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I. INTRODUCTION

Superconductivity is one of the most fascinating chapters of modern physics. It has been a continuous source of
inspiration for different realms of physics and has shown a tremendous capacity of cross-fertilization, to say nothing of
its numerous technological applications. Before giving a more accurate definition of this phenomenon let us however
briefly sketch the historical path leading to it. Two were the main steps in the discovery of superconductivity. The
former was due to Kamerlingh Onnes (Kamerlingh Onnes, 1911) who discovered that the electrical resistance of
various metals, e. g. mercury, lead, tin and many others, disappeared when the temperature was lowered below some
critical value T.. The actual values of T, varied with the metal, but they were all of the order of a few K, or at
most of the order of tenths of a K. Subsequently perfect diamagnetism in superconductors was discovered (Meissner
and Ochsenfeld, 1933). This property not only implies that magnetic fields are excluded from superconductors, but
also that any field originally present in the metal is expelled from it when lowering the temperature below its critical
value. These two features were captured in the equations proposed by the brothers F. and H. London (London and
London, 1935) who first realized the quantum character of the phenomenon. The decade starting in 1950 was the
stage of two major theoretical breakthroughs. First, Ginzburg and Landau (GL) created a theory describing the
transition between the superconducting and the normal phases (Ginzburg and Landau, 1950). It can be noted that,
when it appeared, the GL theory looked rather phenomenological and was not really appreciated in the western
literature. Seven years later Bardeen, Cooper and Schrieffer (BCS) created the microscopic theory that bears their
name (Bardeen et al., 1957). Their theory was based on the fundamental theorem (Cooper, 1956), which states that,
for a system of many electrons at small T, any weak attraction, no matter how small it is, can bind two electrons
together, forming the so called Cooper pair. Subsequently in (Gor’kov, 1959) it was realized that the GL theory was
equivalent to the BCS theory around the critical point, and this result vindicated the GL theory as a masterpiece in
physics. Furthermore Gor’kov proved that the fundamental quantities of the two theories, i.e. the BCS parameter
gap A and the GL wavefunction v, were related by a proportionality constant and ¢ can be thought of as the Cooper
pair wavefunction in the center-of-mass frame. In a sense, the GL theory was the prototype of the modern effective
theories; in spite of its limitation to the phase transition it has a larger field of application, as shown for example by
its use in the inhomogeneous cases, when the gap is not uniform in space. Another remarkable advance in these years
was the Abrikosov’s theory of the type II superconductors (Abrikosov, 1957), a class of superconductors allowing a
penetration of the magnetic field, within certain critical values.



The inspiring power of superconductivity became soon evident in the field of elementary particle physics. Two
pioneering papers (Nambu and Jona-Lasinio, 1961a,b) introduced the idea of generating elementary particle masses
through the mechanism of dynamical symmetry breaking suggested by superconductivity. This idea was so fruitful
that it eventually was a crucial ingredient of the Standard Model (SM) of the elementary particles, where the masses
are generated by the formation of the Higgs condensate much in the same way as superconductivity originates from
the presence of a gap. Furthermore, the Meissner effect, which is characterized by a penetration length, is the origin,
in the elementary particle physics language, of the masses of the gauge vector bosons. These masses are nothing but
the inverse of the penetration length.

With the advent of QCD it was early realized that at high density, due to the asymptotic freedom property (Gross
and Wilczek, 1973; Politzer, 1973) and to the existence of an attractive channel in the color interaction, diquark
condensates might be formed (Bailin and Love, 1984; Barrois, 1977; Collins and Perry, 1975; Frautschi, 1978). Since
these condensates break the color gauge symmetry, the subject took the name of color superconductivity. However,
only in the last few years this has become a very active field of research; these developments are reviewed in (Alford,
2001; Hong, 2001; Hsu, 2000; Nardulli, 2002; Rajagopal and Wilczek, 2001). It should also be noted that color
superconductivity might have implications in astrophysics because for some compact stars, e.g. pulsars, the baryon
densities necessary for color superconductivity can probably be reached.

Superconductivity in metals was the stage of another breakthrough in the 1980s with the discovery of high T,
superconductors.

Finally we want to mention another development which took place in 1964 and which is of interest also in QCD. It
originates in high-field superconductors where a strong magnetic field, coupled to the spins of the conduction electrons,
gives rise to a separation of the Fermi surfaces corresponding to electrons with opposite spins. If the separation is
too high the pairing is destroyed and there is a transition (first-order at small temperature) from the superconducting
state to the normal one. In two separate and contemporary papers, (Larkin and Ovchinnikov, 1964) and (Fulde and
Ferrell, 1964), it was shown that a new state could be formed, close to the transition line. This state that hereafter
will be called LOFF! has the feature of exhibiting an order parameter, or a gap, which is not a constant, but has a
space variation whose typical wavelength is of the order of the inverse of the difference in the Fermi energies of the
pairing electrons. The space modulation of the gap arises because the electron pair has non zero total momentum and
it is a rather peculiar phenomenon that leads to the possibility of a non uniform or anisotropic ground state, breaking
translational and rotational symmetries. It has been also conjectured that the typical inhomogeneous ground state
might have a periodic or, in other words, a crystalline structure. For this reason other names of this phenomenon are
inhomogeneous or anisotropic or crystalline superconductivity.

In these lectures notes I used in particular the review papers by (Polchinski, 1993), (Rajagopal and Wilczek, 2001),
(Nardulli, 2002), (Schafer, 2003) and (Casalbuoni and Nardulli, 2003). I found also the following books quite useful
(Schrieffer, 1964), (Tinkham, 1995), (Ginzburg and Andryushin, 1994), (Landau et al., 1980) and (Abrikosov et al.,
1963).

A. Basic experimental facts

As already said, superconductivity was discovered in 1911 by Kamerlingh Onnes in Leiden (Kamerlingh Onnes,
1911). The basic observation was the disappearance of electrical resistance of various metals (mercury, lead and thin)
in a very small range of temperatures around a critical temperature T, characteristic of the material (see Fig. 1).
This is particularly clear in experiments with persistent currents in superconducting rings. These currents have been
observed to flow without measurable decreasing up to one year allowing to put a lower bound of 10° years on their
decay time. Notice also that good conductors have resistivity at a temperature of several degrees K, of the order
of 107% ohm cm, whereas the resistivity of a superconductor is lower that 10723 ohm cm. Critical temperatures for
typical superconductors range from 4.15 K for mercury, to 3.69 K for tin, and to 7.26 K and 9.2 K for lead and
niobium respectively.

In 1933 Meissner and Ochsenfeld (Meissner and Ochsenfeld, 1933) discovered the perfect diamagnetism, that is
the magnetic field B penetrates only a depth A « 500 A and is excluded from the body of the material.

One could think that due to the vanishing of the electric resistance the electric field is zero within the material and

1 In the literature the LOFF state is also known as the FFLO state.
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FIG. 1 Data from Onnes’ pioneering works. The plot shows the electric resistance of the mercury vs. temperature

therefore, due to the Maxwell equation
10B
VAE=———— 1.1
vt (1.1)
the magnetic field is frozen, whereas it is expelled. This implies that superconductivity will be destroyed by a critical
magnetic field H. such that
H(T

fs(T) + o

where fs.,(T) are the densities of free energy in the the superconducting phase at zero magnetic field and the density
of free energy in the normal phase. The behavior of the critical magnetic field with temperature was found empirically

to be parabolic (see Fig. 2)
(1.3)

FIG. 2 The critical field vs. temperature.



The critical field at zero temperature is of the order of few hundred gauss for superconductors as Al, Sn, In, Pb,
etc. These superconductors are said to be ”soft”. For "hard” superconductors as Nb3Sn superconductivity stays up
to values of 10° gauss. What happens is that up to a ”lower” critical value H,; we have the complete Meissner effect.
Above H.; the magnetic flux penetrates into the bulk of the material in the form of vortices (Abrikosov vortices) and
the penetration is complete at H = H.o > H.. H.s is called the "upper” critical field.

At zero magnetic field a second order transition at T' = T, is observed. The jump in the specific heat is about three
times the the electronic specific heat of the normal state. In the zero temperature limit the specific heat decreases
exponentially (due to the energy gap of the elementary excitations or quasiparticles, see later).

An interesting observation leading eventually to appreciate the role of the phonons in superconductivity (Frolich,
1950), was the isotope effect. It was found (Maxwell, 1950; Reynolds et al., 1950) that the critical field at zero
temperature and the transition temperature T, vary as

1

T. ~ H.(0) = e

(1.4)

with the isotopic mass of the material. This makes the critical temperature and field larger for lighter isotopes. This
shows the role of the lattice vibrations, or of the phonons. It has been found that

a~045+0.5 (1.5)

for many superconductors, although there are several exceptions as Ru, Mo, etc.

The presence of an energy gap in the spectrum of the elementary excitations has been observed directly in various
ways. For instance, through the threshold for the absorption of e.m. radiation, or through the measure of the electron
tunnelling current between two films of superconducting material separated by a thin (= 20 A) oxide layer. In the
case of Al the experimental result is plotted in Fig. 3. The presence of an energy gap of order T, was suggested
by Daunt and Mendelssohn (Daunt and Mendelssohn, 1946) to explain the absence of thermoelectric effects, but it
was also postulated theoretically by Ginzburg (Ginzburg, 1953) and Bardeen (Bardeen, 1956). The first experimental
evidence is due to Corak et al. (Corak et al., 1954, 1956) who measured the specific heat of a superconductor. Below
T, the specific heat has an exponential behavior

co ~ ary Te PTe/T (1.6)
whereas in the normal state
cn =T, (1.7)

with b ~ 1.5. This implies a minimum excitation energy per particle of about 1.57,.. This result was confirmed
experimentally by measurements of e.m. absorption (Glover and Tinkham, 1956).
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FIG. 3 The gap vs. temperature in Al as determined by electron tunneling.



B. Phenomenological models

In this Section we will describe some early phenomenological models trying to explain superconductivity phenomena.
From the very beginning it was clear that in a superconductor a finite fraction of electrons forms a sort of condensate
or "macromolecule” (superfluid) capable of motion as a whole. At zero temperature the condensation is complete over
all the volume, but when increasing the temperature part of the condensate evaporates and goes to form a weakly
interacting normal Fermi liquid. At the critical temperature all the condensate disappears. We will start to review
the first two-fluid model as formulated by Gorter and Casimir.
1. Gorter-Casimir model

This model was first formulated in 1934 (Gorter and Casimir, 1934a,b) and it consists in a simple ansatz for the

free energy of the superconductor. Let = represents the fraction of electrons in the normal fluid and 1 — = the ones in
the superfluid. Gorter and Casimir assumed the following expression for the free energy of the electrons

with

fu(T) = —%TQ, fs(T) = = = constant, (1.9)

The free-energy for the electrons in a normal metal is just f,(T), whereas fs(T') gives the condensation energy
associated to the superfluid. Minimizing the free energy with respect to x, one finds the fraction of normal electrons
at a temperature T'

x=——T" (1.10)

T2 = 2. (1.11)
Therefore

. <g>4 (1.12)

The corresponding value of the free energy is

Fy(T)=-p3 (1 + (§>4> . (1.13)

Recalling the definition (1.2) of the critical magnetic field, and using

Fo(T) = —%TQ =28 <§>2 (1.14)

C

we find easily

LE;T) =F,(T) - F(T) =7 (1 - (g) > : (1.15)

from which

H,(T) = H, (1 - <§)2> , (1.16)



with

Hy = /87 (1.17)

The specific heat in the normal phase is

0?F,(T)
whereas in the superconducting phase
7\3
s=3NT. | =) - 1.1
o= () (1.19)

This shows that there is a jump in the specific heat and that, in general agreement with experiments, the ratio of the
two specific heats at the transition point is 3. Of course, this is an ”ad hoc” model, without any theoretical justification
but it is interesting because it leads to nontrivial predictions and in reasonable account with the experiments. However
the postulated expression for the free energy has almost nothing to do with the one derived from the microscopical
theory.

2. The London theory
The brothers H. and F. London (London and London, 1935) gave a phenomenological description of the basic
facts of superconductivity by proposing a scheme based on a two-fluid type concept with superfluid and normal fluid
densities ng and n,, associated with velocities v and v,. The densities satisfy
ng + n, = n, (1.20)

where n is the average electron number per unit volume. The two current densities satisfy

oJ nge?
= = — . 1
5= T (Ja=env), (1.21)
J, = o,E Jn = —enpvy). (1.22)

The first equation is nothing but the Newton equation for particles of charge —e and density ns. The other London
equation is
nse?

VAJ;=—

B. 1.23
e (1.23)

From this equation the Meissner effect follows. In fact consider the following Maxwell equation

47

VAB=—J,, (1.24)
C

where we have neglected displacement currents and the normal fluid current. By taking the curl of this expression
and using

VAV AB=-V’B, (1.25)
in conjunction with Eq. (1.23) we get
47nge? 1
V’B=—>2"-B= B 1.26
mc2 A2 (1.26)

with the penetration depth defined by

AL(T) = (mCQ>1/2. (1.27)



Applying Eq. (1.26) to a plane boundary located at = = 0 we get
B(z) = B(0)e™ "/, (1.28)

showing that the magnetic field vanishes in the bulk of the material. Notice that for T — T, one expects ns — 0 and
therefore Ap(T) should go to oo in the limit. On the other hand for T'— 0, ny — n and we get

AL(0) = ( me” >1/2. (1.29)

4mne?

In the two-fluid theory of Gorter and Casimir (Gorter and Casimir, 1934a,b) one has

4

Ng T

—=1—-(= 1.30
n (TC> ’ ( )

(1.31)

and

\o}

1.5}

—
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FIG. 4 The penetration depth vs. temperature.

This agrees very well with the experiments. Notice that at T, the magnetic field penetrates all the material since Ay,
diverges. However, as shown in Fig. 4, as soon as the temperature is lower that T, the penetration depth goes very
close to its value at T' = 0 establishing the Meissner effect in the bulk of the superconductor.

The London equations can be justified as follows: let us assume that the wave function describing the superfluid is
not changed, at first order, by the presence of an e.m. field. The canonical momentum of a particle is

p=mv+ ZA. (1.32)
Then, in stationary conditions, we expect
(p) =0, (1.33)
or
(vs) “A (1.34)
Vg) = —— .
S me I’
implying
2
Nnse
J, =eng(vy) = ———A. 1.35
en, (v,) = = (1.35)

By taking the time derivative and the curl of this expression we get the two London equations.



3. Pippard non-local electrodynamics

Pippard (Pippard, 1953) had the idea that the local relation between J; and A of Eq. (1.35) should be substituted
by a non-local relation. In fact the wave function of the superconducting state is not localized. This can be seen
as follows: only electrons within 7, from the Fermi surface can play a role at the transition. The corresponding
momentum will be of order

T,
Ap ~ = (1.36)
o
and
1 a
Ax 2 — ~ —. 1.37
This define a characteristic length (Pippard’s coherence length)
v
€0 = a%;, (1.38)

with @ =~ 1. For typical superconductors § > Ap(0). The importance of this length arises from the fact that
impurities increase the penetration depth Ar,(0). This happens because the response of the supercurrent to the vector
potential is smeared out in a volume of order &;. Therefore the supercurrent is weakened. Pippard was guided by
a work of Chamber? studying the relation between the electric field and the current density in normal metals. The
relation found by Chamber is a solution of Boltzmann equation in the case of a scattering mechanism characterized
by a mean free path . The result of Chamber generalizes the Ohm’s law J(r) = ¢E(r)

—R/Il
=1 l/R Py, R=r—r1. (1.39)
T
If E(r) is nearly constant within a volume of radius | we get
30 cos? 0 e R/l
E(x) -J(x) = o] E(r)? / — R d*r' = o|E(r)|?, (1.40)
implying the Ohm’s law. Then Pippard’s generalization of
1 e?ng(T)
Js(r) = _cA(T)A(r)’ A(T) = o (1.41)
is
RR- A —R/E
J(r) = 47750 / d3r, (1.42)

with an effective coherence length defined as

1 1 1

and [ the mean free path for the scattering of the electrons over the impurities. For almost constant field one finds as
before

IS
cA(T) &o
Therefore for pure materials (I — oo0) one recover the local result, whereas for an impure material the penetration

depth increases by a factor £,/¢ > 1. Pippard has also shown that a good fit to the experimental values of the
parameter a appearing in Eq. (1.38) is 0.15, whereas from the microscopic theory one has a & 0.18, corresponding to

Ji(r) = —

A(r). (1.44)

_
fo=_x- (1.45)

This is obtained using T, ~ .56 A, with A the energy gap (see later).

2 Chamber’s work is discussed in (Ziman, 1964)
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4. The Ginzburg-Landau theory

In 1950 Ginzburg and Landau (Ginzburg and Landau, 1950) formulated their theory of superconductivity intro-
ducing a complex wave function as an order parameter. This was done in the context of Landau theory of second
order phase transitions and as such this treatment is strictly valid only around the second order critical point. The
wave function is related to the superfluid density by

ns = [¢(r)[*. (1.46)

Furthermore it was postulated a difference of free energy between the normal and the superconducting phase of the
form

RAT) = Fu() = [ @ (= et @7 + i M)Po) + a0l + goDml) . )

where m* and e* were the effective mass and charge that in the microscopic theory turned out to be 2m and 2e
respectively. One can look for a constant wave function minimizing the free energy. We find

a(T) + B(T)ply[* =0, (1.48)
giving
2 D)
[|” = 3(T) (1.49)

and for the free energy density

1o*(T) _ HZ(T)

s(T)— fu(T)=—= = , 1.50
FAT) = £(T) = —5 50 = =5 (1.50)
where the last equality follows from Eq. (1.2). Recalling that in the London theory (see Eq. (1.27))
1
ns = |Y|? ~ , 1.51
W12~ o (151)
we find
ML) ()2 1 2 1a(T)
= =—|lw(D)|" = ———+. 1.52
@)~ o ~a =T 152
From Egs. (1.50) and (1.52) we get
HA(T) N (T)
no(T) = ——= (1.53)
(T) 4m A2(0)
and
HZ(T) X(T)
n?B(T) = =< L/ 1.54
(T) 4m A3 (0) (1.54)
The equation of motion at zero em field is
1
—5 = VAU +a(T)y + BT = 0. (1.55)
We can look at solutions close to the constant one by defining ¥ = ¢, + f where
2 o(T)
el = ———=. 1.56
el = -5 (1.56)
We find, at the lowest order in f
1
V2f—f=0. (1.57)
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This shows an exponential decrease which we will write as

f e V), (1.58)

where we have introduced the Ginzburg-Landau (GL) coherence length

1

T = ———. 1.59
60 = s (1.59)
Using the expression (1.50) for «(7T) we have also
2mn >\L (0)
T) = 1.
=2 aum) (1:60)
Recalling that (t = T/T,)
1
H.(T)~ (1-t%), AL(T) = m, (1.61)
we see that also the GL coherence length goes to infinity for 7' — T,
U0 F e SV (1.62)
T HAT)AL(T) T (1-2)2 '
It is possible to show that
%

Therefore the GL coherence length is related but not the same as the Pippard’s coherence length. A useful quantity
is

_ ()

&)

which is finite for T — T, and approximately independent on the temperature. For typical pure superconductors
A~ 500 A, £ ~ 3000 A, and k < 1.

(1.64)

C. Cooper pairs

One of the pillars of the microscopic theory of superconductivity is that electrons close to the FErmi surface can
be bound in pairs by an attractive arbitrary weak interaction (Cooper, 1956). First of all let us remember that the
Fermi distribution function for 7" — 0 is nothing but a #-function

1

HET) = =1

lim f(E,T) = 0(n— E), (1.65)

meaning that all the states are occupied up to the Fermi energy
Er =p, (1.66)

where p is the chemical potential, as shown in Fig. 5.

The key point is that the problem has an enormous degeneracy at the Fermi surface since there is no cost in free
energy for adding or subtracting a fermion at the Fermi surface (here and in the following we will be quite liberal in
speaking about thermodynamic potentials; in the present case the relevant quantity is the grand potential)

Q=FE—uN — (E+Ep)— (N+1) = Q. (1.67)
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FIG. 5 The Fermi distribution at zero temperature.

This observation suggests that a condensation phenomenon can take place if two fermions are bounded. In fact,
suppose that the binding energy is Eg, then adding a bounded pair to the Fermi surface we get

Q— (E+2EF—EB)—,U(N+2) = —EB. (168)

Therefore we get more stability adding more bounded pairs to the Fermi surface. Cooper proved that two fermions
can give rise to a bound state for an arbitrary attractive interaction by considering the following simple model. Let
us add two fermions at the Fermi surface at T'= 0 and suppose that the two fermions interact through an attractive
potential. Interactions among this pair and the fermion sea in the Fermi sphere are neglected except for what follows
from Fermi statistics. The next step is to look for a convenient two-particle wave function. Assuming that the pair
has zero total momentum one starts with

do(ry — 1) =Y gree i), (1.69)
K

Here and in the following we will switch often back and forth from discretized momenta to continuous ones. We
remember that the rule to go from one notation to the other is simply

L3 5
Zk: = @ /d k, (1.70)

where L3 is the quantization volume. Also often we will omit the volume factor. This means that in this case we are
considering densities. We hope that from the context it will be clear what we are doing. One has also to introduce
the spin wave function and properly antisymmetrize. We write

Yo(r1 —r2) = (a1f2 — az) ng cos(k - (ry —rg)), (1.71)
k

where a; and (; are the spin functions. This wave function is expected to be preferred with respect to the triplet state,
since the ”"cos” structure gives a bigger probability for the fermions to stay together. Inserting this wave function
inside the Schrodinger equation

_% (VI+V3)+V(r1— P2)} Yo(r1 —ra) = Evo(r1 —ra), (1.72)
we find

(E —2ex)gx = Z Vi ke 9k, (1.73)
k'>kp
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where €, = |k|?/2m and

1

Vi = 75 / V(r) & =) g3y, (1.74)

Since one looks for solutions with E < 2¢, Cooper made the following assumption on the potential:

Vick = { 0 otherwise (1.75)

with G > 0 and ek, = Er. Here a cutoff k. has been introduced such that
€, =Ep+6 (1.76)

and § < Ep. This means that one is restricting the physics to the one corresponding to degrees of freedom close to
the Fermi surface. The Schrédinger equation reduces to

(E - Qek)gk = -G E gk’ . (177)
k' >kp
Summing over k we get
1 1
— = . 1.
G Z 26k —F ( 78)
k>kpr

Replacing the sum with an integral we obtain

1 ke g3k 1 _ Er+d  10) o dk de . (1.79)
G kp (2m)3 2 — F g, (2m)3 dex2e—E
Introducing the density of states at the Fermi surface for two electrons with spin up and down
p= 2/ (;133]“2;6]1’ (1.80)
we obtain
é = iplog —2E2FE;LE_226 (1.81)
Close to the Fermi surface we may assume k ~ kr and
Oex
e = pt (e — )~ o e, (k—kp)=p+vrk)- £, (1.82)
where
L=k —kp (1.83)
is the "residual momentum”. Therefore
p= W];;%F (1.84)
Solving Eq. (1.81) we find
o—4/pG
EZ?EF_%W' (1.85)

For most classic superconductor

pG < 0.3, (1.86)
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In this case (weak coupling approximation. pG < 1) we get
E ~2Ep — 20e~4/rC, (1.87)

We see that a bound state is formed with a binding energy
Ep = 26e%/PC. (1.88)

The result is not analytic in G and cannot be obtained by a perturbative expansion in GG. Notice also that the bound
state exists regardless of the strength of G. Defining

N=>" g (1.89)

k>kp

we get the wave function

=Ny cos(k (1.90)

k>kp
Measuring energies from Fr we introduce
ﬁk = €k — EF. (191)
from which
cos(k-r)
=N > (1.92)
Nl 2+ Ep’

We see that the wave function in momentum space has a maximum for {x = 0, that is for the pair being at the Fermi
surface, and falls off with &c. Therefore the electrons involved in the pairing are the ones within a range Eg above
Er. Since for pG <« 1 we have Ep < 4, it follows that the behavior of Vi far from the Fermi surface is irrelevant.
Only the degrees of freedom close to the Fermi surface are important. Also using the uncertainty principle as in the
discussion of the Pippard non-local theory we have that the size of the bound pair is larger than vp/Ep. However
the critical temperature turns out to be of the same order as Eg, therefore the size of the Cooper pair is of the order
of the Pippard’s coherence length &, = avp/T..

