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Where does one begin this story? At the very beginning, when the universe had exploded into being with a bang, with matter and radiation being created, or at a time when stars began to shine? Telling both stories would make this article too long and so I will confine myself to an account of stellar nucleo-synthesis. We assume a period of time when matter and radiation have been created and when the universe has expanded and cooled to a point when gravity has created clumps of matter which are the planets, stars, galaxies, clusters of galaxies and so on.
When one looks into the night sky, one observes light from the stars. When people in the 18thcentury began to record this light by using photographic film, our ability to understand the processes which took place inside stars and galaxies became better since one could now easily get more intense images due to longer exposure times. Among the most basic ways in which this light can be analysed is to see how much intensity there is in each colour. To do this, one needs to split the light up using prisms, gratings and filters to create a spectrum. A spectrum of say, the light from the sun or a star, is essentially a record of what colours are present in that light. It does not have to be confined to the visible region of the electromagnetic spectrum but can and does include other ranges like the radio, microwave, infra red, UV and X-rays.
	Activity 1:  Seeing a Spectrum
Take a prism and try observing a source of light like a lamp, tube-light or flame through it.  Play with the orientation of the prism till you are able to see the light source in different colours. This set of colours is the spectrum of that light source. A CFL bulb has a different spectrum than a tube-light does.  

Now, to use the prism in bright sunlight to give the spectrum, go outside and try to shine the light of the sun into a room through the doorway or the window. Adjust the angles till you are able to see a spectrum of colours projected on the far wall. Do not look at the sun through the prism as it can damage your eyes. 




When elements and ions emit or absorb light, they do so only at certain wavelengths. Further analysis shows that each element has a unique signature, i.e. the set of wavelengths which a particular element emits or absorbs light is specific to that element and no two elements have the same signature. Another way of putting it was that the spacing between the lines of a spectrum of any element was unique to that element and characteristic to it. Such spectral analysis shows that the Universe is made from the same stuff as we are, and stellar structures are not unlike that of the Earth itself. 
	Activity 2 : To see the spectrum of  metal ions using a Grating
Take a spatula of Sodium Chloride (which is essentially the salt we add to our food) in a watch glass. Add a few drops of dilute Hydrochloric acid and make a paste. Take some of this paste in the spatula and insert it into the Bunsen flame.  Observe the flame through the transmission grating (or prism) and see the spectral lines. For the Sodium ion, you will be able to see two clear lines.
Repeat the above experiment with other salts like Potassium chloride, Barium chloride and so on. 




An interesting historical fact is that Helium was first discovered on the sun. Unknown spectral lines discovered in the solar spectrum, produced by an element initially nicknamed "coronium", were finally identified with that of Helium which was discovered subsequently on the Earth. The picture below shows the spectrum of the sun with absorption lines
 (called Fraunhofer lines named after the German physicist Joseph von Fraunhofer (1787–1826) who observed them in 1814 and systematically mapped over 570 lines.  Modern observations of sunlight can detect many thousands of lines)
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Another interesting fact is that, for most elements, there is a certain temperature at which their emission and absorption lines in a given range are strongest. This is not too surprising since the temperature does decide the energy of the atoms and ions which are emitting light and therefore also decides which electronic transitions are most likely
. Therefore, for a star, its spectrum is also like a thermometer which gives the temperature of its outermost layer. For example, some compounds, like titanium oxide, only appear in the spectra of very cool stars. Others, like helium, appear only in the spectra of very hot stars. Therefore, the sequence of spectral types that characterise stars, O,B,A,F,G,K,M, is actually a temperature sequence with O representing the hottest stars and M representing the coolest stars. 
The table below indicates some of the characteristic absorption and emission lines of each spectral type, along with some characteristic features like mass, colour and radii of each type.

