I. Introduction: Our Cosmic Connection to the Elements 
	Cosmic Event
	Elements Formed

	Big Bang
	H

	Small Stars
	C

	Large Stars
	Ca and Fe

	Supernovae
	Gold (Au) and heavier elements

	Cosmic Rays
	Li, Be, B


The chemical elements are all around us, and are part of us. The composition of the Earth, and the chemistry that governs the Earth and its biology are rooted in these elements. The elements have their ultimate origins in cosmic events. Further, different elements come from a variety of different events. So the elements that make up life itself reflect a variety of events that take place in the Universe. The hydrogen found in water and hydrocarbons was formed in the moments after the Big Bang. Carbon, the basis for all terrestrial life, was formed in small stars. Elements of lower abundance in living organisms but essential to our biology, such as calcium and iron, were formed in large stars. Heavier elements important to our environment, such as gold, were formed in the explosive power of supernovae. And light elements used in our technology were formed via cosmic rays. The solar nebula, from which our solar system was formed, was seeded with these elements, and they were present at the Earth’s formation. Our very existence is connected to these elements, and to their cosmic origin. 
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“To make an apple pie from scratch, you must first invent the universe.”  Carl Sagan 
_______________________ 
A number of different processes and events in the Universe contribute to the formation of the elements. Figure 1 links the elements with their predominant formation mechanisms. The following sections discuss the different ways the elements arise. 

II. The Cosmic Origin of the Elements 

A. The Big Bang 

	Cosmic Event: Big Bang
	Illustration of event: What is being formed? How are they moving?
	Temperature
	Density

	Before the Big Bang
	
	Over 1023 K
	Very, very

	Within 1st second of Big Bang
	
	
	

	100seconds after Big Bang
	
	
	

	Universe is more than a few minutes old
	
	
	


Most astronomers today theorize that the Universe as we know it started from a massive “explosion” called the Big Bang. Evidence leading to this unusual theory was first discovered in 1929, when Dr. Edwin Hubble had made a startling announcement that he had found that all of the distant galaxies in the universe were moving away from us. In addition, their speed was directly proportional to their distance from us – the further away they were, the faster they were moving from us. Dr. Hubble’s data implied that every galaxy was, on average, moving away from every other galaxy because the Universe itself was expanding and carrying the galaxies with it. 

An expanding Universe also suggested that earlier in time the Universe was smaller and denser. With Dr. Edwin Hubble’s data, scientists could measure how fast the Universe was expanding. Turning that around, they could calculate how much smaller the Universe was long ago. Scientists have traced the expansion back to a time when the entire Universe was smaller than an atom. 

The early Universe contained what would become all the matter and energy we see today. However, since it all existed in such a small space, the Universe was very, very dense. This meant that the temperature was also incredibly high – over 1032 Kelvin. The familiar matter we know today didn’t exist, because the atoms, protons, neutrons, and electrons all would have been crushed by the incredible density and temperature. The Universe was a “soup” of matter and energy. The Big Bang theory describes how the Universe expanded from this tiny dot, and how the first elements formed. The “Big Bang” is the moment the expansion of the Universe began. 

Within the first second after the Big Bang, the temperature had fallen considerably, but was still very hot – about 100 billion Kelvin (1011 K). At this temperature, protons, electrons and neutrons had formed, but they moved with too much energy to form atoms. Even protons and neutrons had so much energy that they bounced off each other. However, neutrons were being created and destroyed as a result of interactions between protons and electrons. There was enough energy that the protons and the much lighter electrons combined together with enough force to form neutrons. But some neutrons “decayed” back into a positive proton and a negative electron1. 

1 A tiny, neutral particle called a “neutrino” is also produced, but it doesn’t interact with other matter much. In our discussion of the elements, we’ll generally ignore neutrinos. 

As the Universe expanded, the temperature fell. At this point the protons and electrons no longer had enough energy to collide to form neutrons. Thus, the number of protons and neutrons in the Universe stabilized, with protons outnumbering neutrons by 7:1. At about 100 seconds after the Big Bang, the temperature had fallen to one billion degrees Kelvin (109 K). At this temperature the neutrons and protons could now hit each other and stick together. The first atomic nuclei formed at this point. These neutron-proton pairs formed the nuclei of deuterium, a type of hydrogen with an extra neutron. Deuterium nuclei occasionally collided at great speed to 

form a helium nucleus. On rare occasions there were enough collisions of the deuterium to form lithium. Due to the ongoing expansion of the Universe, the temperature continued to fall rapidly, and soon it was too cool for

further nuclei to form. At this point, the Universe was a little more than a few minutes old, and consisted of three elements: hydrogen, helium, and lithium. The high number of protons in the early Universe made hydrogen by far the dominant element: 95% percent of the atoms in the Universe were hydrogen, 5% were helium, and trace amounts were lithium. These were the only elements formed within the first minutes after the Big Bang. 