1. The size of a Cooper pair

It is an interesting exercise to evaluate the size of a Cooper pair defined in terms of the mean square radius of the
pair wave function

—o [ |to(r)?Ir|*d®r _

2 _
B = T o (9%
Using the expression (1.69) for ¥y we have
[Go(x)]* =" grgie (1.94)
K.k’
and
[P =223 (1.95)
k
Also

/|¢ ) |r| d3r—/z —iViegir] [ Viegid] €K rd3r—L3Z|ngk|2. (1.96)

kk’
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Therefore
R?2 = M (1.97)
2k loicl?
Recalling that
1 1
~ = 1.98
gk 26k _E 2£k +EB’ ( )
we obtain
1 Oex 2 1
Vi P~y e 2| =Y . 1.99
;| kgk| g (2&( ¥+ EB)4 ok Fg (2§k +EB)4 ( )
Going to continuous variables and noticing that the density of states cancel in the ratio we find
/ T4 ,1;‘“
s2_ o2Jo 26+ Ep)t 5 3(28+Ep)lo 4
o (26+FEp)? 28+ Eglo

where, due to the convergence we have extended the integrals up to infinity. Assuming Ep of the order of the critical
temperature T,, with T, ~ 10 K and vp ~ 10% cm/s, we get

R~10"* cm ~ 10* A. (1.101)

The order of magnitude of R is the same as the coherence length &. Since one electron occupies a typical size of
about (2 A)3, this means that in a coherence volume there are about 10! electrons. Therefore it is not reasonable

to construct a pair wavefunction, but we need a wave function taking into account all the electrons. This is made in
the BCS theory.

D. Origin of the attractive interaction

The problem of getting an attractive interaction among electrons is not an easy one. In fact the Coulomb interaction
is repulsive, although it gets screened in the medium by a screening length of order of 1/ks ~ 1 A. The screened
Coulomb potential is given by

4me?

Viq) = el (1.102)
To get attraction is necessary to consider the effect of the motion of the ions. The rough idea is that one electron
polarizes the medium attracting positive ions. In turn these attract a second electron giving rise to a net attraction
between the two electrons. To quantify this idea is necessary to take into account the interaction among the electrons
and the lattice or, in other terms, the interactions among the electrons and the phonons as suggested by (Frolich,
1952). This idea was confirmed by the discovery of the isotope effect, that is the dependence of T, or of the gap
from the isotope mass (see Section I.A). Several calculations were made by (Pines, 1958) using the ”jellium model”.

The potential in this model is (de Gennes, 1989)
4me? wé

Here wq is the phonon energy that, for a simple linear chain, is given by

wq = 2\/Esin(qa/2), (1.104)

where a is the lattice distance, k the elastic constant of the harmonic force among the ions and M their mass. For
w < wq the phonon interaction is attractive at it may overcome the Coulomb force. Also, since the cutoff to be used
in the determination of the binding energy, or for the gap, is essentially the Debye frequency which is proportional to
wq one gets naturally the isotope effect.
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Il. EFFECTIVE THEORY AT THE FERMI SURFACE
A. Introduction

It turns out that the BCS theory can be derived within the Landau theory of Fermi liquids, where a conductor
is treated as a gas of nearly free electrons. This is because one can make use of the idea of quasiparticles, that is
electrons dressed by the interaction. A justification of this statement has been given in (Benfatto and Gallavotti,
1990; Polchinski, 1993; Shankar, 1994). Here we will follow the treatment given by (Polchinski, 1993). In order to
define an effective field theory one has to start identifying a scale which, for ordinary superconductivity (let us talk
about this subject to start with) is of the order of tens of eV. For instance,

Eo = ma? =27 eV (2.1)

is the typical energy in solids. Other possible scales as the ion masses M and velocity of light can be safely considered
to be infinite. In a conductor a current can be excited with an arbitrary small field, meaning that the spectrum of
the charged excitations goes to zero energy. If we are interested to study these excitations we can try to construct our
effective theory at energies much smaller than Ej (the superconducting gap turns out to be of the order of 1073 eV/).
Our first problem is then to identify the quasiparticles. The natural guess is that they are spin 1/2 particles as the
electrons in the metal. If we measure the energy with respect to the Fermi surface the most general free action can
be written as

Stree = / dt d®p [iv] (p)idi)s(p) — (e(p) — er)¥l (P)Vo(P)] - (2.2)

Here o is a spin index and ep is the Fermi energy. The ground state of the theory is given by the Fermi sea with all
the states e(p) < ep filled and all the states ¢(p) > e empty. The Fermi surface is defined by €(p) = ep. A simple
example is shown in Fig. 6.

o)

FIG. 6 A spherical Fermi surface. Low lying excitations are shown: a particle at p1 and a hole at p2. The decomposition of a
momentum as the Fermi momentum k, and the residual momentum 1 is also shown.

The free action defines the scaling properties of the fields. In this particular instance we are interested at the physics
very close to the Fermi surface and therefore we are after the scaling properties for € — er. Measuring energies with
respect to the Fermi energy we introduce a scaling factor s < 1. Then, as the energy scales to zero the momenta must
scale toward the Fermi surface. It is convenient to decompose the momenta as follows (see also Fig. 6)

p=k+1. (2.3)
Therefore we get
E—-sE, k—k, 1-sl. (2.4)
We can expand the second term in Eq. (2.2) obtaining

(p) —er = 22| (p—19 = 1ue(ig (2.5)

p=k
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where
9¢(p)
k) = . 2.6
velk) = 22| (26)
Notice that vy (k) is a vector orthogonal to the Fermi surface. We get
Sinee = [ dta*p [0 () (600 — toe (1)) v (p)] (27)
The various scaling laws are
dt — s~ 'dt, d*p = d*kdl — sd*kdl
O — s0, [l —sl. (2.8)

Therefore, in order to leave the free action invariant the fields must scale as

Yo (p) — s~ 20, (p) . (2.9)

Our analysis goes on considering all the possible interaction terms compatible with the symmetries of the theory and
looking for the relevant ones. The symmetries of the theory are the electron number and the spin SU(2), since we
are considering the non-relativistic limit. We ignore also possible complications coming from the real situation where
one has to do with crystals. The possible terms are:

1. Quadratic terms:

[t et s 0 (o) (2.10)

This is a relevant term since it scales as s ! but it can be absorbed into the definition of the Fermi surface (that
is by €(p). Further terms with time derivatives or powers of [ are already present or they are irrelevant.

2. Quartic terms:

/ H (d°k; dl;) (¥7(p1)v(p3) (V1 (P2)(pa) V (ki ko, ks, ka)6*(P1 + P2 — P3 — Pa)- (2.11)

This scales as s~! s*~%/2 = s times the scaling of the d-function. For a generic situation the §-function does not

scale (see Fig. 7). However consider a scattering process 1 4+ 2 — 3 + 4 and decompose the momenta as follows:

p3 = p1+0oks+4l3, (2.12)
P4 = Pp2+0ky + 4l . (2.13)
This gives rise to
§3(6ks + 0ky + 613 + 8ly) . (2.14)
When p; = —p2 and p3 = —p4 we see that the d-function factorizes
62(0ks + 0ky)d(813 + 6ly) (2.15)

scaling as s~1. Therefore, in this kinematical situation the term (2.11) is marginal (does not scale). This means
that its scaling properties should be looked at the level of quantum corrections.

3. Higher order terms Terms with 2n fermions (n > 2) scale as s"~! times the scaling of the §-function and
therefore they are irrelevant.

We see that the only potentially dangerous term is the quartic interaction with the particular kinematical configuration
corresponding to a Cooper pair. We will discuss the one-loop corrections to this term a bit later. Before doing that
let us study the free case.
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ok

3

3l
. . 3
irrelevant marginal

FIG. 7 The kinematics for the quartic coupling is shown in the generic (left) and in the special (right) situations discussed in
the text

B. Free fermion gas

The statistical properties of free fermions were discussed by Landau who, however, preferred to talk about fermion
liquids. The reason, as quoted in (Ginzburg and Andryushin, 1994), is that Landau thought that ”Nobody has
abrogated Coulomb’s law”.

Let us consider the free fermion theory we have discussed before. The fermions are described by the equation of
motion

(10; — bvp)Ye(p,t = 0. (2.16)
The Green function, or the propagator of the theory is defined by
(10 — )G oo (P, t) = 0567 0(t). (2.17)
It is easy to verify that a solution is given by
Goo'(Pyt) = 050 G(P, 1) = —ibs0r [0(£)0(€) — O(—t)0(—)] e~ V7" (2.18)

By using the integral representation for the step function

o(t) = / P (2.19)

T o

w+ i€’
we get
1 e—ilvrt _ ‘
G(p,t) = %/dw e [e*“’tﬂ(ﬁ) - e“"tﬁ(—f)] . (2.20)

By changing the variable w — w’ = w &+ fvp in the two integrals and sending w’ — —w’ in the second integral we
obtain

1 it 6(0) 0(—2)
= — w . 2.21
Glp.1) 27r/dwe L}—ﬂvp—i—ie +w—€vp—ie ( )
We may also write
1 )
G(p,t) = g/dpoG(po,p)e_lp‘)t, (2.22)
with
1
Gp)=—+——— (2.23)

(1 +i€)po — lvp’
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Notice that this definition of G(p) corresponds to the standard Feynman propagator since it propagates ahead in time
positive energy solutions £ > 0 (p > pr) and backward in time negative energy solutions ¢ < 0 (p < pr) corresponding
to holes in the Fermi sphere. In order to have contact with the usual formulation of field quantum theory we introduce
Fermi fields

Yo (x) = Z b (p,t)eP> = Z be(p)e™P", (2.24)

where o# = (t,x), p* = fvp,p) and
p-x=ALvpt —p-X. (2.25)

Notice that within this formalism fermions have no antiparticles, however the fundamental state is described by the
following relations

b, (p)|0) =0 for |p| > pr
(P)[0) =0  for |p|<pr. (2.26)

One could, as usual in relativistic field theory, introduce a re-definition for the creation operators for particles with
p < pr as annihilation operators for holes but we will not do this here. Also we are quantizing in a box, but we will
shift freely from this normalization to the one in the continuous according to the circumstances. The fermi operators
satisfy the usual anticommutation relations

[bo (p)’ bj;'(pl)]Jr = 6pp’6aa’ (227)
from which
[wa (X7 t)’ 1?;/ (Ya t)]-‘r = 500’53 (X - Y)' (228)

We can now show that the propagator is defined in configurations space in terms of the usual T-product for Fermi
fields

Goor(2) = —i(0|T (Yo (x)105 (0))[0). (2:29)
In fact we have
Goor (1) = —i659: > (O[T (bs (P, £)b] (P, 0))]0)eP™* = 5500 Y G(p, 1), (2.30)
where we have used
(O|T (bs (p, )BT (9',0))[0) = S50 G (O] T (b (P, 1)1 (P, 0))[0). (2.31)
Since
(0[b%(P)b (P)[0) = O(pr —p) = O(=1),
(0lbo (P)BS (P)[0) = 1—0(pr —p) = 0(p — pr) = 0(0), (2.32)
we get
G(p.t) = {Z_gz(e_(gi;j:i 1z (2.33)
We can also write
4
Gla) = [ e "G (2:34)

with G(p) defined in Eq. (2.23). It is interesting to notice that the fermion density can be obtained from the
propagator. In fact, in the limit § — 0 for § > 0 we have

Goor (0, —8) = —i(0|T (s (0, —8)¥!, (0)]) = i(0]w!, vs|) = ipp. (2.35)
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Therefore
d*p . 1
= —i lim Gyu(0,—6) = —2i ol ) 2.36
pr Lot ( ) Z/ (27r)46 (1 +i€)pg — bup (2:36)
The exponential is convergent in the upper plane of py, where we pick up the pole for £ < 0 at
po = lvp + ie. (2.37)
Therefore
Pp Pp »
=2 0(—0) =2 | ——=0(pr — |p|) = 5. 2.38
pr=2 [ G B0 =2 [ FE0r o) = 5 (2.38)

C. One-loop corrections

We now evaluate the one-loop corrections to the four-fermion scattering. These are given in Fig. 8, and we get

, [ dE'd?kdl 1
GE)=G-C / 2m* (E+E)1 +ie) —ver X)) (E — B)(1 + i€) — vp(k)l)’

(2.39)

where we have assumed the vertex V as a constant G. The poles of the integrand are shown in Fig. 9

pa E q’ E p’ E k, E+E' q, E
P, E -q, E pE  REE g E

FIG. 8 The two diagrams contributing to the one-loop four-fermi scattering amplitude

>0 <0

&' 15

FIG. 9 The position of the poles in the complex plane of E' in the one-loop amplitude, in the two cases £ ? 0
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The integrand of Eq. (2.39) can be written as

1 1 1
_ 2.40
2(E — tvp) {E’—l—E—(l—ie)EvF E'— E+ (1 —ie)lvp (2:40)
Therefore closing the integration path in the upper plane we find
d*kd/ 1
iG(E) =iG — G? —2m)0(€) + (2m)0(—L)] . 2.41
IG(E) =iG = G [ Tt s [(=270)0(0) + (27i)0(—0) (2.41)
By changing ¢/ — —/ in the second integral we find
d*kd¢ bop
iG(E) = iG + iG? 0(0). 2.42
iG(E)=iG+i /(27r)4E2—(€vp)2 (£) (2.42)
By putting an upper cutoff Ey on the integration over £ we get
1
G(E)=G - §G2plog(6/E), (2.43)
where § is a cutoff on vpl and
d’k 1
=2 2.44
7=2 [ G e (240
is the density of states at the Fermi surface for for the two paired fermions. For a spherical surface
2
b
= 2.45
= (2.45)
where the Fermi momentum is defined by
e(pr) = ep = p. (2.46)
From the renormalization group equation (or just at the same order of approximation) we get easily
G
G(P) =~ (2.47)

1+ g log(5/E)

showing that for £ — 0 we have
e GG > 0 (repulsive interaction), G(E) becomes weaker (irrelevant interaction)
e G < 0 (attractive interaction), G(E) becomes stronger (relevant interaction)

This is illustrated in Fig 10.

Therefore an attractive four-fermi interaction is unstable and one expects a rearrangement of the vacuum. This leads
to the formation of Cooper pairs. In metals the physical origin of the four-fermi interaction is the phonon interaction.
If it happens that at some intermediate scale 7, with

mn1/2

By ~ (M) s, (2.48)
with m the electron mass and M the nucleus mass, the phonon interaction is stronger than the Coulomb interaction,
then we have the superconductivity, otherwise we have a normal metal. In a superconductor we have a non-vanishing
expectation value for the difermion condensate

<¢a(p)w7cr(_p)>' (249)
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PG(E)

G>0

FIG. 10 The behavior of G(E) for G >0 and G < 0.

D. Renormalization group analysis

RG analysis indicates the possible existence of instabilities at the scale where the couplings become strong. A
complete study for QCD with 3-flavors has been done in (Evans et al., 1999a,b). One has to look at the four-fermi
coupling with bigger coefficient C' in the RG equation

B G
~ 1-CGlog(E/Ey)’

dG(E)
dlog &

=CG? - G(E) (2.50)

The scale of the instability is set by the corresponding Landau pole.

G(E)
G<0

C>C,

G
G Log(E/E,)

G
1-C,G Log(E/E,)

N

FIG. 11 The figure shows that the instability is set in correspondence with the bigger value of the coefficient of G* in the
renormalization group equation.

In the case of 3-flavors QC'D one has 8 basic four-fermi operators originating from one-gluon exchange

01 = (Wryovr)?, 0% = (bry0ve) WrY0vR), (2.51)

0% = (Wryivr)?, Opp = (Yrvivr)(YrYivr), (2.52)
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in two different color structures, symmetric and anti-symmetric

(") (%) (Babbed % Saadpe)- (2.53)
The coupling with the biggest C' coefficient in the RG equations is given by the following operator (using Fierz)
(Vry0vr)? = (Yr7vr)? = 20 CPr) (PrCir). (2.54)

This shows that the dominant operator corresponds to a scalar diquark channel. The subdominant operators lead to
vector diquark channels. A similar analysis can be done for 2-flavors QC'D. This is somewhat more involved since
there are new operators

detflavor(l/;RwL)a detflavor (&REQZJL) (255)

The result is that the dominant coupling is (after Fierz)

det fravor (VY1) — (PRrEYL)?] = 2(1?2&01%561‘]‘)€a51(1/1?0¢g€k1)6751- (2.56)

The dominant operator corresponds to a flavor singlet and to the antisymmetric color representation 3.

Il. THE GAP EQUATION

In this Section we will study in detail the gap equation deriving it within the BCS approach. We will show also
how to get it from the Nambu Gor’kov equations and the functional approach. A Section will be devoted to the
determination of the critical temperature.

A. A toy model

The physics of fermions at finite density and zero temperature can be treated in a systematic way by using Landau’s
idea of quasi-particles. An example is the Landau theory of Fermi liquids. A conductor is treated as a gas of almost
free electrons. However these electrons are dressed by the interactions. As we have seen, according to Polchinski
(Polchinski, 1993), this procedure just works because the interactions can be integrated away in the usual sense of
the effective theories. Of course, this is a consequence of the special nature of the Fermi surface, which is such that
there are practically no relevant or marginal interactions. In fact, all the interactions are irrelevant except for the
four-fermi couplings between pairs of opposite momentum. Quantum corrections make the attractive ones relevant,
and the repulsive ones irrelevant. This explains the instability of the Fermi surface of almost free fermions against
any attractive four-fermi interactions, but we would like to understand better the physics underlying the formation
of the condensates and how the idea of quasi-particles comes about. To this purpose we will make use of a toy model
involving two Fermi oscillators describing, for instance, spin up and spin down. Of course, in a finite-dimensional
system there is no spontaneous symmetry breaking, but this model is useful just to illustrate many points which are
common to the full treatment, but avoiding a lot of technicalities. We assume our dynamical system to be described
by the following Hamiltonian containing a quartic coupling between the oscillators

H = e(alay + abas) + Galabaray = e(alay + alas) — Galalaga,. (3.1)

We will study this model by using a variational principle. We start introducing the following normalized trial wave-
function |¥)

) = (cos 0 + sin 6 aiag) |0). (3.2)
The di-fermion operator, ajas, has the following expectation value
I'= (¥]|aiaz|¥) = —sinfcos . (3.3)
Let us write the hamiltonian H as the sum of the following two pieces

H = Hy + Hyes, (3.4)
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with
Hy = e(alay + alay) — GT(arag — alal) + GT?, (3.5)

and
Hyes = G(alad + 1) (a1ay — 1), (3.6)

Our approximation will consist in neglecting H,es. This is equivalent to the mean field approach, where the operator
aiag is approximated by its mean value I'. Then we determine the value of 6 by looking for the minimum of the
expectation value of Hy on the trial state

(U|Ho|¥) = 2¢esin® 6 — GT2. (3.7)
We get

GT
2esin 20 + 2GT cos20 =0 — tan20 = ——. (3.8)
€

By using the expression (3.3) for I we obtain the gap equation

1 1 GT
N=—sin20 = -— 3.9
5 Sin Nk (3.9
or
1 G
l=-—rrno——, 3.10
SN (3.10)
where A = GI'. Therefore the gap equation can be seen as the equation determining the ground state of the

system, since it gives the value of the condensate. We can now introduce the idea of quasi-particles in this particular
context. The idea is to look for for a transformation on the Fermi oscillators such that Hy acquires a canonical form
(Bogoliubov transformation) and to define a new vacuum annihilated by the new annihilation operators. We write
the transformation in the form

A =ajcosf fa; sinf, A;= aJ{ sin 6 + ag cos 8, (3.11)
Substituting this expression into Hy we find
Hy = 2esin®0 + GI'sin 20 + GI'? + (ecos 20 — GT sin 20) (Al A, + AJ A)
+ (esin26 + GT cos 20) (AT AL — A, Ay). (3.12)
Requiring the cancellation of the bilinear terms in the creation and annihilation operators we find

fan2g = ~ 9L — 2 (3.13)

€ €

We can verify immediately that the new vacuum state annihilated by A; and As is
0)y = (cosf + alalsin0)|0),  A;|0)y = As]0)x = 0. (3.14)

The constant term in Hy which is equal to (¥|Hp| V) is given by

2 A2
— 9o in? 2 _ €
(U|Hp|P) = 2esin“ 0 — GT* = (e - A 2) - —. (3.15)

The first term in this expression arises from the kinetic energy whereas the second one from the interaction. We define

the weak coupling limit by taking A < ¢, then the first term is given by
1A% A2
= == 3.16
2 € G ( )

where we have made use of the gap equation at the lowest order in A. We see that in this limit the expectation value
of Hy vanishes, meaning that the normal vacuum and the condensed one lead to the same energy. However we will
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see that in the realistic case of a 3-dimensional Fermi sphere the condensed vacuum has a lower energy by an amount
which is proportional to the density of states at the Fermi surface. In the present case there is no condensation since
there is no degeneracy of the ground state contrarily to the realistic case. Nevertheless this case is interesting due to
the fact that the algebra is simpler than in the full discussion of the next Section.

Therefore we get

2 A2
HO - (6 - @) - ? + \V 62 + AQ(AJ{Al =+ A;Ag) (317)

The gap equation is recovered by evaluating I'
1
I'= N(O\a1a2|0)N = —5 sin 20 (318)

and substituting inside Eq. (3.13). We find again

1 1 GT
= —~sin2 = = _ 3.19
or
1 G
l=-—0=—. 3.20
2/e2 + A2 (3.20)
From the expression of Hy we see that the operators AI create out of the vacuum quasi-particles of energy
E=+e+A2 (3.21)

The condensation gives rise to the fermionic energy gap, A. The Bogoliubov transformation realizes the dressing of
the original operators a; and a;f to the quasi-particle ones A; and AZ. Of course, the interaction is still present, but
part of it has been absorbed in the dressing process getting a better starting point for a perturbative expansion. As
we have said this point of view has been very fruitful in the Landau theory of conductors.

