the Sun appear to the eye as pinpoints of light in the sky. But they are, 
in reality, enormous balls of gas, each emitting vast amounts of energy every second in a 
losing battle against the relentless inward gravitational force generated by their own 
titanic masses. The radiation emitted by the Sun constitutes the primary source of energy 
for most life forms on earth. There are between 100 and 400 billion stars with vastly 
different astrophysical properties in the Milky Way Galaxy which itself is one of 
hundreds of billions of very different galaxies in the observable universe.  

In the Milky Way, stars are continually being born and dying—some quiet and 
some extremely violent deaths. The material of which stars are made is physically and 
chemically altered within the stars throughout the course of their lifetimes and at their 
deaths. Practically, all elements heavier than helium—and thus all components of the 
organic molecules necessary for life to form—are produced by stars. At the end of a 
star’s life, this material is partially returned to the place from whence it came: the 
interstellar medium (ISM). The ISM contains a mixture of gas (single atoms and small 
molecules) and dust (larger chunks of matter, near 1µm in size) penetrating the entire 
galaxy. It is in the ISM where the formation of stars, planets, and ultimately life begins.  
 
[Editor’s note: astronomers call all elements except hydrogen (H) and helium (He) 
metals. Chemists call metal all elements except hydrogen, halogens (B, C, N, O, Si, P, S, 
As, Se, Te, F, Cl, Br, I, At), and noble gasses (He, Ne, Ar, Kr, Xe, Rn). Biologists will 
occasionally refer to elements other than those basic to life (C, N, O, P, H) as metals if 
they are associated with a biomolecule, however usage is not consistent.] 
 
 

1A. The Formation of Stars (KvB) 
 
The Interstellar Medium and Molecular Clouds 

Stars are born within molecular clouds (MCs), dark interstellar clouds within the 
ISM made of gas and dust. The density of these MCs is 102 -104 particles/cm3, about a 
factor of 1,000 higher than typical interstellar densities. Molecular gas makes up about 
99% of the mass of the clouds; dust accounts for a mere 1%. Typical masses of MCs are 
about 103- 104 solar masses extended across 30 light years. The chemical composition of 
MCs varies, but a good approximation is that they are made up mostly of hydrogen (74% 
by mass), helium (25% by mass), and heavier elements (1% by mass).  

Shock waves within MCs (caused by supersonic stellar winds or massive 
supernovae for example) are chiefly responsible for the compression and subsequent 
clumping of gas and dust inside the cloud. Gravity condenses local clumps to form 
protostars and eventually stars. This is only possible if the cloud is sufficiently cold and 
no other mechanisms (such as strong magnetic fields or turbulence) are present to halt 
collapse. Typical temperatures within MCs are 10-30 K.  

MCs of many thousands of solar masses typically produce a large number of 
protostars, and are commonly referred to as stellar nurseries. The protostellar cloud loses 
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mass, and star formation efficiency—the proportion of the original mass retained by the 
final star—is on the order of a few percent. Some consequences of this fact are the 
following:  

• Stars preferentially form in clusters of most likely hundreds of stars since MCs 
will not just form one star. Over time (10-100 million years), these clusters may 
disperse since the gravitational pull between stars is not strong enough to keep 
them together once the gas dissipates.  

• A substantial fraction of stars (half or more of all stars in the Milky Way) are 
members of binary or multiple star systems. 

• High-mass stars (4 solar masses or higher) form much less frequently than their 
lower-mass counterparts. High-mass stars require the existence of much more 
massive pre-stellar cores (described below) than do low-mass stars. Furthermore, 
high-mass stars have significantly shorter lifetimes. 

 
de Avillez MA, Breitschwerdt D (2005) “Global dynamical evolution of the ISM in star 

forming galaxies. I. High resolution 3D simulations: Effect of the magnetic field. ” 
Astronomy & Astrophysics 436:585 

Homeier NL, Alves J (2005) “Massive star formation in the W49 giant molecular cloud: 
Implications for the formation of massive star clusters.” Astronomy & Astrophysics 
430:481 

Goldsmith PF, Li D (2005) “H I Narrow Self-Absorption in Dark Clouds: Correlations with 
Molecular Gas and Implications for Cloud Evolution and Star Formation.” 
Astrophysical Journal 622:938 

