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C h a p t e r  1

What Is stellar arChaeology?

 To understand the many details and the prevalent chemical and physical 
processes in the Universe, we will embark on a cosmic journey through 
space and time. It starts directly with the Big Bang and will lead us from 
there to the present. As can be seen in Figure 1.1, we will first acquaint 
ourselves with the cosmic origin of an apple and from there also with that 
of the chemical elements. The most ancient stars from the time shortly 
after the Big Bang will assist us on this journey. They demonstrate that 
we humans are all children of the cosmos. Made mostly of star dust, we 
even carry small amounts of Big Bang material inside ourselves.

The American astronomer Carl Sagan once said, “If you wish to make 
an apple pie from scratch, you must first invent the Universe.” The ele
ments composing an apple are in fact the result of a cosmic production 
process that lasted billions of years. Astronomers call this the chemical 
evolution of the Universe. The atoms of an apple were first generated by 
processes of nuclear fusion in the hot cores of stars eons ago. By bak
ing an apple pie we change the order of the atoms inside the apples’ 
molecules, but the atoms themselves remain unchanged. To change one 
kind of atom into another, our kitchens would need to be equipped with 
nuclear reactors.

The elements hydrogen and helium were formed in the very early 
phases of the Big Bang and provide the basic material structure of the 
Universe. Soon afterward, the cosmic cooking of the other elements be
gan. This is how all the elements were ultimately generated to form the 
basis for the emergence and evolution of life, and hence also of human 
beings. For humans and organic matter in general, carbon plays a cru
cial role, so our existence depends on the stars that synthesized that car
bon. As humans, we thus have surprisingly close ties to the evolutionary 
history of the chemical elements.
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By analyzing the different chemical and physical processes involved 
in this evolution, astronomers can inch their way closer to understand
ing the nature of the whole Universe. Plate 1.A outlines this evolution. 
But let us start at the beginning of the story.

1.1 The First Minutes after the Big Bang

We often use concepts like space and time, temperature and density 
without considering whether there ever existed a “before” this space or 
a “before” this time. Our physical understanding of the Universe begins 
just tiny fractions of a second after the Big Bang, which should be con
sidered the beginning of space and time. What really existed before and 
right at the beginning remains a mystery. “Big Bang” simply represents 
this indescribable initial state.

We do know, though, that immediately after the Big Bang the Uni
verse was extremely hot and consisted of a thick soup of various kinds of 
tiny particles. During the minutes that followed, protons, neutrons, and 
electrons— the building blocks of atoms— formed. The Universe then 
expanded rapidly and quickly cooled in the process. The only chemical 
element existing up to that point had been hydrogen (atomic num ber 1). 
To be more precise, only hydrogen nuclei, that is, protons, existed. After  
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Figure 1.1. The cosmic origin of an apple. (Source: Peter Palm)

© Copyright, Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries, contact webmaster@press.princeton.edu



What Is Stellar Archaeology?  •  3

two to three minutes the temperature had dropped to one billion de
grees. The first nuclei heavier than hydrogen, including deuterium, were 
formed. Deuterium is also called “heavy hydrogen” because it has the 
same atomic number as hydrogen, but it is composed of one proton and 
one neutron.

From deuterium, the first helium nuclei (atomic number 2) formed, 
consisting of two protons and two neutrons. During the first two min
utes, when the temperature had been even higher, helium had also been 
forming directly from four protons. But those helium nuclei were im
mediately destroyed by highly energetic gamma radiation. The detour 
via deuterium at the cooler temperature of about one billion degrees 
then finally led to the formation of larger quantities of helium.

The collisions of several helium nuclei caused the third heaviest ele
ment,  lithium (atomic number 3),  to occasionally form, albeit  in only 
extremely small amounts. The Universe was then composed of three el
ements: hydrogen, helium, and lithium. Roughly 75% of the total mass 
consisted of hydrogen, 25% helium, and merely 0.000000002% lithium. 
For comparison, expressing this distribution in percentages of hydro
gen and helium atoms, there would be 92% hydrogen atoms and just 
8% helium atoms because helium is four times heavier than hydrogen. 
Lithium, in turn, constitutes just a minuscule fraction.