B. The BCS theory

We now proceed to the general case. We start with the following hamiltonian containing a four-fermi interaction
term of the type giving rise to one-loop relevant contribution

H=H— N =3 &b ()bs (k) + 3 Vieab] (k)b (—k)ba(—a)br (1), (3.22)
ko kq

where
¢k =ex — Ep = ex — . (3.23)

Here the indices 1 and 2 refer to spin up and dow respectively. As before we write

H = Hy + Hyes, (3.24)
where
Hy =Y &ebh(K)bs (k) + Y Vig [bl(k)bé(—k)rq +ba(—q)by (@)T — Pﬁrq] (3.25)
ko kq

and

Hues = 3 Vi (0} (0)5}(—k) = T ) (ba(~a)b (@) — Tq ). (3.26)
kq
with

T = (b2(=k)b1(k)) (3.27)
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the expectation value of the difermion operator bo(—k)b; (k) in the BCS ground state, which will be determined later.
We will neglect Hyes as in the toy model. We then define

> Vialas (3.28)
q

from which

Hy = 37 6bl ()b () — 37 [Axb{ ()b (k) + Aghs (k)b (k) — AT (3.29)

ko k

Then, we look for new operators A;(k)

bi(k) = uiAi(k)+ veAb(k),
by(—k) = —vpA; (k) + uAb(k),

with
Juse* + [ore]* = 1, (3.30)

in order to get canonical anticommutation relations among the A;(k) oscillators. Expressing Hy through the new
operators we obtain

Ho = 37 e [(funl® — o) 41 () A, (k)]
ko

_|_

2" & [l + maneA] () A5 (1) — v (k) Ao (k)|

k
+ 30 [ (A + o) (A1 (1) A1 () + A5 Ax(6) 1)
k

+ (Apu2 — Arvi?) Ay (K) As(K) — (A2 — Agol) Af(k )A;(k)+Akr§] (3.31)

In order to bring Hy to a canonical form we must cancel the terms of the type Al(k)Al(k) and A (k)Ag(2). This
can be done by choosing

28Uk VK — (Akui - Alﬁvﬁ) =0. (3.32)
Multiplying this Equation by A} /ui we get
A*2u—k + 2§kA — Ak = (3.33)
or
Vk 2
(A;;Uk + §k> = & + Ak (3.34)
Introducing

B = /& + A, (3.35)

which, as we shall see, is the energy of the quasiparticles we find

ALE = By — &, (3.36)
uk
or
vk Ey — &
.3y 3.37
" A (3.37)
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This equation together with

\Uk|2 + |Uk|2 =1, (3.38)
gives
1 Sk 1 €k
2 _ - 2 _ =
o™ = 2 (1 Ek) ’ ] 2 <1 Ek) ' (3:39)

Using these relations we can easily evaluate the coefficients of the other terms in Hy. As far as the bilinear term in
the creation and annihilation operators we get

fk (\uk|2 — ‘Uk|2) =+ Akukvl*( =+ Al*(ul*(vk

= & (Juel® = viel?) + 2Jusel® (Bie — &) = Fa, (3.40)

showing that Fy is indeed the energy associated to the new creation and annihilation operators. Therefore we get

Hy =) ExAL(k)A, (k) + (Ho), (3.41)
ko
with
<H0> = Z [2 fk\vk|2 — Al*cul*(vk — Akukvf; + Ak]'—‘l*(} . (342)
k

We now need the BCS ground state. This is obtained by asking for a state annihilated by the operators A, (k):
Ai(kK) = ey (k) — bl (=),
Ay (k) = vih! (k) + uha(—k). (3.43)
It is easy to check that the required state is

0) s = [T (e + neb 0BE(—1)) 10) (3.44)
k

Let us check for A, (k)
A1(a)|0)pes =

=TT (s + 0b{ (10001 (—10) ) (vabr(@) = vabb(—a)) (uq + vab] (@Bh(~a)) 0) =

k#q

I1 (uk + vkbi(k)bg(fk)) (uqvqbg(fq) - vquqbz(fq)> 10) = 0. (3.45)
k#q

We can now evaluate I'y. We have
T = (ba(-K)ba(K)) =  (—ueA] (&) + u Az () (i (k) + veab () ) )
= wione { (1= AL A1 (k) — LK) A2(K)) ). (3.46)
from which
T = ulvk. (3.47)

Therefore we can write Eq. (3.42) as

(Ho) = > [2&lox|* — Afugond] - (3.48)
k
By Eq. (3.39) we have

2
(Hy) = zk: [ . %{ — Alufoil. (3.49)



Before proceeding we now derive the gap equation. Starting from the complex conjugated of Eq

28
. (3.36) we can write
(O
Akw = Ex — &, (3.50)
and using (3.39) we get
1A
UKy = 5 E:: (3.51)
and

'k

_ 1Ak

(3.52)
By the definition of Ay given in Eq. (3.28) we finally obtain the gap equation

1 A
Ay = —— E Vieg —2.
kKT 79 k.
q
invertible we can write

(3.53)
We can now proceed to the evaluation of the expectation value of Hy. Notice that if the interaction matrix Viq is

§I2< —1 A *
(Ho) =) &~ BT > AV A
k a
By choosing Viq as in the discussion of the Cooper pairs:

(3.54)

_ )G &l [€al <6
View = { 0, otherwise
with G > 0, we find

(3.55)

<H0>Z<kﬁ>A2

” Ey G

(3.56)
since the gap equation has now solutions for Ay independent on the momentum. In a more detailed way the sum can

(Ho) = Z (k—g‘(>+

be written as

> (—fk - §) - %2, (3.57)
K>k K| <k K
2 A2
(Ho) =2 Z (fk - g() vl (3.58)
K[>k k
Converting the sum in an integral we get
2 g 2 2
PFr S A
Hy) = 2 . S
w0 = otk [ i) -2
V32 L A2 A2
= laz’ _5V/0% + AZ 4 A’log % - (3.59)
Let us now consider the gap equation
_1 b, 6d A L STV A
T 22720k SNyl QP08
0o VEFA

X , (3.60)
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from which

1 VZ + A2
1= Lpgrog 2V HAT (3.61)
2 A
Using this equation in Eq. (3.59) we find
o[ 2A27  A?
Hy) =2 6" —0V2+ A2+ —| — —. 3.62
(Ho) 9 [ + A% + pG} e (3.62)

The first term in this expression arises from the kinetic energy whereas the second one from the interaction. Simplifying
the expression we find

(Ho) = g {52 - 6\/52+7A2} . (3.63)
By taking the weak limit, that is pG < 1, or A < §, we obtain from the gap equation
A = 25e2/Cr (3.64)
and
(Ho) = —ipAQ. (3.65)

All this calculation can be easily repeated at T # 0. In fact the only point where the temperature comes in is in
evaluating I'y which must be taken as a thermal average

—H/T
(O)r = W. (3.66)
The thermal average of a Fermi oscillator of hamiltonian H = Eb'b is obtained easily since
TT[e—EbTb/T] — 14+ B/T (3.67)
and
TribTbeEV'0/T]) = = E/T, (3.68)
Therefore
Wit)r = (B) = . (3.69)
It follows from Eq. (10.27)
D(T) = (ba(=K)b1 ()7 = v { (1= AL 1) A1 (1) = AJW)A2(0)) ) = w1 =2/ (Ba)- (3.70)
Therefore the gap equation is given by
Bic= = Y Vieqtira(1 ~ 2/ (Eq)) = = Y Vieq g2 tanh 23, (3.71)
a a a

and in the BCS approximation

1 5d§ E
]_iff 7pt 7}3 E — 2 2~ '2
4,0G/5 3 anhQF, p 1/§p+A (3.72)
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C. The functional approach to the gap equation

We will now show how to derive the gap equation by using the functional approach to field theory. We start
assuming the following action

St vl = [ {z/ﬁ (10— (V1) + 1+ 5 (0 (@)()) (6} o)) | (3.73)
We can transform the interaction term in a more convenient way (Fierzing):
Piatiths = — Blviat = —jeacat ¥ T Cy = — gty ey, (3.74)
with
C = ios (3.75)

the charge conjugation matrix. We obtain
. G .
St vt =00+ 81 = [[ata [ul(i0 - <19 + 00 - § (@0 @) WTvw)|. @T0)
. The quantum theory is defined in terms of the functional integral

7 — /D(¢7¢T)ei5[¢awT]. (3.77)

The four-fermi interaction can be eliminated by inserting inside the functional integral the following identity

o /D(A’A*)e_é / d*a [A - g(chw)] [A* + g(wcwﬁl (378)

Normalizing at the free case (G = 0) we get

iSo[e, 1] +i/d4x {—AGF - %A(wf(w*) + ;A*(chw)}

o
Z0 /D ¥, YDA, AT)e (3.79)

It is convenient to introduce the Nambu-Gorkov basis

X = % (5@) ; (3.80)

in terms of which the exponent appearing in Eq. (3.79) can be written as

i (a1, AP
where in momentum space
_ - A
st Po—&p . 3.82
(p) = [ AT pet & (3.82)

We can now perform the functional integral over the Fermi fields. Clearly it is convenient to perform this integration
over the Nambu-Gorkov field, but this corresponds to double the degrees of freedom, since inside x we count already
once the fields 1*. To cover this aspect we can use the ”replica trick” by integrating also over x' as an independent
field and taking the square root of the result.We obtain

A2
4 1/2 _Z/d4 _ S
7" Zo [detS™] = ¢'0eff, (3.83)
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where

A2

% (3.84)

Ser (A, A*) = —%Tr[log(SoSfl)] - /d4m

with Sy the free propagator (A = 0). The saddle point equation for A* gives

St A 5ST1) A A0 1
o ] ot (e te tlamgeme) o

where we have used

S = ! potép A } . (3.86)

pg— &2 — |Af? [ A* Po—&p

Therefore we get the gap equation (the trace gives a factor 2 from the spin)

d*p A
A=i .
¢ | g e (357
and performing the integration over pg we obtain
G d3p A
a=? / o , (3.88)

3
Ve TIAP

in agreement with Eq. (3.53). By considering the case T' # 0 we have only to change the integration over py to a sum
over the Matsubara frequencies

wp = (2n+ )7 T, (3.89)
obtaining
A= GTnZOO/ 3.2 +§2 AR (3.90)
The sum can be easily done with the result
f 1 - (1—-2f(Ep), (3.91)

L W2+ E+[AR T 2E,T
where f(F) is the Fermi distribution defined in Eq. (3.69). From
| — 2f(E) = tanh = (3.92)
- :

we get the gap equation for T # 0

_G / ’p Atanm E,/27), (3.93)

which is the same as Eq. (3.71).
If we consider the functional Z as given by Eq. (3.79) as a functional integral over 1, ¥, A and A*, by its saddle
point evaluation we see that the classical value of A is given by

= Swrow. (3.94)

Also, if we introduce the em interaction in the action (3.76) we see that Z, as given by Eq. (3.77) is gauge invariant
under

W — @y (3.95)
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Therefore the way in which the em field appear in Seg (A, A*) must be such to make it gauge invariant. On the other
side we see from Eq. (3.94) that A must transform as

A — H@A (3.96)
meaning that A has charge —2e and that the effective action for A has to contain space-time derivatives in the form
DH = 9 4 2ie A¥. (3.97)

This result was achieved for the first time by (Gor’kov, 1959) who derived the Ginzburg-Landau expansion of the
free energy from the microscopic theory. This calculation can be easily repeated by inserting the em interaction and
matching the general form of the effective action against the microscopic calculation. We will see an example of this
kind of calculations later. In practice one starts from the form (3.79) for Z and, after established the Feynman rules,
one evaluate the diagrams of Fig. 12 which give the coefficients of the terms in |A[%, |A]%, |A|?A and |A|?A? in the
effective lagrangian.

FIG. 12 The diagrams contributing to the Ginzburg-Landau expansion. The dashed lines represent the fields A and A*, the
solid lines the Fermi fields and the wavy lines the photon field.

An explicit evaluation of these diagrams in the static case A = 0 can be found, for instance, in the book of (Sakita,
1985). One gets an expression of the type

1

H= /d3r (—c4mA*(r)|(V +2ieA)PA(r) + gl Ar)? + ;b|A(r)|4) . (3.98)

By defining 9 = \/cA we obtain

( 1 1
H = [ (=g WY+ 2eAV PO + ol + a1, (399)
with
b

o= % 8= (3.100)

This expression is the same as the original proposal made by Ginzburg and Landau (see Eq. (1.47)) with
e* =2, m*=2m. (3.101)

However, notice that contrarily to e* the value of m* depends on the normalization chosen for . Later we will
evaluate the coefficients a and b directly from the gap equation.
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D. The Nambu-Gor’kov equations
We will present now a different approach, known as Nambu-Gor’kov equations (Gor’kov, 1959; Nambu, 1960) which

is completely equivalent to the previous ones and strictly related to the effective action approach of the previous

Section. We start again from the action (3.73) in three-momentum space
S = So+ SBcs (3.102)
S0 = [ dt 5B 01(0) 300 = B®) +10) v(p) (3.103)

_G Todpe i
Swes = 5 [ it T (oo (' (@1)0(p0) (41 (p2)0()
(3.104)

X (277)3 d(p1+P2—P3—P4)-

Here and below, unless explicitly stated, 1(p) denotes the 3D Fourier transform of the Pauli spinor (r,t), i.e

¥(p) = ¥o(p,t). For non relativistic particles the functional dependence of the energy is E(p) = p?/2m, but we
(3.105)

prefer to leave it in the more general form (3.103).
The BCS interaction (3.104) can be written as follows
Spcs = Scond + Sint ;

(P3, PV (P1)CYT (p2)

with
G ! dpr [ =
Seona = _4/dtkl:[1 (27r)3{:
— E*(p1, P2 w(P:z)Cw(Pzi)} (2m)* 6(p1 + P2 — P3 — P4)
Sint = —%/dt 11 (;ii];g [wT(Pl)OW(pQ) +E*(p1, p2)} X
k=1
X [w(pz)&/}(m) — E(ps, p4)} (27)% 6(p1 4+ P2 — P3 — P4) (3.106)
(3.107)

[1]x

where C' = i05 and
(P, P') =<¥(P)CY(P) > .
In the mean field approximation the interaction term can be neglected while the gap term Sconq is added to Sp. Note
(3.108)

2(r) =< ¢(r,t)Cy(r,t) >

that the spin 0 condensate =(p, p’) is simply related to the condensate wave function
(3.109)

eT PP Z(p p')

dp dp’
/ (2m)? (2m)?

by the formula
In general the condensate wavefunction can depend on r; only for homogeneous materials it does not depend on the

(3.110)

_ L[ v
=75 ()
(3.111)

space coordinates; therefore in this case Z(p, p’) is proportional to &(p + p’).
In order to write down the Nambu-Gor’kov (NG) equations we define the NG spinor

where we have introduced the charge-conjugate field
g =y
(3.112)

[1]2

G dp//
2 / 20 =P PP =P

—~~

We also define
A(pa _p/) =
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Therefore the free action can be written as follows:

So = /dt (;lf)g (;lf:)l?, x'(p) S~ (p, P)X(P'), (3.113)

with
S pp) = (PR IR) R ). (3.114)

Here
=EP)—p~vr (P—Pr), (3.115)

where
_ OE(p)

ve=—g =l (3.116)

is the Fermi velocity. We have used the fact that we are considering only degrees of freedom near the Fermi surface,
i.e.

pr—0<p<prp+9, (3.117)

where ¢ is the ultraviolet cutoff, of the order of the Debye frequency. In particular in the non relativistic case

2 2
p p PFr
Gp= - — 2L vp =P

= 3.118
2m  2m’ m ( )

S~1in (9.5) is the 3D Fourier transform of the inverse propagator. We can make explicit the energy dependence by
Fourier transforming the time variable as well. In this way we get for the inverse propagator, written as an operator:

_ G —A
g1 (((X* (G6)1> 7 (3.119)
and
[G§]™ = E—¢&p +iesignF,

[Gol™ = —E—¢p — iesignE, (3.120)

with € = 07 and P the momentum operator. The ie prescription is the same discussed in Section II.B. As for the NG

propagator S, one gets
5= (_(i? _(;F> . (3.121)

S has both spin, o, ¢/, and a,b NG indices, i.e. Sgl;,3. The NG equations in compact form are
S7ls =1, (3.122)
or, explicitly,

[G¢] 'G+AF = 1,
~[Go]'F+A'G = 0. (3.123)

3 We note that the presence of the factor 1/4/2 in (3.110) implies an extra factor of 2 in the propagator: S(z,z') =2 < T x(z)x'(z') >,

-1
as it can be seen considering e.g. the matrix element S'1: < T o (z)yT(z') >= 0 — §_;o —Ouos §(z — '), with (z = (¢,r)).



Note that we will use
! G —_ ! /
<rlAlr’ >= Ez(r)é(r—r )=A(r)d(r—r’),
or

<p|Alp’ >=A(p,p’)

35

(3.124)

(3.125)

depending on our choice of the coordinate or momenta representation. The formal solution of the system (3.123) is

F = G,A*G,
G = G§ — G{AF,

so that F satisfies the equation
F =G,A* (G — G{ AF)
and is therefore given by

1
A

CT NG AT G T AA

In the configuration space the NG Egs. (3.123) are as follows

I
o
~~

=

\

=
S
~—

(E—E(—iV)+u)G(r,r' ) E)+ A(r)F(r,r', E)
(—E — E(—iV) +u) F(r,v',E) — A*(r)G(r,r', E)

Il
o

The gap equation at T" = 0 is the following consistency condition
. .G [dE
A*(r) = —1 §/ﬁTrF(r,r7E)7

where F' is given by (3.128). To derive the gap equation we observe that

G _ G dp; dps P
A* — =* - i(p1+p2) T =*
(r) (r) 2 / (27T)3 (271_)3 € (p17 p2)

G [dE dp: dp

G dE d d .
- Jri*Z/i S /PP T2 (b, p1)

which gives (3.130).

At finite temperature, introducing the Matsubara frequencies w,, = (2n + 1)7T, the gap equation reads

(1]
—~
=

I

Q

]

=}

wn

+

I

[1]:
2
e
&

I

Q|
%
ot
>
S

3
s
=
2
+
e
&

Therefore one gets

A(p1,p2) = Ad(p1 — P2)

6i(p1+p2)'r < 1/;T(p17E)’(/)C(p27 E) >

(3.126)

(3.127)

(3.128)

(3.129)

(3.130)

(3.131)

(3.132)

(3.133)

(3.134)

(3.135)
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and from (3.124) and (3.133)
Alr)=A"r)=A. (3.136)

Therefore F(r,r, E) is independent of r and, from Eq. (3.128), one gets

TrF(r,r,E) 2A/ 57) B — €2~ AZ (3.137)

which gives the gap equation at T" = 0:

dE d®p 1
GA/ @np 57— & ~ AP’ (3.138)
and at 1" # 0:
A= GT n_zm/ 3T T dp A)2’ (3.139)
where

e(p,A) = \/m. (3.140)

is the same quantity that we had previously defined as E,. We now use the identity

“+oo
1 1
1 —=n, — =¢e(p,A)T E —_— 141
9 [ n ng] = e(p, A) L w2 + €(p, A) (3 )
where
nu(p) = na( ! (3.142)
ulP a\p e/T 1 .
The gap equation can be therefore written as
GA d3p 1
A= 1—n.(p) — . 3.143
= [ G oy (L me) = o) (3.143)

In the Landau theory of the Fermi liquid n,, ng are interpreted as the equilibrium distributions for the quasiparticles
of type u, d. It can be noted that the last two terms act as blocking factors, reducing the phase space, and producing
eventually A — 0 when T reaches a critical value T, (see below).

E. The critical temperature
We are now in the position to evaluate the critical temperature. This can be done by deriving the Ginzburg-Landau

expansion, since we are interested to the case of A — 0. The free energy (or rather in this case the grand potential),
as measured from the normal state, near a second order phase transition is given by

1 1
= —aA? + — AL, (3.144)
2 4
Minimization gives the gap equation
alA + BA3 =0. (3.145)

Expanding the gap equation (9.7) up to the third order in the gap, A, we can obtain the coefficients o and § up to
a normalization constant. One gets

= [° A A3
A:2GpTReZ/O d§|:(w%+§2)_(w%+52)2++.“ , (3.146)
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with
=2n+ 1)aT. (3.147)

The grand potential can be obtained, up to a normalization factor, integrating in A the gap equation. The normal-
ization can be obtained by the simple BCS case, considering the grand potential as obtained, in the weak coupling
limit, from Eqgs. (3.65)

Q= —gAz. (3.148)

The same result can be obtained multiplying the gap equation (3.61) in the weak coupling limit

Gp 20
- log T =0 (3.149)

by A and integrating over A starting from A = 0, that is the normal state. We find

Lo GPQ Gp 2 25_092 2 GP 20
2A —A 4A logA— A+ A 1 log N (3.150)

Using again the gap equation to cancel the second term, we see that the grand potential is recovered if we multiply
the result of the integration by 2/G. Therefore the coefficients o and 8 appearing the grand potential are obtained
by multiplying by 2/G the coefficients in the expansion of the gap equation. We get

2 [0 de
o=z <1—2GpTRenz_:0/0 W) : (3.151)

_ o~ [ de
8 = 4pTRenZ_O/O EETSE (3.152)

In the coefficient § we have extended the integration in £ up to infinity since both the sum and the integral are
convergent. To evaluate « is less trivial. One can proceed in two different ways. One can sum over the Matsubara
frequencies and then integrate over £ or one can perform the operations in the inverse order. Let us begin with the
former method. We get

a=2 [1 9Gp [TdE <€> (3.153)

2 ), ¢ 2T

Performing an integration by part we can extract the logarithmic divergence in . This can be eliminated using the
result (3.149) valid for 6 = T = 0 in the weak coupling limit (A is the gap at T'=0)

Gp 20

1= 1 3.154
2 A, (3.154)

We find

2T 1 [ 1

=p |log— + f/ delnt ———| . 3.155
p1ios Ay 2 ), cosh? g] ( )

Defining

Ag 1 /‘X’ 1
lo = - drlnt ———, 3.156
© 2T 2 Jo cosh? 5 ( )
we get

T
a(T) = plog T (3.157)
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Performing the calculation in the reverse we first integrate over ¢ obtaining a divergent series which can be regulated
cutting the sum at a maximal value of n determined by

wN:5:>NRﬁ2WLT. (3.158)
We obtain
2 A
a:G<1—7erT;O%> . (3.159)

The sum can be performed in terms of the Euler’s function v (z):

N 1 3 1 1 B 1
> o=mr 1Y) o (5)] = mr (om0 (3)) (3100)
TL:O n

Eliminating the cutoff as we did before we get

ity (e (2 ) (1)) ey

By comparing with Eq. (3.155) we get the following identity

1 1 [ 1
) <2> = —log(2m) + 5/0 dx Inx <coshQ”2”> . (3.162)

The equation (3.156) can be re-written as

Ag 1
1 = — . 1
8 o =Y (2) (3.163)
Using (C the Euler-Mascheroni constant)
1
0 (2> = —log(4y), ~vy=¢% C=05777..., (3.164)
we find
7T
a(T) =plog —, 3.165
(T)=0p oA, ( )

Therefore the critical temperature, that is the value of T' at which o = 0, is
T, = %Ao ~ 0.56693 A . (3.166)

The other terms in the expansion of the gap equation are easily evaluated integrating over £ and summing over the
Matsubara frequencies. We get

_ -1 p @ (1
where
6 = Lz, (3.168)
dzm
Using

e (;) — 14c(3), (3.169)
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where ((3) is the function zeta of Riemann

((s) =) Kk (3.170)

k=1
we get
BT) = £ Lc®) (3171)
8 w212
Close to the critical temperature we have
oT) ~ —p (1 - ;) LB ) (3.172)

From the grand potential (or from the gap equation) we obtain

20 __o(T) o, T\'?
AX(T) = ) A(T)fim <1 TC) : (3.173)

in agreement with the results of Section 1.B.4.

IV. THE ROLE OF THE BROKEN GAUGE SYMMETRY

Superconductivity appears to be a fundamental phenomenon and therefore we would like to understand it from
a more fundamental way than doing a lot of microscopical calculations. This is in fact the case if one makes the
observation that the electromagnetic U(1) symmetry is spontaneously broken. We will follow here the treatment
given in (Weinberg, 1996). We have seen that in the ground state of a superconductor the following condensate is
formed

<6aﬁwa¢5>~ (4.1)

This condensate breaks the em U(1) since the difermion operator has charge —2e. As a matter of fact this is the only
thing that one has to assume, i.e., the breaking of U(1) by an operator of charge —2e. Thinking in terms of an order
parameter one introduces a scalar field, ®, transforming as the condensate under a gauge transformation

Ay — Ay + 0,0, Y — M = & — PN, (4.2)
where v is the electron field. We then introduce the Goldstone field ¢ as the phase of the field ¢
o = peme(b. (4.3)
Therefore ¢ transforms as the phase of the condensate under a gauge transformation
¢ — o+ A (4.4)
In the case of constant A this implies that the theory may depend only on d,,¢. Notice also that the gauge invariance
is broken but a subgroup Z, remains unbroken, the one corresponding to A = 0 and A = «/e. In particular ¢ and

¢ + /e should be identified.
It is also convenient to introduce gauge invariant Fermi fields

b =e 1€y, (4.5)
The system will be described by a gauge invariant lagrangian depending on 77[;, A, and 0,¢. Integrating out the Fermi
fields one is left with a gauge invariant lagrangian depending on A, and 0,¢. Gauge invariance requires that these

fields should appear only in the combinations

Fuy = 0,4, — 0,A,, A, —0,0. (4.6)
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Therefore the lagrangian has the form
1
L=-; /d3xFWF“” + Ls(A, — 0,0). (4.7)

The equation of motion for the scalar field is

0L, oL
= ki = — id = — = 4.
0 8M58N¢ a”SAu ouJ", (4.8)
where J, is the em current defined as
0L,
Ju = SAn (4.9)

Therefore the equation of motion for ¢ is nothing but the conservation of the current. The only condition on L is
that it gives rise to a stable state of the system in the absence of A4, and ¢. In particular this amounts to say that the
point A, = 0,¢ is a local minimum of the theory. Therefore the second derivative of L, with respect to its argument
should not vanish at that point.

The Meissner effect follows easily from the previous considerations. In fact, if we go deep inside the superconductor
we will be in the minimum A, = J,¢, implying that A, is a pure gauge since

Flu(0r¢) = 0. (4.10)

In particular the magnetic field inside the superconductor is vanishing, B = 0. We may refine this analysis by doing
some considerations about the energy. Close to the minimum we have

1 &L
L.(A, — ALy (0)+ - (A, —8,6). 411
( 13 I~L¢) ()+25(A#78#¢)2( 12 H¢) ( )
Notice that the dimensions of the second derivative are [E x E~2] = [E~!] = [L]. Therefore, in the static case, up to
a constant
L3 9
L~ F|A - Vo, (4.12)

with L3 the volume of the superconductor and A some length typical of the material. If a magnetic field B penetrates
inside the material, we expect

|A — V¢| ~ BL, (4.13)
from which
B2L5
Ly~ 2 (4.14)

For the superconductor to remain in that state the magnetic field must be expelled with an energy cost of

B?L3. (4.15)
Therefore there will be convenience in expelling B if
B;Ls > B2L?, (4.16)
or
L> A (4.17)

A is the penetration depth, in fact from its definition it follows that it is the region over which the magnetic field is
non zero. Repeating the same reasoning made in the Introduction one can see the existence of a critical magnetic
field. Notice that a magnetic field smaller than the critical one penetrates inside the superconductor up to a depth A
and in that region the electric current will flow, since

JxVAB. (4.18)
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Consider now a thick superconductor with a shape of a torus. Along the internal line C' (see Fig. 13) the quantity
|A — V¢| vanishes but the two fields do not need to be zero. However, going around the path C' ¢ has to go to an
equivalent value, ¢ + nw/e. Therefore

/B.dszfA-dx:fvgb-dx:@, (4.19)
A c c €

where A is an area surrounded by C. We see that the flux of B inside the torus is quantized.

FIG. 13 Inside the toroidal superconductor the line C of integration is shown

Notice also that the electric current sustaining B flows in a layer of thickness A below the surface of the torus. It
follows that the current cannot decay smoothly but it must jump in such a way that the variation of the magnetic flux
is a multiple of 7/e. Therefore the electric resistance of a superconductor is rather peculiar. In order to understand
better the resistance let us consider the following equation

oL, oL,
s6  0Ay

—Jo. (4.20)

This shows that —Jj is the canonical momentum density conjugated to ¢. Therefore the Hamilton equations of motion
give
0H,

d(z) = @) —V(x), (4.21)

where V(z), being the variation of energy per change in the current density, is the ”"voltage” at x. If in the super-
conductor there is a stationary current (that is with time-independent fields), the previous equation shows that the
voltage is zero. But a current with zero voltage means that the electric resistance is zero.

