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Fermi surface. In real space, each Cooper pair of fermions do not really come closer.
The BCS state occurs in the regime where as is negative, where no two-body bound
state can exist in low-energy. On the other hand, we have also discussed that when
as is positive, there is stable two-body bound state. Such bound state, in contrast
to Cooper pairs, is pairing in real space. Each pair of fermions in a bound state does
stay closer in real space and the size of the pair is as. When as becomes smaller,
the binding energy ~2/(ma2

s
) becomes quite large. When as

1/kF, the size of bound state is much smaller than the inter-particle distance,
� 1

kFas

On the other hand, as discussed above, with stronger attraction fermions form
bound state in the real space and these pairs will Bose condense. Can the wave
function of pairing in momentum space gradually evolve into that of a condensate
of pairs in the real space. In fact, in the 70s’ Leggett pointed out that this BCS
wave function can also capture the physics of molecule BEC, because
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Introducing operator b̂ =
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when �(r) becomes more and more tightly bounded, b̂ becomes more and more close
to a bosonic operator that satisfies bosonic commutate relation. The many-body
wave function exp{b̂†}|0i is a coherent state representation of the Bose condensate
wave function as we discussed in the chapter 3.

Based on these two reasons, that are, (i) the BCS wave function Eq. 6.19 can
continuously evolve to a wave function for a BEC state; and (ii) the symmetry
breaking property is the same for the s-wave BCS pairing and a BEC state, one
believes that the BCS mean field theory Eq. 6.58 can well capture the crossover
from a BCS state to a BEC state.

In addition, there is another equation for conversation of total number of fermions
for each spin component
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Solving gap equation Eq. 6.22 together with the number equation Eq. 6.44, one
can find

1. µ/EF and �/EF as functions of the dimensionless quantity �1/(kFas). The
results are shown in Fig. 6.4. One can see that from the BCS side to the BEC
side, as pairing becomes stronger, the pairing gap � monotonically increases and
the chemical potential µ monotonically decreases.
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