The first phase of element synthesis was complete just three minutes 
after the Big Bang. The Universe had cooled down too far for continued 
nuclear fusion with hydrogen and helium. But for life to later evolve  
in the Universe and for humans to emerge, these three chemical ele
ments were not enough. The elements needed to sustain life, includ
ing carbon, nitrogen, oxygen, and iron, as well as all other elements in  
the periodic table, were still missing. Those were later built up, nucleus 
by nucleus, inside stars over billions of years. Only the interiors of stars 
are hot enough for heavier elements to be successively synthesized from 
the available lighter elements, such as hydrogen and helium, and others, 
as time went on.

These stars, and later also galaxies, had to emerge first, however. For 
that, the positive, electronless, atomic nuclei had to combine with the 
free electrons whizzing about the Universe to form neutral atoms. For 
quite some time after the Big Bang, these atomic nuclei, free electrons, 
and also photons were racing about in a cosmic jumble. The energy and 
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direction of the photons were constantly being diverted— scattered— by 
free electrons. Hence, this soup of particles and rays was fairly opaque, 
similar to water droplets in the pouring rain or thick fog.

About 380,000 years after the Big Bang, the Universe had grown so 
much while cooling down that a fundamental change occurred when 
it reached about 3,000 K. The nuclei and electrons were moving slowly 
enough by then that the positively charged nuclei could capture the 
negatively charged electrons to bind them permanently. The photons 
that had been flying around since the Big Bang suddenly had much less 
chance of being scattered. Consequently, matter and radiation separated 
and the opaque Universe became transparent for the first time.

At last, the photons were liberated from the labyrinth of electrons 
and could traverse long distances unhindered. The photons from the 
early Universe are still flying around today— referred to as cosmic back
ground radiation. They constitute the faint residual glow of the Big Bang 
from almost 14 billion years ago— the last glimmer of a gigantic cosmic 
firework.

Since becoming transparent, the Universe has grown 1,100 times 
larger. The energy density of the cosmic background radiation decreased 
as the Universe’s volume increased. For that reason the temperature of 
the background radiation reaching us today is not 3,000 K anymore but 
just 2.7 K. Since the Big Bang, the Universe has come fairly close to ab
solute zero, 0 K, or – 455 °F. As it continues to expand, someday in the 
very far future it will reach absolute zero temperature.

The Universe’s background radiation was actually discovered by 
chance in 1964 by the American radio astronomers Arno Penzias and 
Robert Wilson, although others had previously predicted its existence. 
The two scientists received the Nobel Prize in 1978 for their work. An
other Nobel Prize was awarded to the American astrophysicists George 
Smoot and John Mather in 2006. Together with their team, they ob
tained the first precise measurements of cosmic background radiation 
using the space satellite COBE (Cosmic Microwave Background Ex
plorer) and were able to determine its structure and extension in space. 
These and other measurements taken with the Wilkinson Microwave 
Anisotropy Probe (WMAP) satellite (shown in Plate 1.B) provide con
firmation of the Universe having gone through an extremely hot phase 
when it was occupying an immensely small space— in other words, the 
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Big Bang. The team led by Smoot and Mather was able to prove the 
existence of a very slight clumping of matter 380,000 years after the Big 
Bang, the time when the cosmic background radiation originated. Those 
early lumps were the condensation seeds of all later cosmic structures, 
in particular those of galaxies.

A few hundred million years passed before the Universe completely 
changed its characteristics yet again. The “dark ages” that had persisted 
since the atomic nuclei had begun capturing electrons came to an end. 
The first stars in the Universe emerged from the giant and increasingly 
clumpy clouds of gas. They were composed of just the hydrogen, helium, 
and lithium of the primordial soup left behind after the Big Bang. This 
way the cosmos was lit up for the very first time. The UV light emitted by 
these stars led to the ionization of neutral atoms in the gas clouds. The 
intense stellar radiation had dislodged the electrons from their atoms. 
The very existence of the first stars had thus altered the conditions for 
the formation of subsequent stars. As a result, star formation contin
ued more efficiently. Greater and greater numbers of stars formed, and, 
together with the gas, they arranged themselves in huge clouds of stars 
known as galaxies.