We are now in the position of explaining the Josephson effect (Josephson, 1962, 1965). The effect arises at the
junction of two superconductors separated by a thin insulating barrier. At zero voltage difference between the two
superconductors a continuous current flows, depending on the phase difference due to the two different Goldstone
fields. Furthermore, if a constant voltage difference is maintained between the two superconductor an alternate current
flows. These two effects are known as the dc and the ac Josephson effects. Consider first the case of zero voltage
difference. By gauge invariance the lagrangian at the junction may depend only on the phase difference

Ljunction = F(A¢) (422)
The function F' must be periodic since the Goldstone fields in the two superconductors are defined mod 7 /e, that is
F(A¢) = F(A¢ +nr/e). (4.23)

To evaluate the current let us introduce a vector potential A. Then

And = /édx (Vo —A), (4.24)
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where the line ¢ is taken across the junction. Therefore we get

|
= (SCsTk = n*F'(Ap0), (4.25)

where n* is the normal unit vector at the junction surface. By putting A = 0 we get
J=nF'(Ag), (4.26)
showing the dc Josephson effect. To get the second one, consider a constant voltage difference. From
o=-V, (4.27)
we get
Ap(t) = |AV |t + Ap(0). (4.28)
Since F' has a period /e it follows that the current oscillates with a frequency

y = dav] (4.29)
™

Using this relation one can get a very accurate measure of e/h (going back to standard units, one has v = e|AV|/7h).
The current in the dec Josephson effect can be of several milliamperes for conventional superconductors. In the case
of the ac effect for voltages of the order of millivolts, the frequency can rise to hundreds and thousands of gigahertz.
When close to the phase transition the description of the theory in terms of the Goldstone boson is not enough.
In fact there is another long wave-length mode associate to the order parameter. This is because the U(1) symmetry
gets restored and its minimal description is in terms of a complex field. Therefore one introduces

o = pe2ied, (4.30)

Expanding L for small values of ® we get (with an appropriate normalization for @)

Ls

Q

/d3x [—;@*Kv — 2ieA)|*® — %a|<1>|2 - im@rﬂ

/d3x [262p2(V¢ —eA)? - %(Vp)2 - %CM,DQ - iﬂpﬂ . (4.31)

In this Section we have defined the penetration depth as the inverse square root of the coefficient of —(V¢ — A)?/2.
Therefore

A= # (4.32)
e (p?)
Using
9 «o
==, 4.33
() 3 (4.33)
we get
1 p
A= ooy/-5 (4.34)

in agreement with Eq. (1.52) (notice that o and g are not normalized in the same way). Another length is obtained
by studying the behavior of the fluctuations of the field p. Defining

b=+, (435
we get

V2 = —2ap. (4.36)



43

This allows us to introduce the coherence length £ as

1

= ——, 4.37

< V=2« ( )
in agreement with Eq. (1.59). Using the definitions of A and £ we get
1 e?\?

Therefore the energy density of the superconducting state is lower than the energy density of the normal state by

1a? 1 1
- - - - (4.39)
4 B 32 e2)\2¢2

The relative size of £ and A is very important, since vortex lines can be formed inside the superconductor and their
stability depends on this point. More precisely inside the vortices the normal state is realized, meaning p = 0 and a
flux-quantized magnetic field. The superconductors are therefore classified according to the following criterium:

e Type I superconductors: £ > A. The vortices are not stable since the penetration of the magnetic field is very
small.

e Type II superconductors: £ < A. The vortices are stable and the magnetic field penetrates inside the super-
conductor exactly inside the vortices. This may happen since the core of the vortex is much smaller than the
region where the magnetic field goes to zero. In this cases there are two critical magnetic fields, H.,, where
for H < H. the state is superconducting, whereas for H > H,., vortices are formed. Increasing the magnetic
field, more and more vortex lines are formed, up to a value H., where the magnetic field penetrates all the
superconductor and the transition to the normal state arises.

V. COLOR SUPERCONDUCTIVITY

Ideas about color superconductivity go back to almost 25 years ago (Bailin and Love, 1984; Barrois, 1977; Collins
and Perry, 1975; Frautschi, 1978), but only recently this phenomenon has received a lot of attention (for recent reviews
see ref. (Alford, 2001; Hong, 2001; Hsu, 2000; Nardulli, 2002; Rajagopal and Wilczek, 2001; Schafer, 2003)). The
naive expectation is that at very high density, due to the asymptotic freedom, quarks would form a Fermi sphere of
almost free fermions. However, as we know, Bardeen, Cooper and Schrieffer proved that the Fermi surface of free
fermions is unstable in presence of an attractive, arbitrary small, interaction. Since in QCD the gluon exchange in
the 3 channel is attractive one expects the formation of a coherent state of Cooper pairs. The phase structure of
QCD at high density depends on the number of flavors and there are two very interesting cases, corresponding to
two massless flavors (2SC) (Alford et al., 1998; Barrois, 1977; Rapp et al., 1998) and to three massless flavors (CFL)
(Alford et al., 1999; Schafer and Wilczek, 1999a) respectively. The two cases give rise to very different patterns of
symmetry breaking. If we denote left- and right-handed quark fields by wf‘L( R) = 1/);?;( a) by their Weyl components,

with o = 1,2,3, the SU(3). color index, ¢ = 1,---, Ny the flavor index (Ny is the number of massless flavors) and
a(a) = 1,2 the Weyl indices, the structure of the condensate at very high density can be easily understood on the
basis of the following considerations. Consider the matrix element

(0, 15,0 (5.1)
its color, spin and flavor structure is completely fixed by the following considerations:
e The condensate should be antisymmetric in color indices («, 3) in order to have attraction;

e The condensate should be antisymmetric in spin indices (a,b) in order to get a spin zero condensate. The
isotropic structure of the condensate is generally favored since it allows a better use of the Fermi surface (Brown
et al., 2000c; Evans et al., 1999a; Schafer, 2000c; Schafer and Wilczek, 1999b);

e given the structure in color and spin, Pauli principles requires antisymmetry in flavor indices.
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Since the momenta in a Cooper pair are opposite, as the spins of the quarks (the condensate has spin 0), it follows
that the left(right)-handed quarks can pair only with left(right)-handed quarks. In the case of 3 flavors the favored
condensate is

(05 10) = — (0w, Azeaﬁce i (5.2)

This gives rise to the so-called color—flavor-locked (CFL) phase (Alford et al., 1999; Schafer and Wilczek, 1999a).
The reason for the name is that simultaneous transformations in color and in flavor leave the condensate invariant as
shown in Fig. 14.

<Yy

tH
HACRY

rotate left rotate color rotate right

FIG. 14 Color and flavor indices are represented by black and grey arrows respectively. In the lower part it is shown that we
can leave the left-handed condensate invariant if we perform a flavor rotation followed by a related color rotation. However this
rotates the color index in the right-handed condensate, so in order to have both condensates invariant we have to rotate also
the right- flavor index. In conclusion we have invariance under the diagonal product of the three SU(3) groups.

More generally the following condensate is formed (Alford et al., 1999; Schafer and Wilczek, 1999a)

3
(@i Calmy) % S € easc + k(845% + 3500, (5.3)
c=1

Due to the Fermi statistics, the condensate must be symmetric in color and flavor. As a consequence the two terms
appearing in Eq. (5.3) correspond to the (3,3) and (6,6) channels of SU(3). ® SU(3)r(r)- It turns out that x is
small (Alford et al., 1999; Schafer, 2000b; Shovkovy and Wijewardhana, 1999) and therefore the condensation occurs
mainly in the (3,3) channel. Also in this case the ground state is left invariant by a simultaneous transformation of
SU(3). and SU(3) (k). The symmetry breaking pattern is

SU(3). ® SU(?))L & SU(?))R ® U(l)B & U(l)A

! (5.4)
SU(3)C+L+R R Zoy R Zs.

The U(1) 4 symmetry is broken at the quantum level by the anomaly, but it gets restored at very high density since
the instanton contribution is suppressed (Rapp et al., 2000; Schafer, 2000b; Son and Stephanov, 2000a,b). The Z,
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symmetries arise since the condensate is left invariant by a change of sign of the left- and/or right-handed fields. The
electric charge is broken but a linear combination with the broken color generator Ty annihilates the ground state.
On the contrary the baryon number is broken. Therefore there are 8 + 2 broken global symmetries giving rise to 10
Goldstone bosons. The one associated to U(1) 4 gets massless only at very high density. The color group is completely
broken and all the gauge particles acquire mass. Also all the fermions are gapped. We will show in the following how
to construct an effective lagrangian describing the Goldstone bosons, and how to compute their couplings in the high
density limit where the QCD coupling gets weaker.

The previous one is the typical situation when the chemical potential is much bigger than the quark masses m,,
mg and mg (here the masses to be considered are in principle density depending). However we may ask what happens
decreasing the chemical potential. At intermediate densities we have no more the support of asymptotic freedom, but
all the model calculations show that one still has a sizeable color condensation. In particular if the chemical potential
w1 is much less than the strange quark mass one expects that the strange quark decouples, and the corresponding
condensate should be

(O v |0) = Ae*Fey;. (5.5)

In fact, due to the antisymmetry in color the condensate must necessarily choose a direction in color space. Notice
that now the symmetry breaking pattern is completely different from the three-flavor case:

SU@3)e ® SU(2). ® SU(2)r @ U(1)s — SU(2)e ® SU(2), ® SU(2)r ® U(1) @ Zo.

The condensate breaks the color group SU(3). down to the subgroup SU(2). but it does not break any flavor symmetry.
Although the baryon number, B, is broken, there is a combination of B and of the broken color generator, Ty, which
is unbroken in the 2SC phase. Therefore no massless Goldstone bosons are present in this phase. On the other hand,
five gluon fields acquire mass whereas three are left massless. We notice also that for the electric charge the situation
is very similar to the one for the baryon number. Again a linear combination of the broken electric charge and of the
broken generator Ty is unbroken in the 2SC phase. The condensate (5.5) gives rise to a gap, A, for quarks of color 1
and 2, whereas the two quarks of color 3 remain un-gapped (massless). The resulting effective low-energy theory has
been described in (Casalbuoni et al., 2000, 2001a; Rischke et al., 2001).

A final problem we will discuss has to do with the fact that when quarks (in particular the strange quark) are
massive, their chemical potentials cannot be all equal. This situation has been modelled out in (Alford et al., 2001).
If the Fermi surfaces of different flavors are too far apart, BCS pairing does not occur. However it might be favorable for
different quarks to pair each of one lying at its own Fermi surface and originating a pair of non-zero total momentum.
This is the LOFF state first studied by the authors of ref. (Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1964) in
the context of electron superconductivity in the presence of magnetic impurities. Since the Cooper pair has non-zero
momentum the condensate breaks space symmetries and we will show that in the low-energy spectrum a massless
particle, a phonon, the Goldstone boson of the broken translational symmetry, is present. We will construct the
effective lagrangian also for this case (for a general review of the LOFF phase see (Bowers, 2003; Casalbuoni and
Nardulli, 2003).

Of course it would be very nice if we could test all these ideas on the lattice. However the usual sampling method,
which is based on a positive definite measure, does not work in presence of a chemical potential since the fermionic
determinant turns out to be complex in euclidean space. The argument is rather simple. We define euclidean variables
through the following substitutions

ro — —ixy,  xt — a2k, (5.6)
SR - A /8 (5.7)

Then the Dirac operator, in presence of a chemical potential, becomes®

D(u) = 75Dl + 1 (5.8)

where Di, = 0% + i A%, is the euclidean covariant derivative. In absence of a chemical potential the operator has the
following properties

D(O)' = ~D(0), 5D (0)35 = ~D(0). (5.9)

4 We neglect the mass term, since it correspond to an operator multiple of the identity, and all the following considerations can be trivially
extended.
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Therefore the eigenvalues of D(0) are pure imaginary. Also if |A) is an eigenvector of D(0), the same is for v5|\) but
with eigenvalue —\. This follows from

1D(0)|A) = Ms|A) = —D(0)75]). (5.10)
Therefore
det[D(0)] = J[(M) (=) > 0. (5.11)
A

For i # 0 this argument does not hold and the determinant is complex. Notice that this argument depends on the
kind of chemical potential one has to do. For instance in the case of two degenerate flavored quarks, v and d, if we
consider the isospin chemical potential, which is coupled to the conserved charge 75 in flavor space, we may still prove
the positivity by using, for instance, 775 instead of 5. Therefore these cases can be treated on the lattice.

A. Hierarchies of effective lagrangians

QCD at high density is conveniently studied through a hierarchy of effective field theories. The starting point is the
fundamental QCD lagrangian. The way of obtaining a low energy effective lagrangian is to integrate out high-energy
degrees of freedom. As we have seen Polchinski (Polchinski, 1993) has shown that the physics is particularly simple
for energies close to the Fermi energy. He has shown that all the interactions are irrelevant except for a four-fermi
interaction coupling pair of fermions with opposite momenta. This is nothing but the interaction giving rise to the
BCS condensation. This physics can be described using the High Density Effective Theory (HDET) (Beane et al.,
2000; Casalbuoni et al., 2001c,d; Hong, 2000a,b).

I—C)CD
+ 0
! "
iA<<6<<Q
|
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|
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L otas ¥ ;

FIG. 15 The hierarchy of effective lagrangians entering in the discussion of high density QCD.

In this theory the condensation effects are taken into account through the introduction of a Majorana mass term.
The degrees of freedom are quasi-particles (dressed fermions), holes and gauge fields. This description is supposed
to hold up to a cutoff pr + §, with § smaller than the Fermi momentum but bigger than the gap A, A < § < pp.
Going at momenta much smaller than the gap energy A all the gapped particles decouple and one is left with the
low energy modes as Goldstone bosons, ungapped fermions and holes and massless gauged fields according to the
breaking scheme. The corresponding effective theory in the Goldstone sector can be easily formulated using standard
techniques. In the case of CFL and 2SC such effective lagrangians have been given in refs. (Casalbuoni and Gatto,
1999) and (Casalbuoni et al., 2000; Rischke et al., 2001). The parameters of the effective lagrangian can be evaluated
at each step of the hierarchy by matching the Greens functions with the ones evaluated at the upper level.
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B. The High Density Effective Theory (HDET)
We will present here the High Density Effective Theory (Beane et al., 2000; Casalbuoni et al., 2001c,d; Hong,
2000a,b) in the context of QCD with N; massless flavors. As already discussed we will integrate out all the fermionic

degrees of freedom corresponding to momenta greater than pg + 0 with § a cutoff such that A < § < prp. The QCD
lagrangian at finite density is given by

s 1 a apv s
‘CQCD :¢1$¢_ EF/,LVF s +IU/¢’YO,(/J7 a = 17"',87 (512)

D, =8, +ig AT, P =~,D", (5.13)

where T% = A*/2, with A\* the Gell-Mann matrices. At asymptotic values of p1 > Agcp quarks can be considered as
almost free particles due to the asymptotic freedom. The corresponding Dirac equation in momentum space is

(¥ + my0)v(p) =0, (5.14)
or
(" + w)(p) = a - p(p), (5.15)
where @ = 7. From this we get immediately the dispersion relation
(P +n)? = Ipl%, (5.16)
or
P’ =Ex=—p+|pl. (5.17)

For the following it is convenient to write the Dirac equation in terms of the following projectors

1ia-vF

Py = — (5.18)
where
9E(p) _ dlp| _ .
V=Vp op op p ( )
Decomposing p = uvg + £ we get
HYyy =€y, HY_=(2p+a-L)_. (5.20)

Therefore only the states ¥ with energies close to the Fermi surface, |p| &~ p can be easily excited (E4 ~ 0). On
the contrary, the states ¢_ have E_ ~ —2u. They are well inside the Fermi sphere and decouple for high values of
. In the limit 4 — oo the only physical degrees of freedom are 1 and the gluons. After this quantum mechanical
introduction, let us consider the field theoretical version of the previous argument. The main idea of the effective
theory is the observation that the quarks participating in the dynamics have large (~ p) momenta. Therefore one
can introduce velocity dependent fields by extracting the large part pv of this momentum. We start with the Fourier
decomposition of the quark field ¢ (z):

_ d4p —ip-x
viw) = [ e o) (5.21)
and then we introduce the Fermi velocity as
pt = pot + 0", (5.22)
where

v =(0,v), (5.23)
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with |v| = 1. The four-vector

o = (0,0, (5.24)
is called the residual momentum. We define also
L=vl+4£, (5.25)
with
Ly =£—(£-v)v. (5.26)

Since we can always choose the velocity v parallel to p, we have £, = 0. We will now separate in Eq. (5.21) the light
and heavy fermion degrees of freedom. These are defined by the following restrictions in momentum space:

light d.o.f. p—0<|p| < p+o,
heavy d.o.f. |p|<p—96, |p|>pu+0, (5.27)

or, in terms of the residual momentum

light d.o.f. -6 < EH < +4,
heavy d.o.f. KH < -4, EH > +4. (528)

Here § is the cutoff that we choose for defining the effective theory around the Fermi sphere. We will assume that
0 > A, with A the gap. We will assume also that the shell around the Fermi sphere is a narrow one and therefore
0 < p. Let us start our discussion with the light fields. We will discuss how to integrate out the heavy d.o.f later on.
In this case we can write the integration in momentum space in the form

d4p M2 +4 +o0 dv L d2¢
[ =g [ o[ o= [ 55 e 520

where we have taken into account that we are interested in the degrees of freedom in a shell of amplitude 2§ around
the Fermi sphere, and that in the shell we can assume a constant radius p. We have also substituted the angular
integration with the integration over the Fermi velocity taking into account that it is a unit vector. That is

/dVE/d3v5(|v\ S :/\v|2d\v|d96(|v| ) :/dQ. (5.30)

In this way the original 4-dimensional integration in momentum has been factorized in the product of two 2-dimensional

integrations. In particular
d*p d
/ —/ V'u /dfu (5.31)
|p|Eshell (277) dm

The Fourier decomposition (5.21) for the light d.o.f. takes the form

vle) = [ e ) (5.3
where
o) =1 [ et (5.:3)

with 1y (€) = ¥ (p). Notice that the fields ¢ (x) are velocity-dependent and they include only the degrees of freedom
corresponding to the shell around the Fermi sphere. Projecting with the operators Py we get

vle) = [ e Wale) + 4o )] (531)
where
vi(e) = Petnle) = Pl [ e o), (5.35)
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Let us now define
VM = (LV) ) ‘7“:(]—7 _V)7

=00 v, A=A (5.36)
We can then prove the following relations

by = V“¢+70¢+ ;

P_yFpo = VHap_yOh_
Yy = i,
Vo = Gyl (5.37)

Now we want to evaluate the effective action in terms of the velocity-dependent fields defined in Egs. (5.32) and
(5.33). Substituting the expression (5.33) in terms of the type [ d*zt¢T¢ we find

[atuto =

2\2 [ dgp di, d20 d2
(H> T U R L DIRACOINM O (5.38)

™

For large values of u the integral is different from zero only if v = v’ and the J-function factorizes in the product of
two d-functions one for the velocity and one for the residual momenta. Both these d-functions are two-dimensional.
Therefore we obtain

[dtzuto =2 [Esulinno, (539)

Analogously one could start from (5.32) finding

[azuto= [t [ Foi@ ), (5.40)

In the following we will need also the expression [ d*xzypT Cyp. We find

[awirew= [t (@) Co(z) = 1 / Z;’(d (00U (-0, (5.41)

These expressions show that there is a superselection rule for the Fermi velocity.
Now we are in the position to evaluate the effective lagrangian for the fields ¢, which should be the relevant degrees
of freedom in the high density limit. Since we have

10, e” T = e (5.42)
we get
[dtad @m0y v= [ate [T+ 00 [+ )+ D) (s + 00, (5.43)
Expanding and using Eqgs. (5.37) we find
[d*z (iD + pryo) ¥ =
Jate (v1aV - Doy + vl - Dy 20t o+ i+ BBy ). (5.44)
The lagrangian is given by
Lp= / % [whv Dby + bt (2u iV - DY + (il L + h.c.)] . (5.45)

From which we get the equations of motion

iV Dy + iDL =
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(2u+iV - D) +ir" Py =0. (5.46)
At the leading order in 1/u
Y_ =0, iV-Dypp =0, (5.47)

proving the decoupling of ¢_. At this order the effective lagrangian is simply
dV T
Lp= 4—1/1+2V - Dy (5.48)
77

Therefore the free propagator, (T(d)yj;l)), is given by

1

] 5.49
V. (549)
This can be seen directly starting from the Dirac propagator
1 0 0_~». =~
0~0 _ 7. 7 0~ v 0+ M)Z Zi 27' (5.50)
PP =g A+ (0 +p)? - [P
By putting p = uv + £ and expanding at the leading order in 1/p we find
1 1
~ 4 (5.51)

Pruy 2V-0

where V - £ = (0 — £ - v. Therefore the propagator depends (at the leading order) only on the energy £° and on the
momentum perpendicular to the Fermi surface £ = £ - v. Notice also that

1
— = 570(1 —a-v)=Piv. (5.52)

Recalling that the Dirac propagator is the 1)1 T-product, we see that the propagator <T(1/J+1/)1)> at this order is just
1/V - L.

1. Integrating out the heavy degrees of freedom
All the steps leading to Eq. (5.45) can be formally performed both for light and heavy degrees of freedom. However,

in order to integrate out the heavy fields we need to write the effective lagrangian at all orders in p in the following
non-local form :

1 a aur
L= —FLF™ 4+ Lp | (5.53)
where
c —/dv[w*w-Dw gL py (5.54)
P dr [T AR T, M I '
Using the identity
DLy g =gl Py, (5.55)

where

1 . -
P — g — S VR v (5.56)
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we can write (5.54) as:

dv

Lp = / — {Mﬂ'v Dy, — Pl DD, | . (5.57)

4 2u+iV - D

Notice that the Eq. (5.33) does not hold in this case. We need now to decompose the fields in light and heavy
contributions

by =y + ol (5.58)
Substituting inside Eq. (5.57) we get
Lp=LY+Lh+ch, (5.59)

where £}, is nothing but (5.48) at the leading order in y:

= / %w{&v - Dy, (5.60)
whereas
rih — dl wl’[iv . Dd)h _ P“D’L/)IT;D D wh + (<h) (5.61)
oA U * Tou+av-Dp Y .
and
h dv ht - h uv, bt 1 h
Lh= [ - (W4iV - Dyl — Py mDuDWM : (5.62)

When we integrate out the heavy fields, the terms arising from Elg produce diagrams with two light fermions external
lines and a bunch of external gluons with a heavy propagator (see, for instance Fig. 16). Due to the momentum

> =<

FIG. 16 Some of the operators arising from integrating out the heavy degrees of freedom in LY. The wavy lines represent the
gluons, the thin lines the light fermionic d.o.f. and the thick lines the heavy ones

conservation they can contribute only if some of the gluon momenta are harder than 6. However the hard gluons are
suppressed by asymptotic freedom. Notice that these terms may also give rise to pure gluon terms by closing the light
line in the loop, see Fig. 17.

On the other hand the second term in Ub can contribute to an operator containing only soft gluon external lines and
a loop of heavy fermions at zero momentum (see for instance in Fig. 18 the contribution to the two gluon operator).
Notice that the heavy fermion propagator comes from the first term in £% and it coincides with the propagator
evaluated for the free Fermi gas in Section II.A. This is so also in case of condensation since we are assuming § > A.
Furthermore, from Eq. (2.38) we know that the propagator at zero momentum is nothing but the density of states
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FIG. 17 A contribution to hard gluon terms obtained by closing the light fermion lines in the diagrams of Fig. 16

FIG. 18 The two gluon operator arising from integrating out the heavy degrees of freedom in LY. The wavy lines represent the
gluons, the thin lines the light fermionic d.o.f. and the thick lines the heavy oneslight

inside the Fermi surface. Therefore we expect an order p® contribution®. At the leading order in p this gives a term
of the type u?A2, where A is the gluon field. We will evaluate this contribution later in Section VIIL.A. Since this
is a mass term for the gluons and, as we shall see, gives a contribution only to the spatial gluons, it will be referred
to as bare Meissner mass. The result of this discussion is that the effective lagrangian for the light fields is simply
given by L4, plus terms containing powers of soft gluon fields.

