PHY111

Our Evolving Universe

Directed Reading Exercise
Why Does E=mc2?
Cox and Forshaw
Answer all questions.  Each question will be marked out of five.  Your answers should be careful and thorough, but reasonably concise: do not write more than one typed sheet of A4 (about 400 words) for any question, and most should require less than this.  Diagrams are welcome.
Use your own words.  
Copying directly from the book is illegal (plagiarism) and will be penalised.
1. Explain, in your own words, what is meant by “Galileo’s principle of relativity.”  Include an example of its use.
2. Why was the “ether” believed to be necessary?  Briefly explain the experiment of Michelson and Morley (you may need to look up the details elsewhere – if you do, give a reference to your source).  Explain why the result of the Michelson-Morley experiment is not consistent with the idea of the ether.
3. Explain in your own words why assuming that the speed of light is constant leads to the conclusion that moving clocks appear to tick more slowly.

Muons, which have an average lifetime of 2.2 μs, are produced high in the atmo​sphere (about 20 km above the ground) by cosmic rays.  Can we detect these muons at ground level?  Explain.
4. What is meant by “causality”?  Explain why defining the “spacetime distance” s by 
s2 = (ct)2 + (x2 + y2 + z2) does not preserve causality, but s2 = (ct)2 − (x2 + y2 + z2) does.
5. Briefly explain, in your own words, the “twin paradox” of relativity.  Why does it appear paradoxical?  How is the paradox resolved?
6. In what sense is it reasonable to say that everything in nature travels at the same speed c?  Briefly outline the reasoning that leads from this to E = mc2.
7. What is “binding energy”?  How is this connected with the fact that a helium atom has an atomic mass of 4.0026 atomic mass units, whereas hydrogen has an atomic mass of 1.0078 atomic mass units?  Should we expect that the mass of a molecule of hydrogen is less than twice the mass of a hydrogen atom, and, if so, why do we not observe this difference?
8. The Lagrangian for the Standard Model of particle physics, which Cox and Forshaw call “the master equation” is given in the book in the form
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Cox and Forshaw split it into four lines like this, even though it could probably be fitted into three, because each of the four lines corresponds to a different set of physical processes.

For each line, explain briefly what physics is described by those particular terms in the equation.  (You are not, of course, expected to describe the detailed mathematics involved!)

9. In figure 19, Cox and Forshaw draw the Feynman diagram for a proton converting into a neutron, as happens when two hydrogen nuclei fuse to form deuterium.  Usually, however, the process goes the other way, with the neutron decaying into a proton.  Draw the Feynman diagram for this process, explaining any differences between this one and the one in figure 19.

Figure 20 shows the Feynman diagram for the decay of the muon (mentioned in question 3).  Use this diagram to explain why the neutrinos emitted in muon decay are not identical to each other (a discovery, made in 1962, that won the Nobel Prize for Lederman, Schwartz and Steinberger in 1988).

10. What is the “principle of equivalence”, and what is its significance in General Relativity?