	Spectral Type
	Surface Temperature (Kelvin)
	Perceived Apparent Colour in the Night Sky
	Mass Range
(in multiples of the Solar Mass Mʘ
)
	Approximate Radii

(in multiples of the Solar Radius Rʘ)
	Spectral Lines Arise From

	O
	≥ 33,000
	Blue
	≥ 16 Mʘ
	˃ 6.6 Rʘ
	Ionized helium

	B
	10,000 - 33,000
	Deep Blue White
	2.1 Mʘ – 16 Mʘ
	1.8 Rʘ – 6.6 Rʘ
	Helium, some hydrogen

	A
	7500 - 10,000
	Blue White
	1.4 Mʘ – 2.1 Mʘ
	1.4 Rʘ – 1.8 Rʘ
	Strong hydrogen lines and some ionized metals

	F
	6000 - 7500
	White
	1.04 Mʘ – 1.4 Mʘ
	1.15 Rʘ – 1.4 Rʘ
	Hydrogen, ionized calcium and iron

	G
	5200 - 6000
	Yellowish White
	0.8 Mʘ – 1.04 Mʘ
	0.96 Rʘ – 1.15 Rʘ
	Neutral and ionized metals, especially calcium

	K
	3700 - 5200
	Pale Yellow Orange
	0.45 Mʘ – 0.8 Mʘ
	0.7 Rʘ – 0.96 Rʘ
	Neutral metals like sodium 

	M
	2000 - 3700
	Light Orange Red
	≤ 0.45 Mʘ
	≤ 0.7 Rʘ
	Strong titanium oxide lines and very strong sodium lines


	Activity 3: Observing colours of Stars

Look at the Orion Constellation. The brightest stars are Rigel, which is a blue-white supergiant, and Betelgeuse which is a red supergiant. Note their colour. Determine their spectral type (one is type M while the other is type B).
Now look at Bellatrix which is the star next to Betelgeuse in Orion and to the three prominent stars, called Mintaka, Alnitak and Alnilam, in the belt. Note their colour. What would their spectral types be? (They are O, B and O respectively).
Now look at the colour of Sirius. The spectral type is A. 




From this short introduction to the stars and their temperature and the fact that we can clearly see that stars contain several elements and compounds, we go on to the actual mechanisms by which these elements are synthesised inside stars.  
Conditions that determine energy production in stars
The underlying process by which elements are synthesised in stars is nuclear fusion.  A large cloud of matter contracts under its own gravitational pull and once the density and temperature of the material in the core of the cloud reaches a critical value, fusion begins. Now, different atomic nuclei are characterised by different values of the binding energy per nucleon. This binding energy is the energy that is released per nucleon when two small nuclei fuse to form a higher atomic number element.  Experimentally it is seen that it is a maximum for elements that have a mass number of around 56 which corresponds to the iron nucleus. This means that the fusion of light nuclei with mass number less than 56 leads to the release of excess binding energy.
  This is what makes nuclear fusion an exothermic process, whether inside stars or elsewhere. 
Now, the mass that a star possesses is critical to the sort of nuclear reactions that it can support. For ease of discussion we label the mass of any arbitrary star as M. We will use the mass of the sun Mʘ as a benchmark against which processes that determine element production in stars can be discussed.  
For stars with M < 0.08 Mʘ, nuclear reactions cannot be sustained in the contracting cloud for it to become a star.
  Such bodies end up as planetary bodies. Similarly, for masses M ˃ 60 Mʘ, the system is unstable and does not last for significant periods of time.  We will therefore discuss the birth of elements in this “allowed” range of masses i.e. 0.08 Mʘ ≤ M ≤ 60 Mʘ. 
A very curious thing about nuclear fusion in stars is the following. The temperatures in the core of stars range approximately from ten million degrees Kelvin to a few billion degrees Kelvin depending on the mass of the star.
 Though high, the energies at the core, even at such very high temperatures, are actually not enough to cause fusion of elements to take place. So how does fusion take place? The phenomenon of ‘quantum tunnelling’, which arises due to quantum effects, plays an important role.  It is beyond the scope of this article to discuss this further.    
Hydrogen Burning: The PP Chain

Hydrogen is a primordial element, created during the Big Bang and is present in the largest quantity. When a star is initially formed, Hydrogen is burnt to form the stable isotope of Helium 4He. For all stars, this Hydrogen burning phase lasts the longest time. In stars like our Sun, with masses less than 1.3 Mʘ, the PP chain (or the proton-proton chain) is the main channel by which Hydrogen is burned.
 

The PP chain starts with two reactions. The first has two protons combining together to form a Deuterium nucleus and the second in which the Deuterium in turn combines with another proton to form a 3He nucleus. 

1)  1H + 1H                         2H + e+ + ν     
2)  2H + 1H                        3He + ϒ 

Here ν stands for a neutrino, e+ is a positron and ϒ stands for the gamma ray photon. The first two are well known elementary particles. 