2. The HDET in the condensed phase

Let us now see what happens in the case of condensation after having integrated out the heavy fields. We will omit
from now on the superscript identifying the light fields since these are the only fields we will deal with from now on.
We will describe color and flavor with a collective index A = 1,---, N (N = N.Ny). The general structure of the
condensate, both for left- and right- handed fields is (we will neglect from now on the Weyl indices since we assume
the difermions in the spin 0 state)

(WACYP) ~ Ay, (5.63)

with A 4p a complex symmetric matrix.
We will now consider a four-fermi interaction of the BCS type

G
L1 == eavegyVapopbivy v ). (5.64)

We require £ to be hermitian, therefore

Vapep = Vépas (5.65)
and furthermore
Vapep = Veacp = Vaspe- (5.66)
As we have done in Section III.D we write
L1 = Leond + Lint, (5.67)

5 To be precise we should take out the volume of the portion of the shell inside the Fermi surface that goes in the light fields definition,
but since we are taking the limit of large p this is negligible.
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with
Leond = %VABCDFCD*wATCwB - %VABCDFABW CypP (5.68)
and
Line =~ Vapen (W7 C0P — 147) (5CTCRP* 4 TOP). (5.69)
We now define
Aap = %VCDABFCD» Al = %VC*'DABFCD* = gVABCDFCD*- (5.70)

Clearly A4p is a symmetric matrix. We will assume also that it can be diagonalized, meaning that
[A, AT] =0, (5.71)
where Aap = Aap. Therefore (C is the charge conjugation matrix, C' = ios)
1 1
Leona = 5A4pP" T CYP = S A4y CYP™. (5.72)
For the following it is convenient to introduce the following notation for the positive energy fields:

b (@) = by (£, ). (5.73)

One should be careful in not identifying _ with the negative energy solution with velocity v. The condensation
is taken into account by adding L.onq to the effective lagrangian of the previous Section (here we consider only the
leading term), see Sections III.C and III.D. Therefore we will assume the following Lagrangian

dv . 1 * 1 *
Lp = /477; { iV - D) ap? + §¢fC¢fAAB - §¢iTCw§ AAB] : (5.74)

Using the symmetry v — —v of the velocity integration we may write the previous expression in the form

Lp= / Z—Z Z% [ AV - D) apyp + 921 (iV - D) apv? + 02 COYEAY g — cw?*AAB} . (5.75)
A,B
We then introduce the Nambu-Gor’kov basis
Xt = % ( clf/}%) (5.76)
in terms of which
Lp= / %x‘” {ZKAZZB Z‘;AﬁjB} X7 (5.77)

The lagrangian we have derived here coincides with the one that we obtained in Section III.D, that is the lagrangian
giving rise to the Nambu-Gor’kov equations.
The inverse free propagator in operator notations is (notice that since A is symmetric we have A* = Af)

S1(0) = (YA? ‘;.Ag) . (5.78)

From which

= 1 VoA
S(E)_(V-é)(V-e)—AN(AT v.e>' (5.79)

Let us now consider the relation

G
Alp = _§VABCD<¢CT01/)D*>« (5.80)
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This Equation is the analogous of Eq. (3.112) in configuration space. Repeating the same steps leading to Eq. (3.130)
we find

G dv d2€
Ahp=i2 X VABCD/ i / CED (5.81)
ED’

where we have made use of Eq. (5.31) and

1 1
Dap ((V-Z)(V-E) - AAT)AB' (5.82)

Notice that the factor 2 arises from the sum over the Weyl indices. The final result is

dV d2€

in agreement with the result we found from the Nambu-Gor’kov equations by identifying E with ¢y and d®p with the
integration over the velocity and ¢)|. The same result can be found via the functional approach, see Appendix A.
Let us apply this formalism to the case of an effective four-fermi interaction due to one gluon exchange

3 _ _
L1 = e GUp N A, (5.84)

where A\® are the Gell-Mann matrices. Using the following identities

8

D080 = 5 (s = sz (5.85)
and
(0u)ab(0")ae = 2€ac€pa (5.86)
where
ot = (1,0), " =(1,—a), (5.87)
with o the Pauli matrices, we find
Lr= —%V(ai)wjka)(éw? oty (5:88)
with
Viai)(8)(vk) (60) = —(30as0y — ar03s)dirdje- (5.89)

Let us now consider the simple case of the 25C phase. Then, as we have seen,
Aai)(j) = €apacii A (5.90)

We get at once

. dv d?¢
A:4zG/47T7T/ 2W2€2_£2 ] (5.91)

with £ = v - £. Performing the integration over £y we obtain

(5.92)

1
A
), e

Here we have defined the density of states as

p=—" (5.93)
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which is the appropriate one for this case. In fact remember that in the BCS case the density is defined as p% /vpm?.
In the actual case pr = Er = p and vp = 1. The factor 4 arises since there are 4 fermions, ¢ with a = 1,2, which
are pairing.

It is worth to note that an alternative approach is to work directly with the Schwinger-Dyson equation (Rajagopal
and Wilczek, 2001). In that case there is no necessity to Fierz transform the interaction term. The reason we have not
adopted this scheme, although technically more simple, is just to illustrate more the similarities with the condensed
matter treatment.

In order to make an evaluation of the gap one can fix the coupling by the requirement that this theory reproduces
the chiral phenomenology in the limit of zero density and temperature. It is not difficult to show that the chiral gap
equation is given by

A d*p 1
1=8G / . 5.94
o @P i 59
Here A is the Nambu Jona-Lasinio cutoff and M is the constituent mass. Correspondingly one chooses § = A — i in the

gap equation at finite density. By choosing typical values of A =800 MeV, M = 400 MeV and p = 400 + 500 MeV
one finds respectively A = 39 +~ 88 MeV®. Similar values are also found in the CFL case.

C. The gap equation in QCD
Having discussed the gap equation in the context of a four-fermi interaction we will now discuss the real QCD case.

However this calculation has real meaning only at extremely high densities much larger than 103 MeV, see (Rajagopal
and Shuster, 2000). Therefore we will give only a brief sketch of the main results. We will work in the simpler case

of the 2SC phase.
A A

FIG. 19 The gap equation in QCD at finite density. The light grey circle denotes the gluon self-energy insertion. The dark grey
ones a gap insertions. At the leading order there is no need of vertex corrections

As shown in Appendix A the gap equation can be obtained simply by writing down the Schwinger-Dyson equation,
as shown in Fig. 19. The diagram has been evaluated in (Brown et al., 2000b; Hong et al., 2000b; Pisarski and
Rischke, 2000a; Schafer and Wilczek, 1999d; Son, 1999). The result in euclidean space is

A()—yz/ﬁ /d 0 i L
Po) = Tor2 1 TN\ T = cost + G/ (2u?)
2+ 3 cosb ) Alqo)

1—cosf+ F/(2u?) \/‘W.

Here, A(pg) is the energy dependent gap, g is the QCD coupling constant and G and F are the self energies of
magnetic and electric gluons. The terms in the curly brackets arise from the magnetic and electric components of the
gluon propagator. The numerators are the on-shell matrix elements M,; oo = [@n(p1)7Vi,0un(p3)][@n(p2)7Vi,0un(pa)] for

(5.95)

6 For a different way of choosing the cutoff in NJL models, see (Casalbuoni et al., 2003)
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the scattering of back-to-back fermions on the Fermi surface. The scattering angle is cos@ = p; - p3. In the case of a
spin zero order parameter, the helicity h of all fermions is the same (see (Schafer and Wilczek, 1999d)).

The important difference between Eq. (5.95) and the case of a contact four-fermi interaction is due to the fact
that the self-energy of the magnetic gluons vanishes at zero energy. Therefore the gap equation contains a collinear
cosf ~ 1 divergence. One makes use of the hard-loop approximation (Le Bellac, 1996) and for ¢y < |q| — 0 and to
leading order in perturbation theory we have

™ d0
F=mj, G=-m}i=, 5.96
D 4 D |(j| ( )
with

922
272’
In the electric part, m% is the Debye screening mass. In the magnetic part, there is no screening of static modes, but
non-static modes are dynamically screened due to Landau damping. For small energies dynamic screening of magnetic

modes is much weaker than Debye screening of electric modes. As a consequence, perturbative color superconductivity
is dominated by magnetic gluon exchanges. We are now able to perform the angular integral in Eq. (5.95) finding

A(po) = #/d% log <|p0b“ ) A(a0) (5.98)

—al/) /@ + Ag)?

m¥, = Ny (5.97)

with
b= 25614 (2/N;s)>/%g7°. (5.99)

This equation has been derived for the first time in QCD in Ref. (Son, 1999). In ordinary superconductivity it was
realized by (Eliashberg, 1960) that the effects of retardation of phonons (taking the place of the gluons) are important
and that they produce the extra logarithmic term in the gap equation. The integral equation we have obtained can
be converted to a differential equation (Son, 1999) and in the weak coupling limit an approximate solution is (Brown
et al., 2000a,b,c; Pisarski and Rischke, 1999, 2000a,b; Schafer and Wilczek, 1999d; Son, 1999)

A(po) ~ Agsin (3\5% log (pbo)) : (5.100)

with

Ao = 2b ( 87 ) (5.101)

0=2buexp| —— ). .
V2g

This result shows why it is important to keep track of the energy dependence of A. In particular neglecting the energy

dependence would give a wrong coefficient in the exponent appearing in Ag. Also we see that the collinear divergence

leads to a gap equation with a double-log behavior. Qualitatively

L~ 15;2 [log (%)T (5.102)

from which we conclude that A ~ exp(—c/g). The prefactor in the expression for Ag is not of easy evaluation. By
writing

3 2
Ao =~ 512104 (2/N;)* b g ~° exp <—7;) . (5.103)
g
we have b, = 1 in the previous case, whereas with different approximations in (Brown et al., 2000c; Wang and Rischke,
2002) it has been found
4 2
| = exp (— ZW ) . (5.104)

Numerically one finds at u = 1010 MeV, g = .67 and b)) = 2/5, Ay ~ 40 MeV. Extrapolating at pu = 400 MeV,
g = 3.43, one finds Ay =~ 90 MeV. It turns out that Ay decreases from 90 MeV to about 10 MeV for p increasing
from 400 MeV to 105 MeV. Continuing to increase p A increases as it should be according to its asymptotic value.
In fact we see that for increasing p, A increases although A/u — 0. In particular we notice that neither the four-
fermi interaction approach and the present one from first principles can be trusted at phenomenologically interesting
chemical potentials of the order 400 - 500 MeV. Still it is of some interest to observe that both methods lead to gaps
of the same order of magnitude.
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D. The symmetries of the superconductive phases

1. The CFL phase

As we have already discussed we expect that at very high density the condensate <1/J?L0wf 1) is antisymmetric in
color and in flavor. Also, if we require parity invariance we have

(WL whL) = —(Wiavg). (5.105)
In fact in Dirac notation we notice that
(WT Cysy) (5.106)

is parity invariant (¥» — npyot) and its L and R components are precisely (¥p1¢r) and (¥grir). The required
antisymmetry implies

(W l) = e AL, (5.107)

with A a 3x3 matrix. In (Evans et al., 2000) it has been shown that A can be diagonalized by using an SU(3).®SU(3),
global rotation

A — gsu3).Agsue), = Ab, (5.108)
with
a 0 O
AD<0 b 0). (5.109)
0 0 ¢

Studying the gap equation (this calculation has been done in full QCD) it can be seen that three cases are possible

1 0 0
(1,1,1) : Ap = (O 1 O)
0 0 1
1 0 0
(1,1,0) : Ap = (0 1 O)
0 0 O
1 0 0
(1,0,0) : Ap = (O 0 0) . (5.110)
0 0 O
The corresponding gaps satisfy
A(1,1,1) <A < A(1,0,0)7 (5.111)
but for the free energies the result is
F(11171) < F(l,l,O) < F(l,O,O)' (5112)

The reason is that although the gaps for the less symmetric solution is bigger, there are more fermions paired in the
more symmetric configurations.

The analysis of the gap equation shows that there is also a component from the color channel 6. In fact, under the
group SU(3). ® SU(3)r, ® SU(3)g we have

ViL(r) € (3c:3L(R))- (5.113)
Therefore
[(8e:8L(r)) ® (3e;31(R))| g = (82,81 ()) @ (6c,61(R)). (5.114)

Here the index S means that we have to take the symmetric combination of the tensor product since (% Cy) is
already antisymmetric in spin. From the previous argument and in the absence of the (6., 6 L R)) component we have

<1/)?L¢]@L> = AeMeyr. (5.115)
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The presence of the (6.,6.(r)) implies
(W) = Me e + N6 (6267 +670%), (5.116)
or
() = A28 — 670%) + Ag (5207 +076%) = (A + Ag)8887 + (Ag — A)3] 55 (5.117)

Notice that the (6.,6.(g)) term does not break any further symmetry other than the ones already broken by the
(3%, 32( R)). Numerically Ag turns out to be quite small. The analysis has been done in (Alford et al., 1999) using
the parameters Ag and A7, defined as

1 1 1
A+ Ag = 3 <A8 + 8A1> , A—Ag= *gAl- (5.118)
Therefore
1 1 1
A=5(As =~ A1), As—ﬁ(As+2AO. (5.119)

The absence of the sextet is equivalent to require Ay = —2Ag. The result found in (Alford et al., 1999), for the choice
of parameters, A = 800 MeV, M = 400 MeV and p = 400 MeV is

Ag =80 MeV, A;=-176 MeV, (5.120)
implying
A =853 MeV, Ag=—13MeV. (5.121)
As already discussed the original symmetry of the theory is
Gocp =8U(3).®@SUB) L SUB)r@U(1)5. (5.122)

The first factor is local whereas the other three are global since, for the moment, we are neglecting the em interaction
which makes local a U(1) subgroup of SU(3)r, ® SU(3)g. The condensates lock together the transformations of
SU(3)¢, SU(3)r and SU(3)g, therefore the symmetry of the CFL phase is

GerL = SU3) et L+rR @ Zo. (5.123)

In fact, also the U(1) g group is broken leaving a Zs symmetry corresponding to the multiplication of the quark fields
by -1. Also, locking SU(3)r, and SU(3)g to SU(3). makes SU(3)r, and SU(3) g lock together producing the breaking
of the chiral symmetry. The breaking of Ggcp to Gerr, gives rise to

3x8+1-8=8+8+1 (5.124)

Nambu-Goldstone (NB) bosons. However 8 of the NG bosons disappear from the physical spectrum through the
Higgs mechanism, giving masses to the 8 gluons, whereas 8+1 massless NG bosons are left in the physical spectrum.
Of course, these NG bosons take mass due to the explicit breaking of the symmetry produced by the quark masses.
Since all the local symmetries are broken (but see later as far the electromagnetism is concerned) all the gauge bosons
acquire a mass.

Although the baryon number is broken no dramatic event takes place. The point is that we are dealing with a
finite sample of superconductive matter. In fact, applying the Gauss’ law to a surface surrounding the sample we find
that changes of the baryon number inside the superconductor must be accompanied by compensating fluxes. In other
words, inside the sample there might be large fluctuations and transport of baryonic number. Things are not different
from what happens in ordinary superconductors where the quantum number, number of electrons (or lepton number),
is not conserved. The connection between the violation of quantum numbers and phenomena of supertransport as
superfluidity and superconductivity are very strictly related.

The condensate (5} ]ﬁ 1) 1s not gauge invariant and we may wonder if it is possible to define gauge invariant order
parameters. To this end let us introduce the matrices

X,\]? = <w?Lw]§L>*6aﬁyeijka Yyk = <wz{¥Rw]@R>*€aﬁ’y€ijk- (5'125)



99

The conjugation has been introduced for convenience reasons (see in the following). The matrix

(YIX):=> (V] X}, (5.126)

[e3

is gauge invariant, since color indices are saturated and breaks SU(3)r ® SU(3)r to SU(3)r+r. Analogously the
6-fermion operators

det(X), det(Y) (5.127)

are gauge invariant flavor singlet and break U(1)p.

So far we have neglected U(1)4. This group is broken by the anomaly. However, the anomaly is induced by a
6-fermion operator (the 't Hooft determinant) which becomes irrelevant at the Fermi surface. On the other hand this
operator is qualitatively important since it is the main cause of the breaking of U(1) 4. If there was no such operator
we would have a further NG boson associated to the spontaneous breaking of U(1)4 produced by the di-fermion
condensate. Since the instanton contribution is parametrically small at high density, we expect the NG boson to be
very light. Notice that the U(1) 4 approximate symmetry is broken by the condensate to a discrete group Zs.

The spectrum of the CFL phase

Let us spend some word about the spectrum of QCD in the CFL phase. We start with the fermions. Since all the
fermions are paired they are all gapped. To understand better this point let us notice that under the symmetry group
of the CFL phase SU(3).+1+r quarks transform as 1 @ 8. Therefore it is useful to introduce the basis

9
1
U= —= Y (e, (5.128)
where A4, A =1,---,8 are the Gell-Mann matrices and

2
)\g = /\0 = \/; X ].7 (5129)

with 1 the identity matrix in the 3 x 3 space. With this normalization

Tr(AaAp) = 2045. (5.130)
Inverting Eq. (5.128)
A 1 AR 1
IR Y o Tr(Agab), 5.131
v ﬂD At = S TrAu) (5.131)
we obtain
1 ; ; A
(AP = 5 > ()L (s)hAe ey = 5Trz (Aaer ber), (5.132)
I

where we have defined the following three, 3 x 3, matrices

(€1)ap = €apr; (5.133)
which have the following property valid for any 3 x 3 matrix g:
> erg"er =g - Trg). (5.134)

I

This is a simple consequence of the definition of the e; matrices. Using this equation it follows
(2P = A adag, (5.135)
with

A=1,--,8 As=A,

AA_{ A0 A oA, (5.136)
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There are two gaps, one for the octet (A =1,---,8) and a larger one for the singlet (A = 9). In each of these cases
the dispersion relation for the quasi-fermions is

ea(p) =1/ (v-£)2+ A%. (5.137)

The next category of particles are the gluons which acquire a mass through the Higgs mechanism. Therefore we
expect

2p2 (5.138)

2
my & g;

with gs the coupling constant of QCD and F' the coupling constant of the NG bosons of the CFL phase. However
the situation is more complicated than this due to two different effects. First there is a very large wave-function
renormalization making the mass of the gluons proportional to A. Second, the theory is not relativistically invariant.
In fact being at finite density implies a breaking of the Lorentz group down to O(3), the invariance under spatial
rotations.

The last category of particles are the NG bosons. As already discussed we expect 9 massless NG bosons from the
breaking of Ggcp to Gerr, plus a light NG boson from the breaking of U(1) 4. Again, this is not the end of the story,
since quarks are not massless. As a consequence the NG bosons of the octet acquire mass. The NG boson associated
to the breaking of U(1)p remain massless since this symmetry is not broken by quark masses. However the masses of
the NG bosons of the octet are parametrically small since their square turns out to be quadratic in the quark masses.
The reason comes from the approximate symmetry (Zz), ® (Z2)r defined by

(Z2)r Yp — —Yr
(Z2)r YR — —Yr. (5.139)

This is an approximate symmetry since only the diagonal Z5 is preserved by the axial anomaly. However the quark
mass term

Y Mg +h.c. (5.140)

is such that M — —M (here we are treating M as a spurion field) under the previous symmetry. Therefore the mass
square for the NG bosons in the CFL phase must be quadratic in M. The anomaly breaks (Z3);, ® (Z2)r through
the instantons. As a result a condensation of the type (¥r1g) is produced. This is because 4 of the 6 fermions in
the 't Hooft determinant ('t Hooft, 1976; Schafer and Shuryak, 1998; Shifman et al., 1980) condensate through the
operators X and Y (see Eq. (5.125)), leaving a condensate of the form ({1 g) (Alford et al., 1999; Rapp et al., 2000;
Schafer, 2000b). However it has been shown that this contribution is very small, of the order (Agcp/u)® (Manuel
and Tytgat, 2000; Schafer, 2000a).

In-medium electric charge

The em interaction is included noticing that U(1)em C SU(3)r ® SU(3)r and extending the covariant derivative

Dytp = 0, — gl Tath — i QA,, (5.141)

where T, = A\,/2 with A, the Gell-Mann matrices. The condensate breaks U(1)em but leaves invariant a combination
of @ and of the color generator. The result can be seen immediately in terms of the matrices X and Y introduced
before. In fact the CFL vacuum is defined by

X, =Yi=0.. (5.142)
Defining (Ts = (1,1, —2)/2v/3)
Qsu). = —% Ty = diag(—1/3,~1/3,+2/3) = Q, (5.143)
we see that the combination
Qsu).®1-10Q=Q®1-18Q (5.144)

leaves invariant the condensates

Q(X) — (X)Q = Qapdsi — 0ajQji = 0. (5.145)
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Therefore the in-medium conserved electric charge is

Q=100Q0-Q®1. (5.146)

The eigenvalues of Q are 0,41 as in the old Han-Nambu model. ~ ~
The in-medium em field A, and the gluon field gﬁ get rotated to new fields A, and G,

A, = fl# cosf — Gu sin 6,

gi = A, sind+ G, cosb, (5.147)
with new interactions
9s95Ts ® 1+ eA 1 ®Q — EQA, + g.GT, (5.148)
where
2 s
tan = ﬁi7 ¢ =ecosl, g.= cgsﬂ’

[(cos®0)Q ® 1+ (sin®0) 1 ® Q] . (5.149)

Therefore the photon associated with the field flu remains massless, whereas the gluon associated to gﬁ becomes
massive due to the Meissner effect.

We shall show that also gluons and NG bosons have integer charges, 0, +1. Therefore all the elementary excitations
are integrally charged.

It is interesting to consider a sample of CFL material. If quarks were massless there would be charged massless
NG bosons and the low-energy em response would be dominated by these modes. This would look as a ”bosonic
metal”. However quarks are massive and so the charged NG bosons. Therefore, for quarks of the same mass, the
CFL material would look like as a transparent insulator with no charged excitations at zero temperature (transport
properties of massive excitations are exponentially suppressed at zero temperature). However making quark masses
different makes the story somewhat complicated since for the equilibrium one needs a non zero density of electrons
or a condensate of charged kaons (Schafer, 2000a). In both cases there are massless or almost massless excitations.

Quark-Hadron Continuity

The main properties we have described so far of the CFL phase are: confinement (integral charges), chiral symmetry
breaking to a diagonal subgroup and baryon number superfluidity (due to the massless NG boson). If not for the
U(1)p NG boson these properties are the same as the hadronic phase of three-flavor QCD:

CFL phase: U(1)p broken — NGB
hadr. phase at T'=p =0: U(1)p unbroken

The NGB makes the CFL phase a superfluid. For 3-flavors a dibaryon condensate, H, of the type (udsuds) = det(X)
is possible (Jaffe, 1977). This may arise at p such that the Fermi momenta of the baryons in the octet are similar
allowing pairing in strange, isosinglet dibaryon states of the type (p=~, nZ°, XX, 3050 AA) (all of the type
udsuds). This would be again a superfluid phase. The symmetries of this phase, called hypernuclear matter phase,
are the same as the ones in CFL. Therefore there is no need of phase transition between hypernuclear matter and
CFL phase (Schafer and Wilczek, 1999a). This is strongly suggested by complementarity idea. Complementarity
refers to gauge theories with a one-to-one correspondence between the spectra of the physical states in the Higgs and
in the confined phases, see (Banks and Rabinovici, 1979; Fradkin and Shenker, 1979) for U(1) theories and (Abbott
and Fahri, 1981; Dimopoulos et al., 1980a,b; 't Hooft, 1980) for SU(2). Specific examples (Fradkin and Shenker,
1979) show that the two phases are rigorously indistinguishable. No phase transition but a smooth variation of the
parameters characterizes the transition between the two phases.

A way to implement complementarity is the following (Casalbuoni and Gatto, 1981). Suppose to have the following
spectrum of fields

¥; € R of G, elementary states
Q. € R of G, composite states
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CFL phase Hypernuclear phase
Ya(DR) Bj, = 4o D}
((D")i)g5 (D) (D")ag3 Dy,

Mesons = phases of (D*)QLD;?‘R Mesons = phases of ZE?LUJQR

TABLE I This table shows the complementarity of the CFL phase and of the hypernuclear phase. The diquark fields D' are
defined as Di = eijkeo‘ﬁ'ywéwlj.

2/3]-1/3]-1/3
2/3]-1/3]-1/3
2/3]-1/3]-1/3

S w|w|&

TABLE II The electric charges of the quark fields ¥ .

with G the gauge group in the unbroken phase and G the global symmetry group of the broken phase. We assume
that R and G are isomorphic to R and G. We assume also that the breaking is such that the the effective Higgs fields
(¢?,) are such to map the two set of states

Qa(r) = ¢i(2)dl(z),a € Gi € G. (5.150)

In the broken phase, (¢%) oc §? implying that the states in the two phases are the same, except for a necessary
redefinition of the conserved quantum numbers following from the requirement that the Higgs fields should be neutral
in the broken vacuum The gauge fields (g#)g go into the vector mesons of the confined phase

(Z,)i = =637 [0 — (92)5] &L (5.151)
In the case of CFL phase and hypernuclear matter, we have G = SU(3). and G=SU (3) with the fermion fields in
three copies in both phases. The effective Higgs field is given by the diquark field
D} = €ijne* i, (5.152)
, with the property
(D)) x 8] (5.153)
The) two phases, as shown in Table I are very similar but there are also several differences (Schafer and Wilczek,
1999a

e In the hypernuclear phase there is a nonet of vector bosons. However if the dibaryon H exists the singlet vector
becomes unstable and does not need to appear in the effective theory

e In the CFL phase there are nine (8 @ 1) quark states, but the gap of the singlet is bigger than for the octet.
The baryonic singlet has the structure

€ijk€apr VSV V], (5.154)
and it is precisely the condensation of this baryon with itself which may produce the state H discussed before.