B. Stars 

As the Universe continued to expand and cool, the atoms formed in the Big Bang coalesced into large clouds of gas. These clouds were the only matter in the Universe for millions of years before the planets and stars formed. Then, about 200 million years after the Big Bang, the first stars began to shine and the creation of new elements began. 
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Stars form when the giant clouds of gas, light-years across and consisting mostly of hydrogen, begin to contract under their own gravity. First, clumps of denser hydrogen gas form, which over millions of years eventually combine to form a giant ball of gas hundreds of thousands of times more massive than the Earth. The gas ball contracts under its own gravity, creating enormous pressure at the center. The increase in pressure causes an increase in temperature at the star’s center. It becomes so hot that the electrons are stripped from the atoms. (see figure 2) What’s left are hydrogen nuclei, moving faster and faster as the ball of gas contracts and the temperature at the center continues to increase. Once the temperature reaches 15 million Kelvin, the hydrogen nuclei are moving so fast that when they collide they fuse together. This releases a great deal of energy. The energy from this nuclear fusion pours out from the center of the ball of gas and counteracts gravity’s relentless inward pull. The ball of gas is now stable, with the inward pull of gravity exactly balanced by the outward pressure from the exploding fusion energy in the core. This energy flows out through the star, and when it reaches the surface, it radiates off into space. The ball of gas begins to shine as a new star. 

Figure 2: In a star, outward thermal pressure exactly matches the inward pull of gravity. 

Stars come in a variety of sizes, anywhere from one-tenth to sixty (or more) times the mass of our Sun. At their hearts, all normal stars are fueled by the energy of nuclear fusion. Depending on the size of the star, however, different elements are created in the fusion process. 

1. Small Stars 

Stars less than about eight times the mass of our Sun are considered medium and small size stars. The production of elements in stars in this range is similar, and these stars share a similar fate. They begin by fusing hydrogen into helium in their cores. This process continues for billions of years, until there is no longer enough hydrogen in the star’s core to fuse more helium. Without the energy from fusion, there is nothing to counteract the force of gravity, and the star begins to collapse inward. This causes an increase in temperature and pressure. Due to this collapse, the hydrogen in the star’s middle layers becomes hot enough to fuse. The hydrogen begins to fuse into helium in a “shell” around the star’s core. The heat from this reaction “puffs up” the star’s outer layers, making the star expand far beyond its previous size. This expansion cools the outer layers, turning them red. At this point the star is a red giant. 

The star’s core continues to collapse, until the pressure causes the core temperature to reach 100 million Kelvin. This is hot enough for the helium in the core to fuse into carbon. Energy from this reaction sustains the star, keeping it from further collapse. Nitrogen is fused in a similar way. After a much shorter period of time, there is no more material to fuse in the core. The star is left with carbon in its core, but the temperature is not hot enough to fuse carbon. However, if the star has a mass between 2 and 8 times the mass of the sun, fusion of helium can take place in a shell of gas surrounding the core. In addition, fusion of hydrogen takes place in a shell on top of this. The star is then known as an Asymptotic Giant. 

Motion of the gas between these shells and the core dredges up carbon from the core. The helium shell is also replenished as the result of fusion in the hydrogen shell. This occasionally leads to explosive fusion in the helium shell. During these events, the outermost layers of the star are blown off, and a strong stellar wind develops. This ultimately leads to the formation of a planetary nebula. The nebula may contain up to 10% of the star’s mass. Both the nebula and the wind disperse into space some of the elements created by the star. 

While the star is an Asymptotic Giant, heavier elements can form in the helium burning shell. They are produced by a process called neutron capture. Neutron capture occurs when a free neutron collides with an atomic nucleus and sticks. If this makes the nucleus unstable, the neutron will decay into a proton and an electron, thus producing a different element with a new atomic number. 

In the helium fusion layer of Asymptotic Giants, this process takes place over thousands of years. The interaction of the helium with the carbon in this layer releases neutrons at just the right rate. These neutrons interact with heavy elements that have been present in the star since its birth. So over time, a single iron 2656 Fe  nucleus might capture one of these neutrons, becoming  57Fe. A thousand years later, it might capture another. If the iron nucleus captures enough neutrons to become 59Fe, it would be unstable. One neutron would then decay into a proton and an electron, creating an atom of 27 59Co, which is higher than iron on the periodic table. During this Asymptotic Giant phase, conditions are right for small stars to contribute in this way to the abundance of selected elements from niobium to bismuth. 