The 3He nucleus, formed in the above process, can end up as a 4He nucleus through three possible channels which are conventionally called PP1, PP2, and PP3. These reactions are shown below. 

PP1

    a)      1H + 1H     SHAPE  \* MERGEFORMAT 


    2H + e+ + νe
   b)      2H + 1H    SHAPE  \* MERGEFORMAT 


     3He + ϒ

    c)     3He + 3He    SHAPE  \* MERGEFORMAT 


    4He + 1H + 1H

PP2

    d)      3He + 4He                      7Be + ϒ

    e)       7Be + e-                              7Li + νe  +ϒ

    f)        7Li + 1H                               4He + 4He

PP3

    g)       7Be + 1H                      8B + ϒ

    h)       8B                      8Be + e+ + νe
    i)        8Be                      4He + 4He
The PP1 channel uses two 3He nuclei and hence requires the starting reactions 1) and 2) for the PP chain to occur twice.  The starting point for the PP2 chain requires the presence of the 4He nucleus, which should either be present primordially or could have been produced by an earlier PP1 reaction. This is an important point since the production of 4He can also happen in the early universe when the universe had just been created during the big bang and which is now thought to be an important contributor to the abundance of this nucleus. 

The interesting thing about the PP chain is that the different reactions occur at wildly different rates, depending on the temperature. The intrinsically slowest one is the first reaction 1) in the chain. The next one, 2), which gives the 3He nucleus, on the other hand, is extremely fast. Hence we deduce that most of the Deuterium is destroyed in the stars and so the abundance is kept at a very low level, as is observationally seen.  Likewise, the decay of 8Be, which is an extremely unstable element, to two helium nuclei, reaction i), ensures that its abundance is very low. 
We now go onto discuss another reaction cycle that also produces Helium but which occurs in heavier stars.  
The Carbon-Nitrogen-Oxygen cycle

For stars with masses above 1.3 Mʘ, Hydrogen burns to form Helium predominantly by the CNO cycle. In this cycle, the sequence of reactions converting Hydrogen into Helium occurs in the presence of heavier elements. Where do these heavier elements come from? One possibility is that these elements were initially present in the cloud that the star was made from which itself was either formed from the remains of previously exploded stars (called supernovae) or were formed primordially along with Hydrogen itself. The CNO cycle proceeds along the sequence of reactions shown below. 

1)  12C + 1H                      13N + ϒ

2)  13N                      13C + e+ + νe
3)  13C + 1H                     14N + ϒ

4)  14N + 1H                       15O + ϒ

5)  15O                      15N + e+ + νe
6)  15N + 1H                      12C + 4He 

                     OR

7) 15N + 1H                       16O + ϒ
8) 16O + 1H                       17F + ϒ
9) 17F                        17O + e+ + νe
10) 17O + 1H                         14N + 4He 
The first set of six reactions in this cycle involves the interaction of Hydrogen with Carbon and Nitrogen. At the end of this cycle, one can see that 12C comes out unaffected and four Hydrogen nuclei have effectively combined to form a Helium nucleus. The second set of four reactions i.e. reactions 7), 8), 9) and 10) arises due to reactions involving 16O. 
 For a solar mass star, the energy generation by the PP chain is nearly ten times larger than the energy generation by the CNO cycle. However, as the temperature increases, the CNO cycle starts dominating over the PP chain. The crossover occurs around a core temperature of about 14 million Kelvin. 
After all the Hydrogen in the core is burnt, then what? The core of the star then begins to contract and the outer regions expand, causing the star to bloat up in size. This phase of the evolution of a star is called the red giant phase of a star. The core contracts till it becomes sufficiently hot to trigger Helium burning which is discussed in the next section.  
Helium Burning

We next consider reactions in which helium is burnt to form higher elements. The first reaction in this chain is 

   A)    4He + 4He                       8Be                      
Notice that this is the inverse of the last reaction that terminated the PP3 chain i.e. reaction i).  Now, 8Be is very unstable. But calculations show that at core temperatures higher than 120 million Kelvin, the formation rate of 8Be will begin to match the decay rate. When this happens, 8Be can be converted into a Carbon nucleus, 12C, via the reaction
  B)     8Be + 4He                       12C + ϒ.                 
This is an exothermic reaction. The net reaction releases energy, as the second reaction releases more energy than is used up in the first.  Interestingly, as a fuel, helium is much more explosive in a nuclear reaction than hydrogen. 
Once 12C is formed, further reactions, of the kind show below,  give rise to Oxygen and Neon nuclei.