Machida MN, Tomisaka K, Nakamura F, Fujimoto MY (2005) “Low-Mass Star Formation 
Triggered by Supernovae in Primordial Clouds.” Astrophysical Journal 622:39 

van Dishoeck EF (2004) “ISO Spectroscopy of Gas and Dust: From Molecular Clouds to 
Protoplanetary Disks.” Annual Reviews of Astronomy & Astrophysics 42:119 

 
Protostars and the Birth of Stars 

A blob of gas several times the size of our Solar System, called a pre-stellar core, 
contracts under its own gravity to form a protostar. Half of the system’s initial 
gravitational energy disperses through radiation while the other half is converted into 
heat. The temperature of the core begins to rise. After a few thousand years of collapse, 
typical temperatures reach 2,000-3,000 K for low-mass protostars (< 4 solar masses) and 
they begin to emit light. As they are still enshrouded in a cloud of gas and dust, however, 
these protostars are not observable in visible wavelengths but only the infrared where 
dust is relatively transparent.  

Over the course of 1-10 million years, the temperature in the core of a low-mass 
protostar reaches a few million K by converting the potential energy lost due to 
gravitational contraction into heat. At that point, a new source of energy is tapped: 
thermonuclear fusion sets in and starts converting H to He, thereby releasing enormous 
amounts of energy. Increased temperature halts gravitational collapse, and when 
hydrostatic equilibrium is reached (gravitational forces = forces created by thermal 
pressure), the protostar becomes a main-sequence star (see sec. 1B). 

Less frequent, more massive (4-15 or more solar masses) protostars evolve 
differently. The collapse and subsequent heating occurs much more rapidly, and the onset 
of H-burning in the core is reached after only 20,000 to 1 million years. 

A word of caution: the image of dust and gas simply falling straight onto the 
forming protostar is incorrect. All material in the universe has some angular momentum, 
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and the gravitational collapse of gas and dust onto the pre-stellar core is a complex 
phenomenon. Conservation of angular momentum causes the infalling material to flatten 
and form a “circumstellar disk” of material rotating around the protostar. Particles in this 
disk will interact with each other, causing them to lose energy and migrate inward, thus 
accreting matter onto the protostar. It is believed that such circumstellar disks provide the 
environment necessary for planet formation. 
 

Carroll BW, Ostlie DA (1996) An Introduction to Modern Astrophysics. Addison-Wesley. 
Hartmann WK (1993) Moons & Planets. 3rd Ed. Wadsworth. 
Harvey DWA, Wilner DJ, Myers PC, Tafalla M (2003) “Disk Properties and Density 

Structure of the Star-forming Dense Core B335.” Astrophysical Journal 596:383 
Lefloch B, Cernicharo J, Rodriguez LF, Miville-Deschenes MA, Cesarsky D, Heras A 

(2002) “The Photoionization of a Star-forming Core in the Trifid Nebula.” 
Astrophysical Journal 581:335 

 
 

1B. The Evolution of Stars (KvB) 
 
The Main Sequence 

A star reaches the “main-sequence” when its primary source of energy is 
thermonuclear fusion in the stellar core. The main sequence is a region in a diagram 
showing the luminosities (energy emitted by the star per second) of stars as a function of 
their surface temperature—a Hertzsprung-Russell Diagram (HRD, not shown here). Stars 
spend about 90% of their lives on the main sequence. As they evolve, their luminosities 
and surface temperature change, and they leave the main sequence to occupy different 
regions of the HRD. The observational equivalent of the HRD is the color-magnitude 
diagram (CMD) which lists magnitude (apparent brightness) as a function of color 
(indicative of effective surface temperature: blue = hotter, red = cooler). Figure 1.1 shows 
a CMD of the globular cluster M12 with the various evolutionary stages (discussed 
below) of a star’s life labeled. All stars in a globular cluster (GC) are located at about the 
same distance from Earth, have nearly identical chemical compositions, and were born 
around the same time. Since all stars in the GC are located at the same distance, their 
observed brightness reflects their intrinsic brightness (or luminosity). Stars of different 
masses evolve at different rates, however, and the CMD of a GC includes stars at 
different evolutionary stages (despite their same age). 