After the Asymptotic Giant phase, the outer shell of the star is blown off and the star becomes white dwarf. A white dwarf is a very small, hot star, with a density so high that a teaspoon of its material would weigh a ton on Earth! If the white dwarf star is part of a binary star system (two stars orbiting around each other), gas from its companion star may be “pulled off” and fall onto the white dwarf. If matter accumulates rapidly on the white dwarf, the high temperature and intense gravity of the white dwarf cause the new gas to fuse in a sudden explosion called a nova. A nova explosion may temporarily make the white dwarf appear up to 10,000 times brighter. The fusion in a nova also creates new elements, dispersing more helium, carbon, oxygen, some nitrogen, and neon. 

In rare cases, the white dwarf itself can detonate in a massive explosion which astronomers call a Type Ia supernova. This occurs if a white dwarf is part of a binary star system, and matter accumulates slowly onto the white dwarf. If enough matter accumulates, then the white dwarf cannot support the added weight, and begins to collapse. This collapse heats the helium and carbon in the white dwarf, which rapidly fuse into nickel, cobalt and iron. This burning occurs so fast that the white dwarf detonates, dispersing all the elements created during the star’s lifetime, and leaving nothing behind. This is a rare occurrence in which all the elements created in a small star are scattered into space.

2. Large Stars  
Stars larger than 8 times the mass of our Sun begin their lives the same way smaller stars do: by fusing hydrogen into helium. However, a large star burns hotter and faster, fusing all the hydrogen in its core to helium in less than 1 billion years. The star then becomes a red supergiant, similar to a red giant, only larger. Unlike red giants, these red supergiants have enough mass to create greater gravitational pressure, and therefore higher core temperatures. They fuse helium into carbon, carbon and helium into oxygen, and two carbon atoms into magnesium. Through a combination of such processes, successively heavier elements, up to iron, are formed (see Table 1). Each successive process requires a higher temperature (up to 3.3 billion kelvins) and lasts for a shorter amount of time (as short as a few days). The structure of a red supergiant becomes like an onion (see Figure 3), with different elements being fused at different temperatures in layers around the core. Convection brings the elements near the star’s surface, where the strong stellar winds disperse them into space. 
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Table 1 – This table shows the nucleosynthesis reactions that occur in successive stages in large stars. The table summarizes the chief reactions and their products (including other elements that are produced in trace amounts), the temperature at which the reaction occurs, and how long it takes to use up the available input fuel.
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Fusion continues in red supergiants until iron is formed. Unlike the elements before it, iron releases no energy when fused. This is because iron has the most stable nucleus of all the elements. Elements lighter than iron generally emit energy if fused, since they move from a less stable nuclear structure to a more stable one. By contrast, elements heavier than iron emit energy if they undergo fission, that is, by losing nucleons 

(i.e. protons and/or neutrons). Again, they go from a less stable to a more stable nuclear structure. 

Another reason fusion does not go beyond iron is that the temperatures necessary become so high that the nuclei “melt” before they can fuse. That is, the thermal energy due to the high temperature breaks silicon nuclei into separate helium nuclei. These helium nuclei then combine with elements such as chlorine, argon, potassium, and calcium to make elements from titanium through iron. 

Large stars also produce elements heavier than iron via neutron capture. Because of higher temperatures in large stars, the neutrons are supplied from the interaction of helium with neon. This neutron capture process takes place over thousands of years. The abundances of selected elements from iron to zirconium can be attributed to this type of production in large stars. Again, convection and stellar winds help disperse these elements. 

C. Supernovae 
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We see how stars produce many of the elements on the periodic table. Solar winds, planetary nebulae, and occasional novae liberate a fraction of these elements - too little, though, to account for the amounts we see in the Universe today. Is there another way these elements are made or dispersed? And what produces the remaining elements on the periodic table? 
Look again at what happens in large stars. As red supergiants, they fuse many elements, finally producing iron in their cores. Iron is the end of the line for fusion. Thus, when the core begins to fill with iron, the energy production decreases. With the drop in energy, there is no longer enough Figure 5: Supernovae can outshine their host galaxies. Here SN 1994D shines brightly at the edge of its host galaxy, NGC 4526. 

energy to counteract the pull of gravity. The star begins to collapse. The collapse causes a rise in the core temperature to over 100 billion Kelvin and smashes iron’s electrons and protons together to form neutrons. Because of their smaller size and lack of electric charge, the neutrons can pack much closer together than atoms, and for about 1 second they fall very fast toward the center of the star. After the fall, they smash into each other and stop suddenly. This sudden stop causes the neutrons to violently recoil. As a result, an explosive shock wave travels out from the core. As it travels from the core, the shock wave heats the surrounding layers. In addition, neutrinos (elementary particles with very little mass) arise from the formation of the neutrons. The energy from the neutrinos causes the majority of the star’s mass to be blown off into space, in what is called a supernova. Astronomers refer to this as a Type II supernova. 