   C)  12C + 4He                       16O + ϒ                      
   D)   16O + 4He                       20Ne + ϒ                      
For stars with M ˂ 8Mʘ, Helium burning is all that can happen.
 During the later part of the evolution of these stars, a significant part of the outer envelope is ejected to form a tenuous cloud called a planetary nebula. Since these stars are not heavy enough to ignite further nuclear reactions, they ultimately end up as white dwarfs which are faintly luminous objects which have a mass of about a solar mass or so having a core made up of mostly Carbon and Helium.  
Synthesis of even Heavier Elements

For stars with masses M ≥ 8Mʘ, further nuclear reactions are ignited and processes similar to that described in the previous section leads to the burning of heavier elements such as Carbon, Neon, Oxygen, Silicon and so on. These reactions are important at temperatures of about 0.5 billion Kelvin. These reactions are fairly complex in that they can proceed through very many different channels. One example is shown below. 
       12C + 12C                       24Mg + ϒ       
                                              23Mg + n

                                              23Na + p

                                                     20Ne + 4He
                                             16O + 2 4He                      
A similar set of reactions can also take place with 16O. So, depending on the temperature (and the density), the net result of these reactions is to form 20Ne and somewhat lesser amounts of 23Na and 24Mg.

Core temperatures higher than 3 billion Kelvin can lead to complex sequences of nuclear reactions which build up heavier nuclei such as 27Al,  24Mg and 56Fe. Because the binding energy per nucleon reaches a maximum at 56Fe, further transformations to heavier nuclei can occur only to a certain extent. 
Synthesis of elements much heavier than Iron can happen through neutron capture by nuclei.  Since the neutron is charge neutral, this process is not affected by the Coulomb repulsion. Absorption of a neutron by an element with atomic number Z and atomic mass A, denoted by (Z, A), leads to the reaction

(Z, A)  +   n                                  (Z, A + 1) + y,

thereby forming a nucleus (Z, A + 1). If this nucleus is stable, then the process can continue with the absorption of another neutron, leading to (Z, A + 2), (Z, A + 3) and so on. 
Stars which are heavy enough to synthesize all these higher elements finally undergo rapid core collapse leading to the catastrophic ejection of the outer mantle of the star in a supernovae explosion. The energy released per second can be more the entire power generated by a galaxy while the explosion lasts.  The core of the star ends up as a neutron star or a black hole. 
� See ‘Modern Astronomy: An Activities Approach’ by R. Robert Robbins and Mary Kay Hemenway, University of Texas Press, Austin, for a wonderful array of activities related to spectra and viewing stars. 


� Taken from the Internet.


� Note that the Hydrogen ion has no electron and so cannot produce a spectrum since no electronic transitions are possible. This led the early observers to conclude that stars had little Hydrogen present in them. 


�  Part of the data has been taken from the Sloan Digital Sky Survey. Some has been sourced from Wikipedia.  See �HYPERLINK "http://cas.sdss.org/dr3/en/proj/advanced/spectraltypes/lines.asp"�http://cas.sdss.org/dr3/en/proj/advanced/spectraltypes/lines.asp� (this is a delightful website that contains a wealth of information on stars) and �HYPERLINK "http://en.wikipedia.org/wiki/Stellar_classification"�http://en.wikipedia.org/wiki/Stellar_classification� . 


� The present mass of the sun is approximately Mʘ ≈ 2×1030 kg and its radius is about  Rʘ ≈ 2×1030





� Conversely, the nuclear fission of elements greater than 56 is also an exothermic process. This is the basis for nuclear energy production in nuclear reactors. 


� Clearly M type stars cannot be formed by contracting clouds.


� The matter here is in the plasma state which is that of a hot gas of freely moving positively charged nuclei, electrons and other elementary particles without there being any bound atomic state.


� See for example ‘Theoretical Astrophysics Volume 1: Astrophysical Processes’ by T. Padmanabhan, Cambridge University Press, for a very comprehensive account of stellar processes, thermonuclear reactions and evolution of stars.


� For low mass stars, M ˂ 2.3Mʘ, Helium burning occurs as a runaway process in a time scale of a few days called a Helium flash.