In their hot interiors, the first stars synthesized chemical elements 
heavier than hydrogen and helium. This production of additional ele
ments led to significant changes in the Universe yet again. From that 
time on, countless stars began to chemically enrich the surrounding gas 
in their galaxies. After about nine billion years, enough of the elements 
had accumulated for the formation of our Sun along with its planets in 
a galaxy that we call the Milky Way. Our planet Earth was made from a 
substantial amount of iron and other elements that had to be first syn
thesized in stars.

At present, after 13.8 billion years of cosmic evolution, the mass frac
tion of the elements from lithium to uranium is roughly 2%. When the 
Sun was born about 4.6 billion years ago, it was about 1.5%. Apart from 
any lithium, all this material was produced in stars. For this reason, stars, 
especially the oldest ones, are the key to understanding exactly how the 
chemical diversity currently present in the cosmos developed over time.

The requirements for the existence of life were met by the time the 
Sun formed. A human being is mostly made of water, H2O, composed of 
oxygen made inside stars and hydrogen from the Big Bang. An oxygen  
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atom is about 16 times heavier than a hydrogen atom, so in a water 
molecule the mass ratio of hydrogen to oxygen is 1 : 8. Since our body 
weight comprises 65% water, this means that 8% (i.e., one twelfth) is 
hydrogen. Voilà. We ourselves are part of the Big Bang as the hydrogen 
inside us originated from within the first minutes of the Universe. A 
person weighing 75 kg is thus carrying around about 6 kg of Big Bang 
hydrogen. Babies’ water content is even higher, almost 90%, so a baby 
weighing 3.5 kg contains 370 grams (11%) of Big Bang hydrogen, which 
roughly corresponds to the weight of a full can of soda. As illustrated in 
Figure 1.2, we consume these and other elements every time we drink, 
for instance, a tasty lemonade.

The chemical elements that constitute the molecules that compose 
our bodies are billions of years older than the few years that have elapsed 
since each of us was born. So how do astronomers explore this cosmic 
past?

A cosmic treat!

            
  with  100 % 

      stellar H, C and O!

      stellar H, C and O!

Other ingredients: 

   Ca, Fe, Mg, P, K
, Zn

Figure 1.2. Big Bang soda— a sales hit of cosmic proportions! Ingredients: water, 
sugar, and citric acid, composed of hydrogen, carbon, and oxygen as well as some trace 
amounts of calcium, iron, magnesium, phosphorous, potassium, and zinc. Origin: Big 
Bang (hydrogen), red giant stars (carbon), and supernova explosions of massive stars 
(oxygen and heavier elements). (Source: Peter Palm)
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1.2 Stellar Archaeology

In the same way that archaeologists search for relics of earlier civili
zations and epochs, stellar archaeology explores the early cosmos by 
means of old stars. Of course it is not a matter of digging in the dust or 
dirt somewhere in a desert under the blazing sun but instead searching 
the night sky for stars dating to the time shortly after the Big Bang. The 
main requirement is a sky survey, which corresponds to the selection 
of an excavation site. Sky survey data list all objects observed with a 
dedicated telescope in a particular region of the sky, along with their 
po sitions, brightnesses, and other characteristics, such as color.

Then begins the laborious task of digging through all the entries in 
those huge star catalogs with the help of computer algorithms, the exca
vations so to speak. Figure 1.3 illustrates this approach. At some point 
the astronomer finds a potentially interesting object, which is set aside 
for a more detailed inspection in a subsequent step of the entire selec
tion procedure. A small or medium sized telescope with a mirror of 2 to 
4 m in diameter is needed for this task.