Supernovae often release enough energy that they shine brighter than an entire galaxy, for a brief amount of time. The explosion scatters elements made within the star far out into space. Supernovae are one of the important ways these elements are dispersed into the Universe. As it moves through the original onion layers of the star (Figure 3), the shock wave also modifies the composition of the layers (particularly the C, Ne, O, and Si layers) ,through explosive nucleosynthesis. This contributes to the production of elements from Si to Ni, with many elements below iron being made from the Si shell. 

The tremendous force of the supernova explosion also violently smashes material together in the outer layers of the star before it is driven off into space. Before it is expelled, this material is heated to incredible temperatures by the power of the supernova explosion, and undergoes a rapid capture of neutrons. This rapid neutron capture transforms elements into heavy isotopes, which decay into heavy elements. In seconds or less, many new elements heavier than iron are created. Some of the elements produced through this process are the same as those made in the star, while others come solely from the supernova process. Among the elements made only from supernovae explosions are iodine, xenon, gold, platinum and most of the naturally occurring radioactive elements. 

D. Cosmic Rays 

From the “Binding Energy Per Nucleon” chart (Figure 4) we see that moving from hydrogen (1H) to helium (4He) creates a more stable nucleus, but moving from helium (4He) to lithium (7Li) does not create a stable nucleus. In fact, the next element with a more stable nucleus than helium is carbon (12C). The nuclei between helium and carbon are much less stable, and thus they are rarely produced in stars. So what is the origin of lithium, beryllium, and boron? As it turns out, some Cosmic rays are high-energy particles traveling throughout our galaxy at close to the speed of light. They can consist of everything from tiny electrons to nuclei of any element in the periodic 

table. Scientists first observed evidence of high-speed particles entering our atmosphere in 1929, although their exact nature was unknown. They were initially dubbed “cosmic rays” due to their mysterious origin, since scientists believed these particles were high-energy photons from outer space. 

Today, scientists know that cosmic rays are atoms and subatomic particles that are accelerated to near the speed of light, most likely by supernova explosions. The particles may have originally been part of an exploding star, or they may have been atoms of material near the star in open space. The shock wave from the supernova explosion picks up these particles and accelerates them to high speeds, sending them zinging across the galaxy. They may travel for thousands or millions of years without hitting anything, since space is relatively empty. 

When cosmic rays hit atoms, they produce new elements. During its journey across the galaxy, a cosmic ray may hit an atom of hydrogen or helium in interstellar space. Since the cosmic ray is traveling so fast, it will hit with great force, and part of its nucleus can be “chipped off.” For example, the nucleus of a carbon atom in the outer layers of a large star may be accelerated to near light speed when the star explodes as a supernova. The carbon nucleus (which we now call a cosmic ray) flies through space at a high speed. Eventually, it collides with a hydrogen atom in open space. The collision fragments the carbon nucleus, which creates two new particles: helium and lithium. 
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This same process can happen for all elements. Since lithium, beryllium, and boron are small atoms, they are more likely to be formed in cosmic ray collisions. 

