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PHY-105: Electron Degeneracy Pressure

All particles are either fermions or bosons, with fermions having spins of %h, or an odd multiple of %h,
and bosons having spins of integer multiples of h. Fermions (e.g. electrons, baryons) also obey a rule
called the Pauli exclusion principle which prohibits two particles from occupying the same state.
Bosons (e.g. photons, mesons) do not obey this rule, which leads to different distribution functions for
fermions and bosons.

When applied to electrons in atoms, the Pauli exclusion principle states that no two electrons can
occupy the same bound state (have the same set of four quantum numbers, n, ¢, my, s). This is why all
electrons in an atom aren’t in the lowest energy (n = 1) state, but rather in shells of different energies
thereby explaining the structure of the periodic table.

We have been making the assumption that the material in a star can be treated as an ideal gas, which is
a good approximation under most conditions, but we have seen that as a star evolves it tends to contract
and heat up. Up to what point can it continue to be treated as ideal 7 As the material in a stellar core
becomes sufficiently dense deviations from an ideal gas will start to appear due to the Pauli exclusion
principle. We have seen how the Pauli exclusion principle operates for electrons in bound states in atoms,
but for free electrons that are not bound, such as those in a hot stellar core, it also imposes a restriction,
in this case on the relative position and momentum between two free electrons (you can loosely think of
it as the Pauli exclusion principle not allowing two electrons to be in the same place with the same
momentum as then they would be indistinguishable). The closer their momenta are to each other the
further apart they must be, and conversely, the closer they are together the greater must be the difference
between their momenta. Essentially these differences must obey the Heisenberg uncertainty relation:

h
AxAp > 5

This implies that electrons that are very closely packed together, and thus have less uncertainty in their
positions, must have higher uncertainty in their momenta, and therefore a higher average momentum
(recall we can roughly take pyin ~ Ap, where pp,ip is the minumum expected value of the momentum).
Therefore, they might have a higher average momentum than that calculated from the kinetic theory of
ideal gases, leading to a higher temperature and pressure.

A gas in which the Pauli exclusion principle plays an important role in determining the pressure is called
a degenerate gas. We can (but won’t!) derive an equation for the electron degeneracy pressure using
the Heisenberg uncertainty relation, and making the assumption that the electrons are non-relativistic.
This gives:

P~ Kp°/3,
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where, K = <3> h (Z . 1) .
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It is this electron degeneracy pressure that is responsible for maintaining hydrostatic equilibrium in white
dwarfs (more later).