The single most important stellar parameter, mass, defines where a star is located 
on the main sequence and what its evolution will be. The more massive a star is, the 
greater are its surface temperature and luminosity. The relationship is approximately 
L ~ M3.5, where L is luminosity and M is stellar mass. A higher stellar mass furthermore 
implies a shorter lifetime and more violent final stages. Masses of main-sequence stars 
range between 0.08 solar masses and 100 solar masses. Below 0.08 solar masses, the 
conditions for H-burning are not reached. However, for masses between 0.013 (~13 
Jupiter masses) and 0.08 solar masses, less energetic Deuterium burning may take place. 
These sub-stellar objects, called Brown Dwarfs, separate giant planets from stars. Above 
100 solar masses, internal pressures overcome gravity and the pre-stellar core will not 
collapse sufficiently. Such high-mass stars are extremely rare. 
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Figure 1.1 Color -Magnitude Diagram  
 

 
This figure shows the observational CMD of the globular cluster M12. The x-axis indicates color as a 
proxy for temperature with blue/hot to the left. The y-axis indicates magnitude/brightness with bright 
toward the top. The acronyms are as follows: MS: main sequence; TO: turnoff point; SGB: subgiant 
branch; RGB: red giant branch; HB: horizontal branch; AGB: asymptotic giant branch; WD: theoretical 
white dwarfs region (not observed in the data used for this figure). It is important to point out that the data 
represent a snapshot of a stellar population's distribution of stars, and not the evolutionary track of any one 
star. 
 
The x-axis indicates color as the difference between magnitudes measured in green and near-infrared light. 
The smaller the value of the color, the bluer and hotter the star is. The y-axis indicates apparent brightness 
in units of magnitudes where lower brightness corresponds to numerically higher magnitudes. A difference 
of 5 magnitudes corresponds to a factor 100 in flux (energy received per second for a given detector size), 
so a star of magnitude 5 (limit of visibility to the naked eye) appears 100 times fainter than a star of 
magnitude 0. Brightness/magnitude for a given star can be measured in different filters, such as blue, green, 
red, infrared, etc. The difference between two magnitudes in different filters for a given star is indicative of 
its color and thus surface temperature. For instance, a hot, blue star would appear brighter in the blue than 
in the red.  
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Stellar mass can only rarely be observed directly, so stars are typically classified 
by “spectral type”. The Sun’s spectral type, for instance, is G2 V. Stars are sorted into the 
following spectral types in order of decreasing mass and surface temperature: O, B, A, F, 
G, K, M, L, T. Within these spectral types, smaller distinctions are made by adding a 
number between 0-9 to the spectral type. Thus, the surface temperature of a B star is 
hotter than the one of an F star, and the surface temperature of a G2 star is slightly hotter 
than the one of a G7 star. Some astrophysical parameters associated with spectral types of 
main-sequence stars are given in the Stellar Properties table (fig. 1.2). Furthermore, stars 
are categorized into luminosity classes, which are essentially a measure of evolutionary 
stage. Suffice it to say here that all main-sequence stars are considered “dwarfs” and have 
a luminosity class of V (the Roman numeral for 5). The Sun—a G2 V star—is thus a 
main-sequence star with a surface temperature of around 5,800 K.  

By definition, a star is said to leave the main sequence when its H supply in the 
core has run out (sec. 1C). 

 
Cox AN (2000) Allen’s Astrophysical Quantities. 4th Ed. Springer-Verlag.  
Gallart C, Freedman WL, Mateo M, Chiosi C, Thompson IB, Aparicio A, Bertelli G, Hodge 

PW, Lee MG, Olszewski EW, Saha A, Stetson PB, Suntzeff NB (1999) “Hubble 
Space Telescope Observations of the Local Group Dwarf Galaxy Leo I.” 
Astrophysical Journal 514:665 

Richer HB, Fahlman GG, Brewer J, Davis S, Kalirai J, Stetson PB, Hansen BMS, Rich 
RM, Ibata RA, Gibson BK, Shara M (2004) “Hubble Space Telescope Observations 
of the Main Sequence of M4.” Astronomical Journal 127:2771 

von Braun K, Mateo M, Chiboucas K, Athey A, Hurley-Keller D (2002) “Photometry 
Results for the Globular Clusters M10 and M12: Extinction Maps, Color-Magnitude 
Diagrams, and Variable Star Candidates.” Astronomical Journal 124:2067 

 
Astrophysical Properties of Stars on the Main Sequence 

Every star on the main sequence burns H to He in its core by one of two 
processes: the proton-proton chain or the Carbon-Nitrogen-Oxygen (CNO) cycle. Stars of 
roughly one solar mass or less reach up to about 16 million Kelvin in their cores and burn 
H via the proton-proton chain reaction. H atoms react directly to form He. More massive 
stars have higher core temperatures and favor the CNO cycle to produce energy. These 
stars contain a significant amount of carbon, nitrogen, and oxygen (about 1/1000 atoms) 
produced by previous generations of stars. Atoms transitioning from one element to 
another catalyze the fusion of H. 