The CFL phase is a concrete example of complementarity. In the tables II, III, IV, V we show the electric charges
of the various states. In the CFL phase the charge @ of diquarks is zero whereas for quarks, v, and gluons, gag,
coincides with the charge @ of baryons, B;, and of vector mesons, Gj,.
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D}l R| B |W
u |-2/3|-2/3|-2/3
d|1/3]1/3]1/3
1/3|1/3]1/3

TABLE III The electric charges of the diquark fields D] = eijkeaﬁ“’w;wé. Houwever their Q charges are integers and equal t0
0,+1. This follows since the charges Q of the fermions enjoy the same property.

Bilu|d|s
w [0]-1|-1
d|1/0|0
(s [1]0]0]

TABLE IV The electric charges of the baryon fields B = wf,DZ = wi erskgaﬁw;ng .

2. The 25C phase

We remember that in this case
W?L?/J?L) = Ae*Pe;. (5.155)

Only 4 out of the 6 quarks are gapped, the ones with color 1 and 2 whereas the 2 quarks of color 3 remain ungapped.
The symmetry breaking pattern is

SUB).®SU2)L@SUR2)r@U(1)p — SU((2).®SU((2)L @ SU2)r®@U(1) 5.

In this phase the baryon number is not broken but there is a combination of B and of the color generator Tg, acting
upon the color indices, defined as

- 2 111 1
B=B-—1T3=|-,-,- ] —=-(1,1,-2) = (0,0,1), 5.156
St (333) 3012 =000 (5.156)
which is conserved by the condensate. In fact, although both B and Ty are broken, the condensate, involving only

quarks of color 1 and 2, is neutral under B. Also the electric charge is rotated. In fact consider the following
combination

2 1

~ 1
— 1_71 —_ —_
Q=0Q® ®Js—<y 3

V3

The B and Q quantum numbers of the quarks are given in Table VI We see that the condensate is neutral under Q
since it pairs together up and down quarks of color 1 and 2. Notice that quarks u? and d® have integer values of both
B and @. They look like proton and neutron respectively. We can understand why these quarks are ungapped by
looking at the 't Hooft anomaly condition ('t Hooft, 1980). In fact, it has been shown in (Hsu et al., 2001; Sannino,
2000) that the anomaly coefficient does not change at finite density. The theory in the confined phase at zero density
has an anomaly SU(2)r(r) ® U(1)p which is given by

1
)@1-1@6@L—m. (5.157)

x3=- (5.158)

—_

x1==: (5.159)

This anomaly is due entirely to the states 17, therefore they should remain massless as the quarks in the zero density
phase. In the 2SC phase there are no broken global symmetries therefore we expect a first order phase transition
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Giluld|s
u |0]-1|-1
d|1]0]0

1100

TABLE V The electric charges of the vector meson fields G, = (D*);gg‘Df

Q B

u*, a=12| = 0
d*, a=1,2| —1 0
u? 1 1

d? 0 1

TABLE VI The electric charge (Q) and the baryon number (é) for the quarks in the CFL phase

to the nuclear matter phase with a competition between chiral and di-fermion condensates. Notice that there is no
superfluidity in the 2SC phase.

The spectrum of the 2SC phase

We have already discussed the fermionic part, the modes ¢ with o = 1,2 are gapped, whereas ¥? remain massless.
Since the gauge group SU(3). is broken down to SU(2). we get

8—3=5 (5.160)

massive gluons. However we have still 3 massless gluons belonging to the confining gauge group SU(2).. With respect
to this group the gapped fermions ¢® with o = 1,2 are confined, whereas the massless fermions 13 are un-confined.
Notice also that the electric charges of the conﬁned states are not integers whereas the ones of the un-confined states
are integers.

As in 2SC no global symmetries are broken, there are no massless NG bosons. In conclusion the only light degrees
of freedom are 3 gluons and 2 fermions.

3. The case of 2+1 flavors

In nature the strange quark is much heavier than the other two and it may happen that u ~ m, with y > my 4.
In this situation neither of the discussions above applies. In practice we expect that decreasing p from g > my, g5
the system undergoes a phase transition from CFL to 2SC for values of i in between m, and mg,. This is because
the Fermi momenta of the different Fermi spheres get separated. In fact remember that for massive quarks the Fermi
momentum is defined by the equation

Ep =pu=1/p%t+M? —pr=+/p?— M2 (5.161)

As a consequence the radius of the Fermi sphere of a given quark decreases increasing its mass. To see why such a
transition is expected, let us consider a simplified model with two quarks, one massless and the other one with mass
mg at the same chemical potential . The Fermi momenta are

PR, =/ P2 —m2,  pr, = L. (5.162)

The grand potential for the two unpaired fermions is (factor 2 from the spin degrees of freedom)

PFy d3p 5 PFy d3p
Qun air. = 2 7 2 — 2 p| — . 5.163
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In fact, the grand potential is given in general by the expression
0= -T3 log Y (/™)™ = 73 log (14 e/ T (5.164)
k Nk k

where ¢ is the energy per particle and ny is the occupation number of the mode k. The expression above refers to
fermions. Also

S gV / (gir)’g, (5.165)
Kk
with g the degeneracy factor. In the limit of 7" — 0 and in the continuum we get
d*p
=gV [ (o= 10— o). (5.166)

In order to pair the two fermions must reach some common momentum pZ . and the corresponding grand potential
can be written as

Plomm d>p 5 5 Plomm d3p
Qpair. = 2 (V — ) +2 -
e =2 [ (VT e =) 2 [ e (e - )
N2A2

Ar2

(5.167)

where the last term is the energy necessary for the condensation of a fermion pair, that we recall from Eq. (3.65) to
be given by

_1 A2 — _liAQ — “2A2

1” 1 7%0p T Ar

(5.168)

This expression can be adapted to the present case by neglecting terms of order m2A%. The common momentum
pk m can be determined by minimizing Qpair. With respect to pZ . with the result

2

3 5.169

m
I3 —
Pecomm = M —

It is now easy to evaluate the difference Qyunpair. — Qpair. at the order m?%, with the result
1
Qpair. - Qunpair. ~ ﬁ (ngl - 4A2N2) . (5170)

We see that in order to have condensation the condition

2

m
s 171
TN (5.171)

must be realized. Therefore if m; is too large the pairing does not occur. It is easy to see that the transition must be
first order. In fact if it were second order the gap A should vanish at the transition, but in order this to happen we
must have A > m?2/2u. It should be noticed that the value of m, appearing in this equations should be considered
density dependent. For mg ~ 200+300 MeV and chemical potentials interesting for compact stellar objects (see later)
the situation is shown in Fig. 20. We see that the gap should be larger than 40 <+ 110 MeV in order to get the CFL
phase, whereas for smaller value we have the 25C phase. These values of A are very close to the ones that one gets
from the gap equation. Therefore we are not really able to judge if quark matter with the values of the parameters
is in the CFL or in the 2SC phase. The situation is far more complicated, because differences in the Fermi momenta
can be generated also from different chemical potentials (arising from the requirement of weak equilibrium, see later)
and/or from the requirement of electrical and color neutrality as appropriated for compact stars. Furthermore, at
the border of this transition a crystalline phase, the so-called LOFF phase, can be formed. We will discuss all these
questions later on.
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FIG. 20 The minimal values of the gap in order to get pairing for two given values of p vs. ms.

4. Single flavor and single color

According to the values of the parameters single flavor and/or single color condensation could arise. A complete
list of possibilities has been studied in (Alford et al., 2003) (for a review see (Bowers, 2003)). In general a single flavor
condensate will occur in a state of angular momentum J = 1. In this case rotational invariance is not broken since the
condensate is in an antisymmetric state of color 3* and and rotations and color transformations are locked together

(s%0Ps7) = Ae®PT, (5.172)

where ¢® is a spin matrix. This condensate breaks SU(3) ® O(3) down to O(3). However, it is a general statement
that condensation in higher momentum states than J = 0 gives rise to smaller gaps, mainly due to a less efficient use
of the Fermi surface. The typical gaps may range from 10 to 100 keV. We will not continue here this discussion.

In (Rajagopal and Wilczek, 2001) it is possible to find a discussion of many other possibilities as Ny > 3, the case
of two colors (of interest because it can be discussed on the lattice) and the limit Ny — oo.

VI. EFFECTIVE LAGRANGIANS

In this Section we will derive the effective lagrangians relevant to the two phases CFL and 2SC. The approach will
be the classical one, that is looking at the relevant degrees of freedom at low energy (with respect to the Fermi energy)
and constructing the corresponding theory on the basis of the symmetries.
A. Effective lagrangian for the CFL phase

We will now derive the effective lagrangian for the light modes of the CFL phase. As we have seen such modes

are the NG bosons. We will introduce the Goldstone fields as the phases of the condensates in the (3,3) channel
(Casalbuoni and Gatto, 1999; Hong et al., 1999) (remember also the discussion made in Section V.D)

X, ~ eijkeaBWWéLd’Sﬁ*a Y, ~ Eijkeaﬁ'y <¢éRw']§R>*' (6.1)

Since quarks belong to the representation (3,3) of SU(3). ® SU(3)(g) they transform as (9. € SU(3)¢, gr(r) €
SUB)Lr))

Yr — g gl Yr — @ Pgappgh, e cU1)p, P eU(l)a, (6.2)

whereas the transformation properties of the fields X and Y under the total symmetry group G = SU(3). @ SU(3) ®
SUB)rR®@U(1)p@U(1)4 are

X — geXgre 2By g Y ghe %A, (6.3)
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The fields X and Y are U(3) matrices and as such they describe 9 + 9 = 18 fields. Eight of these fields are eaten
up by the gauge bosons, producing eight massive gauge particles. Therefore we get the right number of Goldstone
bosons, 10 = 18 — 10. In this Section we will treat the field associated to the breaking of U(1)4 as a true NG boson.
However, remember that this is a massive particle with a light mass at very high density. These fields correspond to
the breaking of the global symmetries in G = SU(3)r, ® SU(3), ® U(1)r, ® U(1)r (18 generators) to the symmetry
group of the ground state H = SU(3)c+r+r ® Z2 ® Z3 (8 generators). For the following it is convenient to separate
the U(1) factors in X and Y defining fields, X and Y, belonging to SU(3)

X = X200y —ye¥e-0) XV e SU(3). (6.4)
The fields ¢ and 6 can also be described through the determinants of X and Y
dx = det(X) = e5¢F0 gy = det(V) = %@~ (6.5)
The transformation properties under G are
X —g.Xgf, Y—gYgh, ¢—0¢—a, 0—0-0 (6.6)
The breaking of the global symmetry can be discussed in terms of gauge invariant fields given by dx, dy and
S=Y (V)X -2 =YX (6.7)

The ¥ field describes the 8 Goldstone bosons corresponding to the breaking of the chiral symmetry SU(3)r ® SU(3)rg,
as it is made clear by the transformation properties of X7, ©7 — g, ZTg;[%. That is &7 transforms as the usual chiral
field. The other two fields dx and dy provide the remaining Goldstone bosons related to the breaking of the U(1)
factors.

In order to build up an invariant lagrangian, it is convenient to define the following currents

J = XD'XT = X(0"Xt+ XTgt) = XorXT 4 g,

Ji = YDrYt =v(orYT 4 vigh) = voryt + g4, (6.8)
with
Iu = 1959, T (6.9)
the gluon field and
A
T =2 6.10
- (6.10)
the SU(3). generators. These currents have simple transformation properties under the full symmetry group G:
Ty = g% vl (6.11)

The most general lagrangian, up to two derivative terms, invariant under G, the rotation group O(3) (Lorentz
invariance is broken by the chemical potential term) and the parity transformation, defined as:

P: XV, ¢—¢, 60— —0, (6.12)
is (Casalbuoni and Gatto, 1999)

FIQ’ 0 02 FTQ’ 0 02 1 2 1 2
L= =T [(Jx = ))] —ar T [(Jx + 5)%)] + 5(906)" + 5(906)
F§ 2 Fg T TR
or

£ = ~Eim (%% - von?)] - ar i [(Xan %+ Vai +2002)]

F? NN a2 2 P N 2
+T5Tr [ Xvxft —YVYT’ ] +anTr [ XvXt+yvyt +2g( ]

1 9 1 2 U?b s V3 2
+§(30¢) +§(509) —3\V¢| —§|V9|~ (6.13)
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Using SU (3). color gauge invariance we can choose X = ?77 making 8 of the Goldstone bosons disappear and giving
mass to the gluons. The properly normalized Goldstone bosons, I1%; are given in this gauge by

X = )A/T = eiHaTa/FT, (614)

and expanding Eq. (6.13) at the lowest order in the fields we get

1 av2 | 1 o 1 2 v? a2 vi 2 Ug 2
L~ 5(301T )°+ 5(30917) + 5(809) - ?|VH |* - ?\V¢| - §|V9| ; (6.15)
with
Fs

The gluons g§ and g acquire Debye and Meissner masses given by
mp = argiFp, miy = asgiF§ = asgiv’F. (6.17)

It should be stressed that these are not the true rest masses of the gluons, since there is a large wave function
renormalization effect making the gluon masses of order of the gap A, rather than p (see later) (Casalbuoni et al.,
2001c,d). Since this description is supposed to be valid at low energies (we expect much below the gap A), we could
also decouple the gluons solving their classical equations of motion neglecting the kinetic term. The result from Eq.

(6.13) is
(%o Xt +vo v
gu =3 (Xa#X +V0,V ) . (6.18)
It is easy to show that substituting this expression in Eq. (6.13) one gets
-t ({25 — o T{T8 - T2 + £ (8~ 2[T0) + 5 (62— 2T0P). (6.19)
4 2 ¢ 2 ¢

Notice that the first term is nothing but the chiral lagrangian except for the breaking of the Lorentz invariance. This
is a way of seeing the quark-hadron continuity, that is the continuity between the CFL and the hypernuclear matter
phase in three flavor QCD discussed previously. Furthermore one has to identify the NG ¢ associated to the breaking
of U(1)p with the meson H of the hypernuclear phase (Schafer and Wilczek, 1999a).

B. Effective lagrangian for the 2SC phase

In Section V.D.2 we have seen that the only light degrees of freedom in the 2SC phase are the u and d quarks of
color 3 and the gluons belonging to the unbroken SU(2).. The fermions are easily described in terms of ungapped
quasi-particles at the Fermi surface and we will not elaborate about these modes further. In this Section we will discuss
only the massless gluons. An effective lagrangian describing the 5 would-be Goldstone bosons and their couplings
to the gluons has been given in (Casalbuoni et al., 2000). The effective lagrangian for the massless gluons has been
given in (Rischke et al., 2001) and it can be obtained simply by noticing that it should be gauge invariant. Therefore
it depends only on the field strengths

1
B} = Fy;, B = geinkFj, (6.20)

where F, is the usual non-abelian curvature. As we know, Lorentz invariance is broken, but rotations are good

symmetries, therefore the most general effective lagrangian we can write at the lowest order in the derivatives of the
gauge fields is

3
1 € a a ]' a a
Lcﬁ—gQZ<2E ‘B - B ~B>. (6.21)
a=1

The constants € and A have the meaning of the dielectric constant and of the magnetic permeability. The speed of
the gluons turns out to be given by

(6.22)
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We will see later how to evaluate these constants starting from the HDET but we can see what are the physical
consequences of this modification of the usual relativistic lagrangian. The most interesting consequence has to do
with the Coulomb law and the effective gauge coupling. In fact, as we shall see, at the lowest order in 1/ expansion,
A = 1. The Coulomb potential between two static charges get modified

2

2 2
g 9 g
_ eff’ ngf = = (6.23)

VCoul =
€r r
Furthermore, the value of a¢f/| reintroducing the velocity of light ¢, and keeping /i = 1 is

g o = ggff . g°

=2 - - . 6.24
YT e YT I dmey/e (6:24)
If, as it is the case, € is much bigger than 1, the gluons move slowly in the superconducting medium and

o 1

S =—x 1L 6.25

PRy (6.25)

Therefore the effect of the medium is to weaken the residual strong interaction. The same result can be obtained by
performing the following transformation in time, fields and coupling:

0
_r a _ a I i
- = \/g? 0 \/EAU? g 61/4' (626)

The effective lagrangian takes the usual form for a relativistic gauge theory in terms of the new quantities

R
a7 D (6.27)

‘ceff = -
with
a ' jd " aa’ abe oAb 4
Fi, =0,A, —0,A] + f"A, A} . (6.28)
The calculation shows (Casalbuoni et al., 2002d; Rischke, 2000; Rischke et al., 2001) that

92M2 _ 92/’(‘2

—1 ~
€= ¥ 1gm2Ar ¥ Tsp2Ar

(6.29)

since typically A < p. We recall also that at asymptotic values of 1 the calculations from QCD show that (see Section
V.C)

2
A= cug_se_?m /\/ﬁg (6.30)

Using Egs. (6.29) and (6.24) we obtain
o = 3 98
2V2 p
This is the way in which the coupling gets defined at the matching scale, that is at A. Since SU(2) is an asymptotically
free gauge theory, going at lower energies makes the coupling to increase. The coupling gets of order unity at a scale

A’QC p- Since the coupling at the matching scale is rather small it takes a long way before it gets of order one. As a
consequence A’QC p is expected to be small. From one-loop beta function we get

_2Vem
11 gA )’

(6.31)

/
/QCD s Ae—2ﬂ'/ﬁ0a3 ~ Aexp ( (632)

where [y is the first coefficient of the beta function. In SU(2) we have By = 22/3. Notice that it is very difficult to
give a good estimate of A’QC p since it depends crucially on the value of ¢ which is very poorly known. In fact different
approximations give different values of ¢. In (Pisarski and Rischke, 2000a; Schafer and Wilczek, 1999c¢) it has been
found

c = 5121, (6.33)
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whereas in (Brown et al., 2000c; Wang and Rischke, 2002)

4 2
c= 512" exp (— Akl ) . (6.34)

8

Using Agcp = 200 MeV to get g and = 600 MeV one finds Ay = 10 MeV in the first case and Afyop = 0.3 keV
in the second case. Although a precise determination of A'QC p is lacking, it is quite clear that

Notice also that increasing the density, that is p, A/QC p decreases exponentially. Therefore the confinement radius
1 /AbCD grows exponentially with p. This means that looking at physics at some large, but fixed, distance and
increasing the density, there is a crossover density when the color degrees of freedom become deconfined.

VIl. NGB AND THEIR PARAMETERS

In this Section we will evaluate the parameters appearing in the effective lagrangian for the NG bosons in the CFL
phase. Furthermore we will determine the properties of the gluons in the 2SC phases. A nice way of organizing this
calculation is to make use of the HDET which holds for residual momenta such that A < ¢ < ¢ and to match, at
the scale A, with the effective lagrangian supposed to hold for momenta ¢ < A. This calculation can be extended
also to massive gluons both in CFL and in 2SC. However the expansion in momenta is not justified here, since the
physical masses turn out to be of order A. On the other hand by a numerical evaluation we can show that the error
is not more than 30%, and therefore this approach gives sensible results also in this case. The way of evaluating the
propagation parameters for NG bosons and for gluons is rather simple, one needs to evaluate the self-energy in both
cases. The self-energy for the gluons is not a problem since we know the couplings of the gluons to fermions. However
we need the explicit expression of the interaction between NG bosons and quarks. This interaction can be easily
obtained since we know the coupling of the fermions to the gap and the phases of the gap are the NG boson fields.
Therefore we need only to generalize the Majorana mass terms (the coupling with the gap) to an interaction with the
NG bosons such to respect the total symmetry of the theory. We will illustrate the way of performing this calculation
in the specific example of the NG boson corresponding to the breaking of U(1)p and we will illustrate the results
for the NG bosons. Before doing that we will derive first the lagrangians for the HDET in the CFL and in the 2SC
phases. We have also to mention that the parameters of the NG bosons have been derived by many authors (Beane
et al., 2000; Hong et al., 2000a; Manuel and Tytgat, 2000, 2001; Rho et al., 2000a,b; Son and Stephanov, 2000a,b),
although using different approaches from the one considered here (Casalbuoni et al., 2002d, 2001c¢,d).

A. HDET for the CFL phase

In the CFL phase the symmetry breaking is induced by the condensates
(e Cvfy) = — (Wi Cgy) = Acapreijr (7.1)

where 1% * are Weyl fermions and C' = ioy. The corresponding Majorana mass term is given by (¢ = ¢r):

A
5 Zz/EC’en/q_e] + (L — R) + h.c, (7.2)
I=1
with the 3 x 3 matrices e; defined as in Eq. (5.133)
(€1)qp = €lab - (7.3)
Expanding the quark fields in the basis (5.128)
12
=) uft. 74
Vo 7 Azz:l AV (7.4)
and following Section V.B we get the effective lagrangian at the Fermi surface
9 .
dv lT‘I‘[)\AVD)\B] _AAB
L= | 2% At [ 2 , - B4 (L - R), 7.5

)
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where
138
AAB = iIz_;ATI‘[GI)\EEI)\B], (76)
and we recall from Section V.B that
Aup = A4daB, (7.7)
with
A = =Ag = A, (7.8)
Ag = —2A. (7.9)

The CFL free fermionic lagrangian assumes therefore the form:

9
o dv At V-0 —AA A
ED_/47TA51X (_AA oo )Xot (L—R). (7.10)
From this equation one can immediately obtain the free fermion propagator in momentum space
0AB ( V-l Ay >
S = . 7.11

We recall that the NG bosons have been described in terms of the fields X and Y of Eq. (6.1). Since we want
to couple the NG bosons with fermions in a G invariant way let us look at the transformation properties of the gap
term. We have

w
w

> Trlf Cerprer) = > Trlgrvf gf ergetbngl erl- (7.12)
I=1 I=1

Using the following property, holding for any unitary 3 x 3 matrix , g

3

glerg= Z ng}Idet[g], (7.13)
J=1
which follows from
€ijkYiir 955 ek = €irjr iy det]g], (7.14)
we get
3 3
ZTY[¢:£C61¢L61] — Z (90) 51 (L) ke T[T e stbLex]. (7.15)
I=1 1,J,K=1

This expression shows not only that the gap term is invariant under the locked transformations g; = g., but also
that it could be made invariant modifying the transformation properties of the fermions by changing g% to gi. This
is simply done by using the matrices X and Y respectively for the left- and right- handed quarks

WrX") = ge(rXNgl,  WrYT) = ge(vrY gl (7.16)
Therefore, the coupling of the left-handed Weyl spinors ’s to the octet of NG boson fields is:
% > Tr{(p- XN Cer(¥4 XNer] + (L — R) + hec., (7.17)
I1=1,3
Both X and Y have v.e.v. given by
(Xy=(Y)y=1 (7.18)
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and we shall use the gauge
X=y". (7.19)
The lagrangian giving the the coupling of the quarks to the external fields can be obtained from (7.5) and is given by
9
d —E7
,CD—/ A% Z At <ZV 86AB - BA )XB+(L—>R), (720)
A Bl AB V- 65AB

where

ZaB

ATy [e, (ax) e (ABXT)] _

N

>

r»?II

A(Tr[AAXTABXT] — TrAa X TrAp X)) . (7.21)

l\')\»—l

One can now expand X in terms of the NGB fields

NI B
X—expz< ¥a ), a=1,---,8, (7.22)

and obtain the 3-point xxII, and the 4-point xxIIII couplings. The result is, for the 3-point coupling

Ly =—i /ZZ?{;V‘%[ x*TTo x* +xTFox}

8
Z dachaTFOXbHC} . (723)
a,b,c=1

and for the 4-point coupling

8
dv ( 4 A ot 9
- [ f§ 20D, 0 e
Lo /47r{3 gpzt X

+3\/> Z (8F2 ach FIX HaHb+hC)

a,b,c=1
2, Iy x 4111 7.24
+ Z @ abed X 0X 5 ( . )
a,b,c,d=1
where we have defined
° 8 4
habed = 2 Z (gcupgdbp + dcdpdabp) - gaac(sdb + gacdéabv (725)
p=1
with
Gabe = dabc + ifabc (726)
and
N 0 +1 . 0 1
e (5 5) (0. o

In the CFL case we have also the NG bosons associated to the breaking of the U(1) factors. Let us consider the
following fields

U=¢“lle vV =¢/r (7.28)
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with
o= f,0, T=Ff0, (7.29)

where ¢ and 6 are the dimensionless U(1) fields transforming according to Eq. (6.6)7. Clearly under U(1)p and
U(1)a groups we have

U—e U, Ve Py, (7.30)
whereas
Vr — @By pp — el @By (7.31)
We can make invariant couplings with the fermions simply by taking the combinations
UVipy, UVTip. (7.32)

As a result we get full invariant couplings to the NG bosons modifying the quantity Z4p5 appearing in Eq. (7.20) as
follows:

Zap — BagU?V2. (7.33)

B. HDET for the 2SC phase
For the two flavour case, which encompasses both the 25C model and the existing calculation in the LOFF phase

(see later) we follow a similar approach.
The symmetry breaking is induced by the condensates

WZCZ‘TCTﬁéﬂ = —ngTngﬂ ~ A€aps€ijs (7.34)
corresponding to the invariant coupling (¢ = %):
A p
bl Y- Cepye — (L — R)+h.c., (7.35)
where
€ =ioy . (7.36)

As in the previous Section we use a different basis for the fermion fields by writing

3
( )ai .

