60th Compton Lectures

The Origin of Mass in Particle Physics
Ambreesh Gupta

Lecture IX: From the Microcosm to the Cosmos

1. The Universe as we know Today

In the previous lectures we have gone through the building of the Standard Model of particle physics. The picture that we have now is as follows. There are six leptons (electron, electron neutrino, muon, muon neutrino, tau, tau neutrino), there are six quarks (up, down, strange, charm, top, bottom). Each lepton and quark has anti-particles. There force carrying particles – photon (responsible for electromagnetic force), W(, Z (responsible for weak forces) and gluons (eight of them, responsible for strong forces). We saw how these forces are different in strength and character. For example, strong forces are responsible for confined quarks and binds the nucleus together, weak forces are responsible for changing one fundamental particle into another, electromagnetic forces binds the atoms, molecules together. As we saw, these constituents of Standard Model are described through the mathematical construct called fields. Particles can be thought of as excitation of their corresponding fields. All the Standard Model fields have value zero in the ground state, except for the Higgs field, which has a non-zero value in vacuum. As we will see, this interesting property of Higgs could have relation to the origin of the Universe.       

     In 1929 Edwin P Hubble published the results of a series of observations made with the 100 inch diameter reflecting telescope in Mount Wilson, near Los Angeles. Examining the lights of the galaxies he concluded that the Universe was expanding and the amount of expansion was proportional to distance of the galaxies i.e., the farther away galaxies were moving away faster.  It is said that the modern theoretical science of cosmology started from 1915 with the publication of Einstein’s General theory of relativity. In 1920 Alexander Friedmann published a set of solutions to Einstein’s equations that now form the basis of modern work of evolution of the Universe.  His solutions showed that space is not an empty volume through which galaxies are moving apart – space is itself expanding. If we observe distance between two galaxies increasing in a Friedmann Universe, it is not because distances between galaxies are increasing, it is because space is swelling. In the picture below, if the surface of the balloon is a two space dimensional universe (unlike our three dimensional one), the as the balloon inflates, the distances between marked points increase, even though the marked points are stationary on the surface. 
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If the Universe is currently expanding then logically there must been a time when all the galaxies were together in one place. If one keeps unwinding the expansion of the Universe, then all matter must merge together and density of Universe continues to climb. Protons and neutrons loose their individual nature and the Universe becomes sea of quarks, gluons and leptons. Particle physics becomes important. This is the era of big bang – the mysterious event that started the whole expansion going. By observing the expansion rate of distant galaxies, one can estimate the age of the Universe, which turns out to be about 15 billion years.  The evolution of the Universe from the Bing Bang to present time is shown in the picture below
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2. Inflation

The expansion of the universe cannot go unchecked, since every galaxy is attracting every other galaxy with the fore of gravity. The ultimate fate of the universe according to the big bang theory depends on the average mass density of the universe. If the density exceeds a certain critical value that can be calculated from the expansion rate, then gravity will eventually win out, and the expansion of the universe will be reversed. A universe destined to collapse is called closed universe. If the mass density exceeds certain critical value, the universe will go on expanding forever. Such a universe is called an open universe. If the mass density is precisely equal to the critical density, then the universe is called flat. Such a universe will continue to expand without limit, but the rate of expansion will become closer and closer to zero. The figure below illustrates the three scenarios of geometry of the universe depending on the density of matter. In the figure, ( is the ratio of the observed density of matter to the critical density.
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The present experimental evidence suggests that the density of matter is very close to the critical density. This implies that the universe is flat. Since density of matter depends on the time (at big bang everything was squished to infinite density, now there are about six hydrogen atom per cubic meter), one can extrapolate from present value density of matter to the time of big bang as to what might have been the density then. It turns out, for present values to be true, the density at the time of big bang would have to be one with very high precision i.e., it would have to be one up to 50 decimal places. This is clearly unnatural – or the question can be phrased as – how was the critical density so close to one at the big bang. 

   Another problem in the early big bang model was the smoothness of the universe in terms of temperature. Two points separated by distance more than that could be covered by light during the life of the universe appears to be very close in values. This appears to be strange since the bodies could have never been in contact, yet they have close temperature. The cure to both these problems is called inflation. 

      Alan Guth, and MIT particle theorist, discovered a process, allowed by Einstein equations, that generated an explosive force so huge as to produce a runaway expansion; the universe inflated from a size much smaller than a proton (10-15 meters) to the size of a golf ball in a time of  10-33 seconds or so. The inflationary phase is said be due to a non-direction field – a field very much like the Higgs fields.  What induces the wild inflation is the assumption that the inflationary universe is suffused with a Higgs field where energy content is so large that it drives a rapid expansion. The Higgs field that is constant throughout space changes over time in accordance with the laws of physics. This rapid expansion of inflation, which takes at speed vastly greater than the speed of light (this is not matter moving through space…this is space itself changing) can be used to solve the above problems. 

  So, the Higgs field, which was proposed to provide the mathematical consistency to electroweak theory and give masses to known particle, now, it seems it could also drive inflation at the beginning of the universe.





















































