The structure of stars also differs as a function of mass. Energy is produced in the 
stellar core and needs to be transported outward, either by convection (circulation of a 
fluid) or radiative diffusion (electromagnetic radiation). For stars with less than 0.8 solar 
masses, energy is transported via convection all the way to the surface and radiated into 
space. Stars with masses between 0.8 and 4 solar masses have a radiative zone around the 
core and a convective envelope around the radiative zone. Finally, high-mass stars (> 4 
solar masses) transport the energy from their cores first convectively and then radiatively 
to their surfaces. 

Other astrophysical parameters vary tremendously between main-sequence stars 
of different masses. Some are shown in the Stellar Properties table (fig. 1.2). 
 

Cox AN (2000) Allen’s Astrophysical Quantities. 4th Ed. Springer Verlag. 
Freedman R, Kaufmann WJ (1999) Universe, 5th Ed, WH Freeman. 
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Post Main-Sequence Evolution 
Over the course of its time on the main sequence, a star gradually uses up the H 

fuel in the core and subsequently undergoes changes in luminosity, radius, and surface 
temperature. The decrease of atomic nuclei in the core (4 H nuclei form 1 He nucleus) 
lowers the pressure counteracting the gravitational force, resulting in a shrinking and 
heating of the core. Increased core temperature accelerates the rate of H-burning and 
causes the star to increase in size, surface temperature, and luminosity. Over the course of 
the Sun’s 4.6 billion years on the main sequence, it has increased its radius by 6%, its 
surface temperature by 300 K, and its luminosity by 40%. The relative faintness of the 
young Sun has raised concerns about the temperature and habitability of the early Earth 
(the “faint young Sun” problem, see sec. 2E).  

Eventually, a star’s H supply in the core runs out and it leaves the main sequence 
at the turnoff point (TO in fig. 1.1). Its time on the main sequence covers approximately 
90% of a star’s lifetime. The post main-sequence evolution takes up a relatively short 
time and, as on the main sequence, progresses much more rapidly for massive stars than 
low-mass stars. When the fuel in the core is exhausted, a star starts burning H to He in a 
shell of H surrounding the core. During this time, the He core contracts and heats up 
while the layers above the H-burning shell expand and cool. Energy output of the shell 
and gravitational energy released from the shrinking core drive the luminosity of the star 
significantly higher. Thus, the star moves from left to right along the subgiant branch 
(SGB in fig. 1.1) and up the red giant branch (RGB in fig. 1.1). During this phase, a star’s 
radius increases to many times its main sequence size, resulting in increased luminosity 
in spite of decreased temperature. The Sun, for instance, will become so large that it will 
eventually swallow Mercury and Venus and reach Earth’s orbit (which corresponds to 
about 200 times the Sun’s current radius). Furthermore, the Sun will lose mass from its 
outer layers in the form of stellar wind at a much higher rate than during its time on the 
main-sequence (around 10-7 MSun/yr vs. 10-14 MSun/yr on the main sequence). 

As the He produced by the H-burning shell rains down onto the He core, the core 
grows in mass and heats up until, at around 100 million K, He starts thermonuclear fusion 
to form C and O (which happens towards the tip of the RGB, fig. 1.1). This re- ignition of 
core fusion causes the cessation of H-shell burning. The star shrinks in radius, its surface 
temperature rises, and its luminosity decreases. Consequently, it moves across to the 
middle of the CMD (fig. 1.1) from right to left along the horizontal branch (HB) until the 
He supply in the core is depleted. During this phase, a star can become unstable to 
pulsation in its outer layers (these stars are known as RR Lyrae or Cepheid variables). At 
this point, the final stage of evolution of a star begins, which differs significantly between 
a low-mass star (< 4 MSun) and a high-mass star (> 4 MSun). 
 