Then the whole procedure has to be repeated. Most stars are not in
teresting enough for further observation. Only the best, most promising 
objects are observed subsequently, but then with one of the world’s larg
est telescopes. Still, astronomers need a bit of luck as well. In the end, 
only few such objects turn out to be truly important contributors to the 
advancement of science. But this is precisely the goal, unearthing those 
ancient stars.

Comprehensive surveys of the Milky Way exist to provide astrono
mers with plenty of data and to help them reconstruct the long evolu
tionary history of the Universe almost all the way back to the beginning. 
Plate 1.C depicts the Andromeda galaxy, our slightly more massive sis
ter galaxy, to show what the Milky Way might look like when viewed 
from far away. Every new finding about the structure and evolution of 
the Milky Way also leads to a more complete understanding of other 
galaxies such as Andromeda.

As stellar archaeologists, we primarily study the chemical composi
tion of the oldest stars found in the Milky Way. This idea is illustrated in 
Figure 1.4. It means that our abundance measurements of the elements 
in those stars help us reconstruct how the chemical elements evolved 
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throughout cosmic history, almost as far back as the Big Bang. This ap
proach gives us a glimpse into our home galaxy’s earliest epochs and lets 
us draw specific conclusions about how stars and even galaxies formed 
and evolved in the early Universe.

In this context, astronomers use old stars to answer a broad range of 
fundamental questions. This work resembles archaeologists excavating 
the remains of a Stone Age settlement to reconstruct how and in what 
environment these people used to live. Stellar archaeology does exactly 
the same thing. From observational data, it reconstructs the charac
teristic features of the first gigantic supernova explosions that expelled 
freshly synthesized elements into their surroundings like immense 
fountains. Which elements did they produce and in what quantities? 
Can the conditions for the emergence of the earliest stars and galaxies 
be deduced from these results?

We have not yet completely analyzed all of the sky surveys of the past 
decade to systematically track down ancient stars, and new projects look 
even more promising. The field of stellar archaeology is thus buzzing 
with excitement. The Australian SkyMapper telescope and other surveys 
are currently producing enormous amounts of data. Such large scale 
observations of the Southern Hemisphere sky are bound to produce 
countless discoveries of ancient stars in the Milky Way’s outer region, 
the so called halo. New dwarf galaxies will likely be discovered and im
mense strung out stellar streams, often taking up huge sections of the 

Figure 1.3. The “excavation” of ancient stars. Large sky catalogs are needed to locate 
some of those rare objects. (Source: Peter Palm)
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sky, will be found. Plate 1.D shows the Field of Streams with various 
stellar streams found in the Northern Hemisphere that wrap around  
the Milky Way. Many of the recently discovered faint dwarf galaxies are 
labeled as well. All these data will help us explore even better the chemi
cal and dynamic processes that led to the formation of stars and galaxies.

Another complementary approach to studying the early history of 
the Universe besides using ancient Galactic stars is observing extremely  
distant galaxies and gas clouds. This approach is widely used and is 
pretty well known to the public, partly because of the spectacular images 
of the farthest galaxies that, for example, the Hubble Space Telescope 
has been delivering since 1990. The Hubble Space Telescope can be seen 
in Plate 1.B, along with some of the most impressive images it produced.

Those extremely faraway gaseous objects emitted their light as young 
galaxies in the early phases of the cosmos. Since the speed of light is 
finite, it took billions of years for their light to finally reach us. This 
method offers a way to directly examine the past. We thus know that 
at least some stars already existed about 700 million years after the Big 
Bang. However, unlike stellar archaeology, this technique can provide 
only a limited amount of detailed knowledge about the chemical com
position of the earliest stars formed and about the production of the 
chemical elements in their interiors.

Before we devote ourselves further to chemical evolution and the his
tory of our Milky Way, let us first glance at the historical course of re
search about stars, their luminosities, and their element synthesis.

Figure 1.4. A stellar archaeologist’s task: 
to determine the chemical composition of 
ancient stars. It calls for careful work and 
patience. (Source: Peter Palm)
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