Viai = AZZO in Ped (1, a=1,2)

T

Vi = Y, (7.37)

where o4 are the Pauli matrices for A =1,2,3 and op = 1.
A different, but also convenient notation for the fields 9 i, makes use of the following combination of A matrices,
as follows

"~ (Aa)ai
o i A
w-i-,ocz - Az::o \/i w+ . (738)

The \ 4 matrices are defined in terms of the usual A matrices as follows:

_ b
V3

- 2 ~ v Ad—g A6—i
Ao A8+\/;o, =1 (A=1,2,3), A\=2"E8 3=2070 (7.39)

7 The couplings f, and fr have dimension 1 in units of mass.
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Proceeding as before the 2SC fermionic lagrangian assumes the form:

5 (R 5
dv LTr[AaV - D Ag] —Aap B
52/7 XAT(z o T24aB VB (L L R). 7.40
’ 4w A,;:O —Aun sTr[Aa V- D* Ap] ( ) (740
Here
A T
AAB = ETI‘[EO'AEUB] (AaB:053)a
Aup = 0 (A,B=4,5). (7.41)

We now use the identity (g any 2 x 2 matrix), analogous to (5.134):

eghe = g — Trlg] ; (7.42)
and we obtain
Aap = Adan (7.43)
where A 4 is defined as follows:
Ag=(—A, +A, +A, +A,0,0) . (7.44)

Therefore the effective lagrangian for free quarks in the 2SC model can be written as follows

- dv > At V-0 —Ay A
LD—/MAZ:OX (AA z‘V@)X + (L—>R). (7.45)

From this equation one can immediately obtain the free fermion propagator that in momentum space is still given by
(7.11), with the A4 given by (7.44).

C. Gradient expansion for the U(1) NGB in the CFL model and in the 2SC model

In order to illustrate the procedure of evaluating the self-energy of the NG bosons we will consider here the case of
the NG boson associated with the breaking of U(1)p. In particular, we will get the first terms in the effective action
for the NG bosons by performing an expansion in momenta, £ < A. An expansion of this kind is also called gradient
expansion (see (Eguchi, 1976) for a very clear introduction).

To start with we consider the U(1)g NG boson within the CFL model. Therefore we can put to zero all the NG
fields in the HDET lagrangian except for the field U = expio/f,. Correspondingly the quark lagrangian of Eq.
(7.20)with the modification (7.33) becomes

9
v ar [ iV —ALUTZ\ 4
ﬁD:/E ;X <—AAU2 .o )X+t (L—R). (7.46)
At the lowest order in the field o we have
2ic 20?2

dv Tt
ﬁ“%/ TSMA L, e T v a—R) (7.47)

which contains the couplings oxx and cgoxx. Notice that ¢ does not propagate at tree level, however a non trivial
kinetic term is generated by quantum corrections. To show this we consider the generating functional where we take
only left-handed fields for simplicity. Also in this case we will make use of the replica trick to take into account the
fact that y and xT are not independent variables. Therefore we will have to take the square root of the fermion
determinant. In (Casalbuoni et al., 2001c,d) this was taken into account by dividing by a factor 2 the sum over the

velocities appearing in the fermionic loops
dv dv
— —. 7.48
/ 4 - 8 ( )



75
The generating functional is
Zlo] = /YDXYDXJr exp {i/XTAx} (7.49)

where we have introduced (omit the indices of the fields for simplicity)

2ic A 202A

_ q-1
A=5""+ 7 Iy + Tgfl (7.50)
and
0 +1 0 1
Fo=<1 O) ; r1:<1 0) , (7.51)
with S~! the free propagator. Performing the integration over the Fermi fields we get
1T [log A]
=Tr
Zlo] = (detA]) /2 =20 (7.52)
Therefore
i
Sefflo) = —§Tr[10g Al. (7.53)
Evaluating the trace we get
2ic A 202 A
—iTrlogA = —iTrlogS™! (1 + S Z; Ty + SUle"l)
o (—1)2n—1 2ic A 2028 \"
=—iTrlogS™" =iy (=1 (z’S Z]‘f iy + iS;Qiﬂ) : (7.54)
n o
n=1 o
This is a loop expansion. At the lowest order it produces the effective action
i i 21 A i 21 A
Sutr = 40 [y |80 (S0
4 fo fo
. . 2A 2
n %Tr /dm [Zs(x’x)ﬁ ? (x)ifl} . (7.55)

The two terms correspond to the diagrams in Fig. 21, i.e. the self-energy, Fig. 21 a), and the tadpole, Fig. 21 b).
They can be computed by the following set of Feynman rules to provide Sess(c) In momentum space the Feynman
rules are as follows:

1. For each fermionic internal line with momentum p, associate the propagator

. . i0AB (f/é AA)
Sap(p) = i04nS(p) = —— ; 7.56
Panlp) = banSe) = e o LA v (7.56)

FIG. 21 One-loop diagrams. External lines represent the NG boson field o. Full lines are fermion propagators.
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2. Each vertex introduces a term iL;,; that can be obtained from the effective lagrangian; for example the o
couplings to quarks can be derived from (7.47);

3. For each internal momentum not constrained by the momentum conservation perform the integration

A2 2 +6 +o0
(27;’;4 / 20 = 4“3 dey / dty ; (7.57)

4. A factor (—1) and a factor of 2 for each fermion loop to take into account the spin (L + R). Also a factor 1/2
is necessary due to the replica trick. This 1/2 will be associated to the sum over the velocities

5. A statistical factor arising from the Wick theorem if needed.

The result of the calculation of the effective lagrangian in momentum space is as follows:

ic; = —2 4”—7/ Z/cﬁ

ol
2
|:ZSAB €—|—p

X

A . 2iA\ 40 .
7 ZFOZSBA(E) foA ZFO] ,

. 2Apo? .
iLip = — Hi/ Z/dQKTT {ZSAB ) ——— 2 Zfl}, (7.58)

corresponding to the two diagrams of Figs. 21 a) and 21 b) respectively. After some computation one has

iLess(p) = iLi(p) + i Lr(p) = / /;23?24
y /d% [f/-(ﬂ—i—p)aV-Eg-i—V-(f—&-p)oV%o—QA%aQ 207 ] (7.59)
A(l+p)Da(l) D4(f)
where we have defined
Da(p) = V-pV -p— A% +ie. (7.60)
One can immediately notice that
Li(p=0)+ Lr(p=0)=0. (7.61)

This result implies that the scalar o particle has no mass, in agreement with Goldstone’s theorem. To get the effective
lagrangian in the CFL model at the lowest order in the o momentum we expand the function in p (|p| < |A) to get,
in momentum space

2 2A4 N
iLefr(p) = —*/ ;Lgf;‘(V-p)o(V-p)o I, (7.62)
where we have defined
d2¢
L= [ 5757 (7.63)
* ) DA

This and other integrals can be found in Appendix B. In getting this result we have used also the fact

V. 0)? V. 0)?
/ ( ) = / ( ) =0. (7.64)
Da(€)? Da(0)?
In fact, since the integral is convergent we can send the cutoff § to co and to use the Lorentz invariance in 2 dimensions
to prove that these integrals are proportional to V2 = V2 = (0. We have

LT

h=-5gr (7.65)
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Therefore we get, in configuration space,

9?2 1 [dv -
Lops(z) = Wngi/E(V-BU)(V-GG). (7.66)
Since
1 0 0 0
1 fdv_,-, 1[0 -2 0 0
2 ZZyryr =2 3 7.67
2 / 4m 210 0 -3 0 ’ (7.67)
0 0 0 -3/,
we obtain
_ w1 2 25 2
Lops@) = 53 ((@00)? = v2(V0)?) (7.68)
with
1
2 _ - 7.69
vp =3 (7.69)
This kinetic lagrangian has the canonical normalization factor provided
9p?
2 _
fo=—% (CFL) , (7.70)
Therefore the effective lagrangian for the NGB o particle is:
1 S P S DU | )
Ceff = 5 (800') - g(VU) = gfg vUu' — gVU - VU 5 (771)

We note that the value of the velocity (7.69) is a consequence of the average over the Fermi velocities and reflects the
number of the space dimensions, i.e. 3. Therefore it is universal and we expect the same value in all the calculations
of this type.

In the case of the 2SC model there is no o field since the baryon number is not broken. However, neglecting the
mass of the 7 field one can perform the same kind of calculation by using the invariant coupling derived for the CFL
case. The final result differs from the CFL case only in the coefficient in front of (7.70) which reflects the number of
color-flavor gapped degrees of freedom, 9 in the CFL case and 4 in the 2SC case; therefore one has

4 2

P=t- (2s0), (7.72)
™

whereas the result (7.69), being universal, holds also in this case. The NGB effective lagrangian is still of the form

(7.71). The NGB boson is, in this case, only a would-be NGB because the axial U(1) is explicitly broken, though this

breaking is expected to be small at high u since the instanton density vanishes for increasing p. (Son et al., 2001).

D. The parameters of the NG bosons of the CFL phase

Using the Feynman rules given above and the interaction lagrangians (7.23) and (7.24) we get the effective lagrangian
as follows:

2 8
kzniu(21781n2)1 ratra 1= 2

a=1
Comparing with the effective lagrangian in Eq. (6.19) we see that

F%:F2:M2(21_81n2) )2

T (7.74)

W =
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Therefore the pion satisfy the dispersion relation

o %\m. (7.75)

We notice that the evaluation of Frr could be done just computing the coupling of the pions to their currents. To this
end one has to compute the diagram of Fig. 22 (Casalbuoni et al., 2001c,d). The result is

o 1
(O[J3°) = iFdapp, Pu = (po,gp), (7.76)

with F' the same evaluated before. This result is particularly interesting since it shows how the conservation of the
color currents is realized through the dispersion relation of the pions. In fact

) 1
p-p=E—2p[*=0. (7.77)

FIG. 22 The one-loop contribution to the coupling of the NG bosons (dotted line) to their currents (wavy line). The fermions
in the loop are represented by a solid line.

E. The masses of the NG bosons in the CFL phase

Up to now we have considered massless quarks. In this Section we want to determine the influence of mass terms
at the level of NG bosons. Remember that the QCD mass terms have the structure

VLM + hec. (7.78)

where M is the quark mass matrix. In order to determine the structure of the NG boson masses it is convenient to
think to M as a field (usually called a spurion field) transforming in such a way that the expression (7.78) is invariant.
Recalling the transformation properties (6.2) of quark fields

vp = ¢ geprgl, Yr — " gprgh, ¢ €UM)p, ¢ €U, (7.79)
it follows that M transforms as
M — e*Pg; Mgh,. (7.80)
In this Section we will make use of the U(3) fields
X — chgfe_zi(o""ﬁ), Y — gcYgge_Qi(a_m. (7.81)

In this discussion the U(1) 4 symmetry will play an important role. We recall again that this symmetry is broken by
the anomaly but this breaking goes to zero in the high density limit. If, in particular, we consider the subgroup (Z2) 4
we see that NG boson mass terms can be only even in the matrix M. Linear terms in M may arise only from this
breaking which is suppressed by (Agcp/p)® (see discussion in Section V.D). In order to build up the most general
mass term for the NG bosons let us introduce the gauge invariant U(3) field

¥ =(Tx)T = tf%T (7.82)
where 6 is the U(1) 4 field and ¥ was defined in (6.7). We have

O e_4ngigJ{2. (7.83)
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We recall also the other two gauge invariant fields defined in (6.5)

dx = det(X) = e5¢F0) gy = det(Y) = %(¢=9), (7.84)
and transforming as
dx — e 0t dy dy — e %@Pgy, (7.85)
We have also
det(M) — €%Fdet(M), det(X) — e 2P det(%). (7.86)

Notice that since dx and dy are the only terms transforming under U(1)y, invariance requires that the effective
lagrangian should depend only on the combination

dxdy+ = det(2). (7.87)

Other quantities that can be considered are

M3t — Pg Mxtgl MY - e 5P gpMingh
MY — e FgpMmytgl,  MTUSE o 88y, p1TnTgl (7.88)

One can build terms transforming only with respecto to U(1)4 by taking traces of these quantities. However, taking
into account the Cayley identity for 3 x 3 matrices

1
A% —Tr(A) A% + 5((T7”(A))2 —Tr(A%) A —det (A) =0, (7.89)
we see that multiplying this expression by A~! and taking the trace we can express the trace of terms in the second
line of (7.88) as a combination of the trace of the terms in the first line, their second power and the determinants of

M and . In the same way we see that it is enough to consider only the first and the second power of the terms in
the first line of (7.88). Summarizing, it is enough to take into considerations the following quantities

det(2), det(M), det(MT),
Tr[MEt), Tr[MTE], Te[(MXhH)?], Te[(MTE)?). (7.90)

Therefore the most general invariant term involving the quark mass matrix M is of the form

T = (det(5))" (det(M))“ (det (M)
X (Te{MET])% (Te[MTE])% (Te[(MEF)2))os (e[ (MTE)2)™ . (7.91)

Requiring analyticity all the exponents must be integers. The term I is invariant under the full group except for
U(1) 4. Requiring also U(1) 4 invariance we get the equation

—2a1 + (ag — a2) + (a3 — a3) + 2(aq — aq4) = 0. (7.92)
If we ask I to be of a given order n in the mass matrix we have also the condition
3(ag + ag) + (a3 + as) + 2(aq + as) = n. (7.93)
If we subtract these two equations one by another we find
2a1 + 4as + 2ao + 2a3 + 4as = n, (7.94)

which implies that n must be even, as it should be by (Z2) 4 invariance alone. This argument shows also that the it
would be enough to require the invariance under the discrete axial group. If we now select n = 2 (the lowest power
in the mass), Eq. (7.93) implies

as = as = 0. (795)
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Therefore the only solutions to our conditions are

ap =1, az3=2, a3=0, a4 =0, as=0
ap =1, a3=0, a3=0, agz=1, as=0 (796)
01:0, (13:1, 6_13:]., a4:0, a4:0.

If the matrix M has no zero eigenvalues we can use the Cayley identity to write a linear combination of the first two
solutions in the following form

. 1 - N2 -
Te[M ' EJdet(M) = 5det(5) {(Tr[MzT]) - Tr[(MET)Q]} . (7.97)
In conclusion the most general invariant term is given by

Lonasses = —C (det(Mm[M—li] + h.c.) Y (det(f])Tr[(Mf]T)Q] + h.c.)

¢ (Tr[MiT]Tr[MTi]) . (7.98)

The coeflicients appearing in this expression can be evaluated by using the matching technique (Beane et al., 2000;
Hong et al., 2000a; Rho et al., 2000b; Son and Stephanov, 2000a,b) (see also the review paper (Schafer, 2003)). The
idea is to evaluate the contribution of L,,4sses to the vacuum energy. One starts evaluating an effective four-fermi
interaction due to a hard gluon exchange and performing a matching between QCD and HDET as illustrated in Fig.
23. The contribution from QCD arises from a double chirality violating process producing a contribution proportional
to the square of the masses (Schafer, 2002).

L LgR L R
M
2
M — M
L "L R
L R

FIG. 23 The effective four-fermi interaction produced by a chirality violating process in QCD. There are other contributions
obtained by exchanging the points where the gluon line is attached with the mass insertions.

Then one uses this effective interaction in HDET to evaluate the contribution to the vacuum energy to be matched
against the contribution from L,,4sses Obtained by putting ¥ = 1 (the vacuum state). This is illustrated in Fig. 24.

FIG. 24 The effective four-fermi interaction of Fig. 23 is used to evaluate the contribution to the vacuum energy of the terms
proportional to M?.

The result of this computation is

c=—, =d=0. (7.99)
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There is a simple way of understanding why only the ¢ contribution survives at the leading order. In fact, this is the
only term which arises working at the second order in perturbation theory and approximating the product of Fermi
fields with the corresponding NG fields X and Y. We find

(WL MyR)* = (Wl MG (WL Mig) ~ € eapy X, M] Mjejipe ™Y "
~ ékmes, MY MESE = ¢Fme g, MY MEME (M~ 5P ~ det(M)Tr[M 13 (7.100)

There is also another interesting point about the quark masses. Starting from the complete QCD lagrangian

Laop = YD + o) — Mg — PrMTr, — inwG’“ja (7.101)

and repeating what we did in Section V.B for deriving the HDET expansion we find that at the leading order the
expression for the negative energy left-handed fields is

Yo = i (=iv0P 1L +v0Mipy R) . (7.102)

Substituting inside the lagrangian one finds (we neglect here the condensate terms for simplicity)
Lp=49! @V -D Ly D)+ MM L—RMeM)+... 7.103
p =1y (i JU4.L 2M¢+,L [(PL)?+ |4+ (L R M e MY) - (7.103)

The new term that we have obtained is just what expected from the expansion of the kinetic energy of the quark. We
see that the mass terms in the effective lagrangian behave as effective chemical potentials. Notice that in presence of
a chemical potential a Dirac lagrangian has the form

G, (9" — ipg”?)y, (7.104)

therefore the chemical potential acts as the fourth component of an abelian gauge field. This implies that the
lagrangian is invariant under the gauge transformation

Y — Dy — 4 a(t). (7.105)

This argument implies that the HDET lagrangian has the invariance®

YL — L)Y,  Yr— R(t)¥r, (7.106)

where L(t) and R(t) are time dependent flavor transformation and with
1 f Lo
X, =—MM" Xp=_—MM (7.107)
2u 2u

transforming as left- and right- handed gauge fields (Bedaque and Schafer, 2002). But then also the effective lagrangian
for the filed 3 has to satisfy this symmetry, meaning that we should substitute the time derivative with the covariant
derivative

SV ANN S 7aN
00X — VX = X + 12 <> —4 <) 3, (7.108)
21 2u
where we have taken into account that
MM — goMMtgt MM — geMiMgl, = — gigt. (7.109)

This result has been confirmed by a microscopic calculation done in (Bedaque and Schafer, 2002). We can now see
that a generic term in the expansion of the effective lagrangian has the form

F2A? <60 - iMfT/(2‘L)>n <Z)m @f;)p (2)4(sh. (7.110)

8 Notice that /)| does not involve time derivatives.
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The various terms are easily understood on the basis of the fact that the momentum expansion is a series in p/A.
The factor A? in front is just to adjust the normalization of the kinetic terms arising for n = 2 and m = 0 and
n =20, m =2, with ¢ =7 = 1. The term quadratic in the mass matrix, M, has also the correct normalization. We
now see that the contribution to the square masses of the mesons of the masses originating from the kinetic energy
expansion and the ones coming from the explicit quark mass terms might be of the same order of magnitude. In fact,
the contribution to the NG bosons square masses are (the extra 1/F? terms originate from the expansion of 3)

4 4
. m* 1 m
kinetic energy : FQAQWﬁ ~ F’
2 1 A2m2
quark masses : FQAQ%E ~ Fign, (7.111)

and the two contributions are of the same order of magnitude for m = A, since F' =~ p. Before studying the mass
spectrum we will now introduce another subject which is relevant to the physics of the NG bosons of the CFL phase,
that is the subject of Boson-Einstein condensation.

1. The role of the chemical potential for scalar fields: Bose-Einstein condensation

Let us consider a relativistic complex scalar field (however similar considerations could be done for the non-
relativistic case) described by the lagrangian density

0uT0"p — m*pTo — N(9T9)?. (7.112)

The quartic term gives rise to a repulsive interaction for A > 0 as it is required by the stability of theory. The
lagrangian has a phase symmetry U(1) giving rise to a conserved current. A simple way of introducing the chemical
potential is to notice that we can promote the global U(1) to a local one by adding a gauge field. However, by
definition

oL
Y 11
D) 1# ==J (7.113)

and therefore the charge density is obtained by varying the lagrangian with respect to the fourth component of the
gauge potential. But in a system at finite density the variation with respect to the chemical potential is just the
corresponding conserved charge, therefore the chemical potential must enter in the lagrangian exactly as the fourth
component of a gauge field. Therefore we get

L = (9g+ip)e (9o —ip)p — (Vol) - (Vo) —m?di o — Mo'¢)?
= 0,0'0"¢ — (m* — 1*)d'd — N¢T)? + in(¢T 0o — Do’ ). (7.114)

Notice that the last term breaks the charge conjugation symmetry of the theory since g multiplies the charge density.
As a result the mass spectrum is given by

p? — (m* — i) + 2pQpo = 0, (7.115)
where ) = +1 is the charge for particles and antiparticles. The dispersion relation can be written as
(B + 1Q)? = m? + |p|? (7.116)
with ¥ = py. We see that the mass of particles and antiparticles are different and given by
Mpp = FY + m. (7.117)

This is what happens if u? < m2. At u? = m? the system undergoes a second order phase transition and a condensate
is formed. The condensate is obtained by minimizing the potential

V() = (m® — i*)dTo + A(¢79)?, (7.118)

from which

2

tgy = B =m
(616) = =5 (7.119)
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Notice also that at u = m the mass of the particle mode goes to zero. In correspondence of the condensation the

system has a charge density given by

B 2
p= -5 =2u610) = L - m?).

Therefore the ground state of the system is a Bose-Einstein condensate. Defining
v s pE—m?

<¢>:Ea v _?7

we can derive the physical spectrum of the system through the replacement

2= N0 (@) /v
d(x) ﬁ( + h(z)) :

The quadratic part of the lagrangian is

1 1
L2 = 50,00"0 + 50,h0"h — \oh* — 24uhdg0.

The mass spectrum is given by the condition

2 2 9,
p°—2X\v* 2ipE\

At zero momentum we get (p* = (M, 0))
M?(M? — 2 v* — 4p?) = 0.

Therefore the antiparticle remains massless after the transition, whereas the particle gets a mass given by

M? = 6p® — 2m?.

(7.120)

(7.121)

(7.122)

(7.123)

(7.124)

(7.125)

(7.126)

At the transition point these two masses agree with the ones in the unbroken phase, Eq. (7.117). The masses in the

two phases are illustrated in Fig. 25.

M A

massive mode
2m

normal
m phase broken phase

Goldstone mode

m u

FIG. 25 This figure shows the evolution of the particle and antiparticle masses from the normal phase to the broken one.

It is interesting to find out the energies of these particles in the small momentum limit. We find for the Goldstone

mode

B [2 —m2
Enc = mh’h

(7.127)
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whereas for the massive one

9 2 _ m2
Erassive & \/6/1'2 —2m? + \p\Q. (7128)

R
612 — 2m?2
The velocity of the Goldstone mode is particularly interesting since it is zero at the transition point and goes to 1/v/3
at large densities. Remember that this is just the velocity we have found in our effective lagrangian describing the
NG bosons in the CFL phase.