Lithium provides an interesting special case. Of the two stable isotopes of lithium, 7Li is more abundant. We know from the Big Bang theory that some of it was created shortly after the Big Bang. The amount produced is small, however, and does not account for all the lithium we can see today. A larger portion is made in the Asymptotic Giant phase of a small star’s lifetime, and some is made is supernova explosions. The other isotope, 6Li, however is made only via cosmic ray interactions. 
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III. Composition of the Universe 
A. What It Is, and How do we Know ? 
Astronomers seek to understand what the universe is made of. In practical terms, this means determining the relative abundances of the different elements. However, there is no direct way to measure the composition of the Universe as a whole. This is because different objects in the universe have different compositions. The different compositions reflect the different environments in which these objects are formed and their different histories. Matter clumps together in the form of stars, gas clouds, planets, comets, asteroids and meteors. So astronomers determine the composition of those objects, and ultimately attempt to deduce the overall make-up of the universe. 
The composition of the universe is not static. We’ve seen that the universe started with just hydrogen and helium, and that heavier elements are made through fusion in stars and the explosive power of supernovae. So the first generation of stars was made only of hydrogen and helium. Thus, this first generation of stars could not be accompanied by rocky planets. As the universe aged, more light elements were turned into heavy elements. After the first generation of massive stars went supernova, they enriched space with heavy elements, allowing later generations of stars to have rocky planets. 
The change in the elemental composition also happens at different rates in different places. Star formation is much faster in the dense cores of galaxies, so there will be more heavy elements there than in the slower-paced outskirts of the galaxies. 
Composition is usually determined via spectroscopy. Each element gives off a unique signature of specific wavelengths of light, which are observed as bright lines in its spectrum. By measuring the relative intensities of these “emission lines” from different elements, it is possible to determine the relative abundances of the elements. When interstellar gas absorbs light, we see absorption lines, evidenced as dark lines in the spectrum. These lines can be used to tell us the composition of the gas cloud. The spectrum of a star shows the elements in the star’s outer layers. The spectrum of a planet shows the elements on its surface and in its atmosphere. Meteorites found on earth, lunar samples, and cosmic rays are the few pieces of the Universe in which the elements can be directly separated and measured chemically. 
B. The Role of Radioactive Decay 

One process that alters the composition we might expect from cosmic events discussed above is radioactive decay. The processes already discussed produce all the natural elements, through plutonium, on the periodic chart. However, the amounts of these elements in nature cannot be entirely explained by those processes. Lead, in particular, is much more abundant than expected, if it is only produced in supernova explosions. What else could make lead, and how? 

The secret is in the very heavy elements made in supernova explosions. Many of the elements heavier than lead have nuclei so large that they are fairly unstable. Due to the instability, over time they eject a neutron or proton, or a neutron in the nucleus decays into a proton and electron. This is called radioactive decay, since the original nucleus is “decaying” into a more stable one. Frequently, the decay results in a new element with a lower atomic number. (See “Binding Energy Per Nucleon” Figure 4.) 
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Lead is not radioactive, and so does not spontaneously decay into lighter elements. Radioactive elements heavier than lead undergo a series of decays, each time changing from a heavier element to a lighter or more stable one. Once the element decays into lead, though, the process stops. So, over billions of years, the amount of lead in the Universe has increased, due to the decay of numerous radioactive elements. Lead is still produced in supernova explosions, but it also slowly accumulates through the radioactive decay of other elements. This is why the total amount of lead we observe today is greater than can be explained by supernova production alone. 

The explosive power of supernovae also create radioactive isotopes of a number of elements. These isotopes, such as 56Ni, 22Na, 44Ti, 27Al, decay into 56Fe, 22Ne, 44Ca, and 27Mg, respectively. This decay is accompanied by emission of gamma rays. Each of these elements decays on a different time scale, ranging from 100 days for 56Ni (56Fe, to 1 million years for 27Al (27Mg. By watching the light intensity from a fading supernova, astronomers can detect these time scales and determine the abundances of these elements. By observing the gamma ray lines with gamma ray observatories such as the European INTEGRAL mission, astronomers can study the sites of this element formation, the rate at which the formation occurs, and compare that with models of element formation from supernovae. 
Our Cosmic Connection to the Elements

RQ’s 

Directions: Please access the reading on my website. Answer the questions using short answer on this sheet. There are only limited hard copies of the reading. Please inform the guest teacher or Ms. Tasneem if you need one. 
1. Where are elements created? How are heavier elements created from hydrogen and helium? List the different kinds of cosmic events that are described in the reading. 
2. According to the Big Bang theory, how are neutrons formed?  What are neutrinos?  
3. Which three elements were first created in the early minutes of our universe?

4. How does a star get its energy to glow?

5. Describe and explain the formation of elements from a red giant to a white dwarf. (make sure to include the time frame of each part of the lifecycle and the temperature involved in each process).  
6. What causes a star to become a type Ia supernova? What evidence do scientists use to tell which elements are released when a supernova explodes?

7. What could you infer about the age of a star if you were to find evidence of iron being present?

8. How is a red supergiant different from a normal red giant? Give at list three differences. 

9. How are fusion and fission different?

10. What is a cosmic ray, and how do cosmic rays typically produce new elements?
11. How do we indirectly discover the relative abundances of the elements that compose our universe?
12. The reading states that lead can only be produced by supernova production.  Why is the total amount of lead we observe today greater than what can be explained by supernova production alone?