Cassisi S (2005) “Uncertainties and Systematics in Stellar Evolution Models.”  
astro-ph/0506161 

Gautschy A, Saio H (1996) “Stellar Pulsations across the HR Diagram: Part II.” Annual 
Reviews of Astronomy & Astrophysics 34:551 

Herbig GH (1962) “Spectral Classification of Faint Members of the Hyades and Pleiades 
and the Dating Problem in Galactic Clusters.” Astrophysical Journal 135:736 

Massey P (2003) “Massive Stars in the Local Group: Implications for Stellar Evolution 
and Star Formation.” Annual Reviews of Astronomy & Astrophysics 41:15 

Willson LA (2000) “Mass Loss from Cool Stars: Impact on the Evolution of Stars and 
Stellar Populations.” Annual Reviews of Astronomy & Astrophysics 38:573 
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1C. The Death of Stars (KvB) 
 
The Death of Low-mass Stars 

When the He in the core of a low-mass star is depleted (it has all been fused into 
heavier elements), the He she ll surrounding the core starts thermonuclear fusion. History 
repeats itself and the star enters a second red giant phase, this time crossing the CMD 
back along the asymptotic giant branch (AGB in the CMD). The star’s mass loss rate is 
around 10-4 MSun/yr, its surface temperature ~3,000 K, and the luminosity around 10,000 
LSun. The very final stage of the low-mass star is the gradual shedding of all of its outer H 
and He layers, in the middle of which remains only the core. This core is roughly Earth-
sized, with a surface temperature of ~100,000 K, entirely made of carbon and oxygen. 
The expanding outer layers that were shed are referred to as a planetary nebula (PN), and 
the core as a white dwarf (WD in the CMD). There are an estimated 20,000-50,000 
planetary nebulae in the galaxy which return a total of around 5 MSun/yr of material to the 
ISM (~15% of all matter expelled by the various sorts of stars). 
 

Bernard-Salas J, Tielens AGGM (2005) “Physical Conditions in Photo-Dissociation 
Regions around Planetary Nebulae.” Astronomy & Astrophysics 431:523 

O’Dell CR, McCullough PR, Meixner M (2004) “Unraveling the Helix Nebula: its Structure 
and Knots.” Astronomical Journal 128:2339 

Schönberger D, Jacob R, Steffen M, Perinotto M, Corradi RLM, Acker A (2005) “The 
Evolution of Planetary Nebulae. II. Circumstellar Environment and Expansion 
Properties” Astronomy & Astrophysics 431:963 

 
The Death of High-mass Stars and Replenishment of Metals in the ISM 

Temperatures in the core (Tcore) of high-mass stars can reach sufficiently high 
values (600 million K) to initiate the thermonuclear fusion of C which produces O, Ne, 
Na, and Mg as byproducts. If Tcore reaches 1 billion K or more, even more thermonuclear 
reactions can take place, such as Ne-burning. If Tcore reaches 1.5 billion K, then O-
burning will take place (creating S), and at 2.7 billion K, Si-burning will create a number 
of nuclei all the way up to Fe (this occurs for Mstar > 8 MSun). New shell-burning and red 
giant phases occur before every new stage of core-burning. One may think of an iron core 
surrounded by a number of nuclei-burning shells (the “onion-model”). The result of these 
ever-expanding outer layers is a supergiant (luminosity class I) whose radius can reach 
1,000 RSun (examples are Betelgeuse and Rigel in Orion).  

During the burning of increasingly heavier nuclei, thermonuclear reactions 
produce a number of different chemical elements and isotopes by a process called slow 
neutron capture during which neutrons collide and combine with charged protons. This 
sequence, however, ends at iron (for Mstar > 8 MSun) since the fusion of Fe nuclei will not 
give off any net energy. Stars with Mstar < 8 MSun undergo a similar evolution to the low-
mass stars and divest themselves of their outer layers (H, He, C, Ne, O, etc) in a PN.  

For stars with Mstar > 8 MSun, the inert Fe core signals the star’s impending doom. 
The core, no longer able to sustain thermonuclear fusion, contracts rapidly to produce the 
heat and energy required to stabilize the system. Once the Fe core reaches about 1.4 MSun, 
it is no longer capable of supporting itself against gravity, and the core rapidly contracts, 
going from Earth size to the size of a city in less than a second, after which the collapse is 
halted by quantum effects. The outer layers of the star crash onto the core and bounce off, 
creating a shock wave as the outward moving material runs into additional infalling 