2. Kaon condensation

Starting from the mass terms for the NG bosons of the CFL phase obtained in Section VILE one can easily
understand the results for the masses of the flavored NG bosons

m2 —m? 2c
Mpt = :':7(12;1 v+ ﬁ(mu—kmd)ms,
m2 —m?2 2c
mg+ = :FT + ﬁ(mu + ms)md,
2 2
— 2
Mo go = :FmSTuTnd + \/Fé(md + ms)mu. (7129)

The two terms in this expression have their counterpart in Eq. (7.117). The first term arises from the ”chemical
potential” terms MM /2y whereas the second term comes from the ”true” mass term. Also in this case a Bose-
Einstein condensate might be formed. For simplicity consider the case mgs > m,, mq. Then we get

1
f\/ 2emg(my, + my),

Myt &
m2 1
Mg+ ~ :FQ,u +f\/20msmd,
2
1
Mo go R :Fms + —+v2cmgmy,. (7.130)

2u  F

The pion masses are independent on the chemical potential terms, however the masses of K * and K© are pushed
down (whereas the ones of K~ and K are pushed up) and therefore they become massless at

19,2\ /3 5 1/3 ‘
= <7r21l~i2) maa? =6 (21—810g2) W ~ 3.03¢/muA. (7.131)

The critical value of mg can vary between 41 MeV for m, = 1.5 MeV and A = 40 MeV and 107 MeV for
my = 4.5 MeV and A = 100 MeV. For larger values of m, the modes KT and K° become unstable. This is the
signal for condensation (Bedaque and Schafer, 2002; Schafer, 2000a). In fact if we look for a kaon condensed ground
state of the type®

ms

Y =eM =14 (cosa — 1)A] +iM\gsina, (7.132)

we obtain from our effective lagrangian, in the limit of exact isospin symmetry, (subtracting the term for oo = 0) the
potential

m2\?
Via) = F? <; <2;> sin® a + (m?()z(l — cos a)) , (7.133)

9 The most general ansatz would be to assume in the exponential a linear combination of A% a = 4,5,6,7, but it turns out that the
effective potential depends only on the coefficient of A\4. This is related to the fact that, as we shall see, there are three broken symmetries
and therefore there must be three flat directions in the potential.
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where mY is the lowest order square mass of the kaon in m, that is

092 _ 2c¢msm

= (7.134)

and m = m, = mg. As in the example of a complex scalar field we see that the ”chemical potential” terms give
a negative contribution, whereas the "mass” terms gives a positive one. Therefore it is convenient to introduce the
effective chemical potential

2
off = —2. 7.135
Heff = 3, (7.135)
We see that
1
V(a) = F? (-2;[5” sin? o 4+ (m%)?(1 — cos a)> . (7.136)
Minimizing the potential we find a solution with a # 0, given by
02
cosa = (mQK) (7.137)
Fers
if
Hefs 2 M- (7.138)
One can also derive the hypercharge density
ov 2 (m%)*
ny = ———— = less [ 1 — ——|. 7.139
Opterf 1 ( Ugff ( )

The mass terms break the original SU(3).+r+r symmetry of the CFL ground state to SU(2);r ® U(1)y. The kaon
condensation breaks this symmetry to the diagonal U(1) group generated by

Q= % (Ag - \}?,’Ag;) . (7.140)

In fact, one can easily verify that
[@,X]=0. (7.141)

This result can be simply understood by the observation that under SU(2); ® U(1)y the NG bosons in 3 decompose
as a triplet, the pions, a complex doublet (Ky, K ~) and its complex conjugate (K+, K°) and a singlet, . The a # 0
solution for X gives rise to an expectation value for the doublets. We see that the symmetry breaking mechanism is
the same as for the electroweak sector of the Standard Model (SM). Therefore SU(2) ® U(1) is broken down to U(1)

Notice that by the usual counting of NG bosons one would expect 3 massless modes. However we have seen from
the unbroken phase that only two modes become massless at the transition. This comes from the breaking of Lorentz
invariance due to the presence of the chemical potential in the original QCD lagrangian. A theorem due to Chada
and Nielsen (Nielsen and Chada, 1976) gives the key for the right counting of the NG physical bosons. The essence
of the theorem is that the number depends on the dispersion relation of the NG bosons. If the energy is linear in
the momentum (or a odd power) the counting is normal. If the energy depends on the momentum quadratically
(or through an even power), then there are two broken generators associated to a single NG bosons. Notice that in
relativistic theories the dispersion relations are always of the first type. A more recent discussion of this topics is in
(Miransky and Shovkovy, 2002; Schafer et al., 2001). In particular in (Schafer et al., 2001) it is proved a theorem
which helps to show algebraically when the dispersion relations are odd or even in the momenta. The behavior of the
masses with the effective chemical potential is represented in Fig. 26.

The effective lagrangian for the NG bosons in the CFL phase has been useful for the study of many phenomenological
interesting questions in the realm of compact stellar objects (Buckley and Zhitnitsky, 2002; Jaikumar et al., 2002;
Kaplan and Reddy, 2002a,b; Reddy et al., 2003; Shovkovy and Ellis, 2002).
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FIG. 26 This figure shows the evolution of the masses of the K modes in going from the normal to the broken phase.

VIIl. THE DISPERSION LAW FOR THE GLUONS

In this Section will be evaluate the dispersion relations both for the gluons in the 2SC and in the CFL phase. In
the 2SC phase we will be able, in this way, of getting the parameters of the effective theory introduced in Section
VI.B. We will also show that the low-energy expansion is accurate at about 30% when compared with the numerical
calculations.

A. Evaluating the bare gluon mass

In deriving the HDET we have so far neglected the heavy fields contribution to the leading correction in 1/u given
by the operator

D.D,

_pryyt ~
w+2u+zv-D

Vs (8.1)

Remember that in order to get the effective lagrangian we have integrated out all the fields with momenta greater
that §. However these degrees of freedom give a contribution of order p which compensates the p in the denominator
leaving a finite contribution to the operator g2, where g is the gluon field. This contribution is called the bare gluon
mass (Son and Stephanov, 2000a,b) and it must be inserted in the HDET when one is studying the gluon properties.
In fact, as we shall see, this contribution is needed, in the case of unbroken gauge symmetries, to cancel a contribution
to the Meissner mass coming form the gluon polarization. To make a correct calculation of these contribution it is
necessary to evaluate the tadpole contribution from the interaction (8.1) for momenta greater than ¢ (see Fig. 18).
Since it appears a heavy propagator at zero momentum, which is essentially the density of the states (see Eq. (2.36)),
it is easier to derive the result in a first-quantization approach, where we sum over all the degrees of freedom within
the Fermi sphere in order to get the two-gluon contribution. Notice also that we are integrating over residual momenta
|| > 6 >> A, therefore we can neglect the gap. As a consequence this calculation applies to both cases of gapped
and/or ungapped fermions.
We start with the observation that in first-quantization we have H = |p|. Coupling the particle to a gauge field

2
H=|p—gA|+edo~|p|+9g4y—gv-A+ % (|A|2 — (v-A)Q). (8.2)

The first three terms correspond to the terms considered so far in the HDET lagrangian. The fourth term is nothing
but the operator sandwiched among the quark fields in Eq. (8.1) evaluated at the Fermi surface. In fact

P, AMAY ~ |A]? — (v-A)% (8.3)
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What we have to do now is just to sum over all the particles inside the Fermi sphere, which is equivalent to the tadpole
calculation. Notice that we should leave aside the fermions within the shell of momentum p — ¢ < |p| < g+ d, but
this give a negligible contribution since § < p. Therefore we get

2 3 2
g d’p 1 { > (p-A)]
2 x2x N x/ —Tr |A? — =2 || 8.4
2 T2 o< @)% [p] p|? 84

where the factors 2 and Ny comes from the spin and the number of flavors. On the other hand the trace is over the
color indices. The result is simply

2,2

g p 1
N =) AcLAC 8.5
=EPS (8.5)

Therefore in the effective lagrangian of HDET we have to introduce a term

1
—§m%ZA“ -A® (8.6)
with
2,2
gu

One could equally well perform this evaluation by using the Feynman rules for the heavy fields, which are easily

obtained, to determine the contribution to the polarization function HZ?, The contribution is the following

, dey (6 + ) dly  ig%6. i
HabBM —(—=)2x2x N -1 / Rt B ” / / 0 a P .
pwv (=1)2 x 2 x Ny x (1) (2 27T22,u+V E)V 7 (8.8)

The different factors have the following origin. The first (—%) is due to the definition of II,, such to reproduce the
mass term in the lagrangian. Then there is a factor 2 from the spin, a factor 2 from symmetry reasons (2 gluon
fields). A factor Ny from the trace over the heavy fermions, a (—1) from the loop. We have left the residual momenta
as integration variable, but the measure cannot be any more approximated as u? and we have put back the original
integration factors. There is no extra 2 in the velocity integration since we have now no necessity of introducing
the Nambu-Gor’kov fields. The next factor arises from the vertex 2 gluons-2heavy fields and it is the result after
the trace over the color indices. Finally we have the propagator of the wi field. If we define the propagator at zero
momentum as in Section IT.A we get a contribution from the integral over £y proportional to 6(—¢)|) (see Eq. (2.38)).
This restricts the integration over £ between —u and 0. Performing the calculation one gets easily the result (8.7).

In fact we have
oy (6 +p)? 1 (2m) dv g° u? 2
[abBM _ _oin zéa/ a6 (£ /713”_ 9 5 s
o A0 | or T x 2w+ ) AT 22 5 (3%)

= _mBM(Sijéab- (8.9)

B. The parameters of the effective lagrangian for the 2SC case

We have now all the elements to evaluate the parameters appearing in the effective lagrangian for the 2SC case,
which amounts to evaluate the propagation properties of the gluons belonging to the unbroken color group SU(2)..

We will need to evaluate the vacuum polarization function HZ’;, a,b=1,2,3, defined by the diagram in Fig. 27.

As usual we need the interaction term which is given by the coupling of the gauge field with the fermionic current
ig AL Jl . (8.10)
One finds

" v & at ((1VuKaaB 0 B
J _/”AZ X ( 0 iVﬂKZaB)X +(L—R). (8.11)
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g g

FIG. 27 The Feynman diagram corresponding to the vacuum polarization of the gluons.

where we have used the basis (7.38) for the quark fields, leading to the coefficients K aqp
1 - -
Kaap = 1 Tr{ixaXAg} = (K)as - (8.12)

Using our Feynman rules we can compute HZI;, (Casalbuoni et al., 2002d)*°. From the self energy diagram of Fig. 27
(a,b=1,2,3) we find:

ISl () — 9 (—i)(—1 /dvu / d2¢ zgw)(z’gw)ﬂ?wﬂ%(f +p)+ (Ve V)

ab - 87 7 D+ p) D) *
2 (igV™) (igV¥) + (ZQV")(ZQV )
N DTt 9@ )Tr[KaKb] . (8.13)
where
TT‘[KaKb] = 6ab- (814)

In order to derive the effective lagrangian it is enough to expand this expression up to the second order in momenta
and add the contribution from the bare Meissner mass. The result is (Casalbuoni et al., 2002d)

00 ,u292 2
Hab (p) = 5(11} 187T2A2 |p| 5 (815)
MM (p) = TIFLsell | kiBM _ 5 5kzﬂ g° 1+ s By 5’““292 =4 5’”“292ﬁ (8.16)
ab\P) = Hab - 372 6A2) 7T 3pz T 0 qgpz Az ‘
2.2
. H-g
I35 (p) = Oabgg 3 1?"P"- (8.17)

We see that the bare Meissner mass contribution IT¥BM(p) just cancels the zero momentum contribution to the
gluon self-energy. As a consequence the unbroken gluons remain massless. These results agree with the outcomes of
(Rischke, 2000; Rischke et al., 2001).

We notice also that there is no contribution to the Debye mass (the mass associated to the component II 2 of the
vacuum polarization). This results reflects the fact that in the 2SC model the SU(2). color subgroup generated by
the first three generators T (¢ = 1,2, 3) remains unbroken.

One can now compute the dispersion laws for the unbroken gluons. From the previous formulas one gets:

1 1
L= —JFVFL+ §HZ£’AZA’; . (8.18)

Introducing the fields Ef' = Fy; and B} = ie;;1. Fjj,, and using (8.15), (8.16) and (8.17) these results can be written as
follows (assuming gauge invariance the terms Wlth 3 and 4 gluons are completely fixed, but see later):
1 a a a a k a a
L = §(EZ E! — B!B}") + §EZ E? (8.19)

10 For the same calculation using different methods see: (Rischke, 2000; Rischke et al., 2001).



89

with

22
g p
k=—"2——. 8.20
1872 A2 ( )
These results have been first obtained in (Rischke et al., 2001). As discussed in this paper, these results imply that
the medium has a very high dielectric constant € = k + 1 and a magnetic permeability A = 1. The gluon speed in this
medium is now

1 A
LA
Ve gu

and in the high density limit it tends to zero. We have already discussed the physical consequences of these results in
Section VI.B.

In (Casalbuoni et al., 2002d) we have also computed the vacuum polarization of the gluons belonging to the broken
part of the gauge group. That is the gluons with color index a = 4,5,6,7,8. In Table VII we give the results at zero
momentum in all the cases. These results are in agreement with a calculation performed by (Rischke, 2000) with a

v =

(8.21)

a 11°°(0) —117(0)
1-3 0 0
a-7 am L

8 Smf; %mfj

TABLE VII Debye and Meissner masses in the 25C phase; mg = p?g? /37

different method. In (Casalbuoni et al., 2002d) we have also made an expansion in momenta. A priori this expansion
cannot be used to derive the dispersion relation for the broken gluons. In fact their mass, taking into account the
wave function renormalization (of order g?u?/A?), is of order A. Defining the mass of the gluon as the value of the
energy at zero momentum one finds from the expansion

mgr = V2A (8.22)
for colors a = 4,5, 6,7, whereas the numerical calculation gives
mpg = 0.894A (8.23)

and we see that the expansion overestimates the value of the mass. For the color 8 we find

_ M9

- (8.24)

Mg
The large value obtained of the mass for the gluon 8 in the small momentum expansion can be shown to be valid
at all orders in momentum. Except for the case a = 8 we see that generally there is a very large wave function
renormalization making the physical gluon masses of order A rather than of order gu. This result was shown for the
first time in (Casalbuoni et al., 2001c,d) in the case of the CFL phase. In (Casalbuoni et al., 2002d) the one-loop
contributions to the three and four gluon vertices has been evaluated. It has been checked that the result gives rise
to the correct gauge invariant contribution when added to the tree level functions.

C. The gluons of the CFL phase

We will discuss here some of the results obtained in (Casalbuoni et al., 2001c,d) for the CFL case. We will skip
many technical details. We will only give the coupling of the currents to fermions which are again obtained from the
gauge coupling. Working in the basis x** we use Eq. (7.5) to write

L1 =1igAbJ? (8.25)

a“’p
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where
v ~~ 4 [iVih 0
a _ uv 2 : t n'tAaB 5 B
& / 4m B:1X ( 0 —iVuh, > X (L= R, (8.26)
and

1
thaB = 1 TT[TA)\aTB] . (827)

(o (Ve 0 Y
= e (B )eene) +

v

. 8
7 V.gp 0 c
+ 52 xb*( e )x, (8.28)
1

X / *
~Vulbac

Performing the trace we find

¥ b,e=
where
Gabc = dabc + Z.fabc . (829)

and dape, fabe are the usual SU(3) symbols. The result of the self energy diagram (see Fig. 27) can be written as
follows:

vse d . 2 d2¢ .
iy = (p) = —2/1 > (—ig)® ”—/ 3 Tr[iSon(t+p)x
8T A CD.E ™ J (2m)

VuthE - 0 . ‘/,uhAaC 0
- < 0 Vuh*DbE) i8pall) ( 0 —Vilace }’ (8-30)

where the propagator is given by Eq. (7.56). We note the minus sign on the r.h.s of (8.30), due to the presence of a
fermion loop and the factor 2 due to the spin (L + R). To this result one should add the contribution arising from
the bare Meissner mass (see Eq. (8.7)):

GHZ < ks
My P = — S md oot (8.31)

To derive the dispersion law for the gluons, we write the equations of motion for the gluon field AZ in momentum
space and high-density limit:

[(—p%g"™" + p"p") S + TIE] A% =0 (8.32)
We define the rotational invariant quantities Iy, Iy, I3 and II3 by means of the following equations,
HOO = 1_[O (pO, m

0" (po, p) = ¢ % = 11" = I, (po, p) n’ (8.33)
Y = Ty(po, P) 6% + I3(po, p) n'n’

with n = p/|p| . It is clear that in deriving the dispersion laws we cannot go beyond momenta of order A, as the Fermi
velocity superselection rule excludes gluon exchanges with very high momentum; it is therefore an approximation, but
nevertheless a useful one, as in most cases hard gluon exchanges are strongly suppressed by the asymptotic freedom
property of QCD.

By the equation

p I AL =0, (8.34)
one obtains the relation

(poTlg — [p]T11) Ag = 71+ A (po Ty — [p] (T2 + IT3)) (8.35)
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between the scalar and the longitudinal component of the gluon fields. The dispersion laws for the scalar, longitudinal
and transverse gluons are respectively

(Mg + T3 + pg) (I1A° + o) = polpl (2101 + polp) ,
(Il + I3 + p3) (|lpo + o) = polpl (20 + p3) +117 ,
po— P+ = 0. (8.36)

The analysis of these equations is rather complicated (Gusynin and Shovkovy, 2002) and we will give only the results
arising from the expansion of the vacuum polarization up to the second order in momenta. The relevant expressions
can be found in (Casalbuoni et al., 2001c,d). The results at zero momentum are the same for all the gluons and they
are summarized in the Debye mass (from I1°°) and in the Meissner mass (from IT%

ﬂ292
mi = (21 -8In2) = g*F?, (8.37)
3672
and
2.2 2
9 weg 1 2 1 mi
= - S hm24-) =12 .
MM = T ( 36 27 T3 3 (8:38)

where the first two terms are the result of the diagram of Fig. 27, whereas the last one is the bare Meissner mass.
These results agree with the findings of other authors as, for instance, (Son and Stephanov, 2000a,b; Zarembo, 2000).
Recalling Eqs. (6.17)

m% = arg’Fi, mi; = agv’g’F# (8.39)

derived from the effective lagrangian for the CFL phase and the results already obtained for the parameters F2 and

v? we see that

as =ar =1 (8.40)

This completes the evaluation of the parameters of the effective lagrangian for the CFL phase.

The Debye and Meissner masses do not exhaust the analysis of the dispersion laws for the gluons in the medium.
We will give here the result for the rest mass defined as the energy at zero momentum. Due to the large wave function
renormalization, of order g2u?/A2, the rest mass turns out to be of order A. Precisely we find that for large values
of 1 one has

R
~ . 8.41
AN R (841)
with
2 2
Ko g 16
=95 (74 "2} . 8.42
o 216A27r2<+3 n) (842)
Therefore

R mp 21 —8In2
" — /6 "2 AN 170A 4
MAR e =\ T iome 70 (843)

It is interesting to notice that the gluons are below threshold for the decay g — ¢g since in the CFL all the quarks are
gapped with rest masses A or 2A. The rest mass can be also evaluated numerically without expanding in momenta.
One finds

m=mpg= 136 A . (8.44)

A comparison with (8.43) shows that the relative error between the two procedures is of the order of 20% and this
is also the estimated difference for the dispersion law at small p. We notice that also in this case the momentum
expansion approximation overestimates the correct result (Gusynin and Shovkovy, 2002).

The result about the large renormalization of the gluon fields can be easily understood by using the chiral expansion
of Eq. (7.110) (Jackson and Sannino, 2003). To this end let us first notice that the renormalizion factor for the fields
to be canonical is

g
9u — Klug;u (8.45)
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which implies a coupling renormalization

A A

Therefore, after renormalization the coupling becomes A/u. Now let us go back to the effective theory for the CFL
phase and precisely to the equation used to decouple the gluon fields, Eq. (6.18)

g = —% (X0, X" +7v0,¥1) = éwg. (8.47)
Now consider the kinetic term for the gluon fields
> ELE (8.48)
with
Ff, = 90ug5 — 0ugh — 9 fabedin gy (8.49)

and f,pe the structure constants of the gauge group. Substituting the expression (8.47) inside the kinetic term we find
kineti ~> l(a ¢ _ 9wt — if b ~ = x four derivati t (8.50)
inetic rem = LWy, LWy, 992 abcW, Wy, N7 our derivative operator. .
a

However the chiral expansion gives a coefficient for a four derivative operator given by

FQAQXL: i

1= an (8.51)

Comparing these two results, obtained both for canonical gluon fields, we see that the coupling must be of the order
A/, recovering the result obtained from the explicit calculation.

IX. QUARK MASSES AND THE GAP EQUATION

We have discussed in Section V.D.3 the more realistic case of 2 massless flavors and a third massive one, showing
that for u < m?2/2A the condensate of the heavy quark with the light ones may be disrupted. In this Section we
will investigate more carefully this problem but limiting ourselves two the case of two flavors (one massless and one
massive). We know (always from Section V.D.3) that the radii of the Fermi spheres are

pr, = VU2 —m2, pr, = p. (9.1)

In the case mys < p we can approximate the radius of the sphere of the massive fermion as

m2

DR, R L — 2—; (9.2)
At the lowest order the effect of the mass is to split by a constant term the Fermi momenta. Also, the splitting is
the ratio m?2/2u that we have already encountered in Section VILE, and we see from here in a simple way why this
expression is an effective chemical potential. In this approximation we can substitute the problem with another one
where we have two massless fermions but with a split chemical potential. This problem has received a lot of attention
in normal superconductivity in presence of a magnetic field. The coupling of the field to the spin of the electrons
produces a splitting of the Fermi surfaces related to spin up and spin down electrons. In practice this coupling is
completely dominated by the coupling of the magnetic field to the orbital angular momentum, but it is possible to
conceive situations where the effect is important!!

1 For recent reviews about this point and the LOFF phase that will be discussed later, see (Bowers, 2003; Casalbuoni and Nardulli, 2003)
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Measuring the splitting from the middle point we define the chemical potentials for the two species of fermions as

P = p+ 0,  Ha = p— Op, (9.3)

where we have denoted by u and d the two species of fermions under study. To describe the situation we can add the
following interaction hamiltonian

Hy = —outoso, (0.4)

where o3 is a Pauli matrix acting in the two-dimensional space corresponding to the two fermions. Notice that in
the case of normal superconductivity du is proportional to the magnetic field. Let us start considering the case of
normal superconductivity. In this case we have a simple modification in the diagonal terms of the Gor’kov equations,
introduced in Section III.D, leading to the inverse propagator

-1 {10y — &p + duos) —A
S (p)—( P Hos (i8t+§p+5ua3))' (9.5)

Then, evaluating the gap equation, as given in Eq. (3.130, one gets easily at 7' = 0:

dE d3 1
= ng/ (B —onf & AP (9.6)

and at T # 0:

A
A =T Z / (Wn +10p)2 + e(p, A)?2 (0.7)

n=—oo

where, we recall that

e(p,A) = /A2 + &2 (9.8)

We now use the identity

o0
1 1
Lo, - = ¢(p, AT , 9.9
5 [ n nq) = e(p, A) nz (wn +i610)% + €2(p, A) (9.9)
where
3 1 _ 1 9.10
nu(p)—m, nd(p_m~ (9.10)
The gap equation can be therefore written as
gA [ dPp 1
A= (1 = nu(p) — na(p)) - (9.11)

2 ) (27)3 e(p,A)

In the Landau theory of the Fermi liquid n,,, ng are interpreted as the equilibrium distributions for the quasiparticles
of type u,d. It can be noted that the last two terms act as blocking factors, reducing the phase space.

Before considering the solutions of the gap equations in the general case let us consider the case du = 0; the
corresponding gap is denoted Ag. At T' = 0 there is no reduction of the phase space and we know already the solution

)
Ay = 5 - (9.12)
sinh —
gp
Here
2
p= —LE (9.13)
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is the density of states and we have used &, ~ vp(p — pr), see Egs. (3.115)-(3.118). In the weak coupling limit (9.12)
gives

Ao =25e2/P9 . (9.14)

Let us now consider the case du # 0. By (3.143) the gap equation is written as

g [ &p 1 g/ d°p nu+ng
149 R T T 1
+ 2 / (2m)3e 2) (2m)3 € (9.15)

Using the gap equation for the BCS superconductor, the L.h.s can be written, in the weak coupling limit, as

gp, Ao
Lh.s = 22 log =2 1
5= log (9.16)

where we got rid of the cutoff § by using Ay, the gap at du = 0 and T = 0. Let us now evaluate the r.h.s. at T = 0.
We get

5
d
r.h.s.’T:0 = 9—2'0 ; % [0(—€—06p) + 0(—e+op)] . (9.17)

The gap equation at T' = 0 can therefore be written as follows:

/512 — A2
log Bo =0(op — A)arcsinhM , (9.18)
A A
ie.
Ay

10 =
5 Sp+ A/ op? — A2

One can immediately see that there are no solutions for du > Ag. For éu < Ag one has two solutions.

0. (9.19)

a) A = Ao, (920)
b) A? = 26ulg — A2 (9.21)

The first arises since for A = Ay the Lh.s. of the Eq. (9.18) is zero. But since we may have solutions only for du < Ay
the #-function in Eq. (9.18) makes zero also the r.h.s..

The existence of this solution can also be seen from Eq. (9.6). In fact in this equation one can shift the integration
variable as follows: ' — E + du, getting the result that, in the superconductive phase, the gap A is independent of
O, i.e. A = Ag. Notice that the shift is admissible only if no singularity is found. However, since the integrand has
poles at —dpu + 4 /512) + A2 —jsign(E), when du > Aq the pole corresponding to the sign plus becomes negative and
therefore it goes into the upper plane together with the other pole. In this case by closing the path in the lower half
plane we find zero

We take this occasion to compute the contribution of the free energy to the grand potential again in a different way.
To compute this contribution we make use of a theorem asserting that for small variations of an external parameter
all the thermodynamical quantities vary in the same way (Landau and Lifshitz, 1996). We apply this to the grand
potential to get

8Q_<8H>.

ol _ /o8 22
99~ \ oy (9.22)

From the expression of the interaction hamiltonian (see Eq. (3.104) with G = g) we find immediately (cfr. (Abrikosov
et al., 1963), cap. 7)'2:

d
Q= */;ZIA\Q . (9.23)

12 We will use indifferently the symbol Q for the grand potential and its density Q/V.
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Using the result (9.14) one can trade the integration over the coupling constant g for an integration over A, the BCS
gap at 6u = 0, because dAg/Ag = 2dg/pg?. Therefore the difference in free energy between the superconductor and
the normal state is

A
P 0 QdA()
Qp — Q :—7/ A2 220 9.24
A= Qo 2 /s, A, (9.24)

Here Ay is the value of Ay corresponding to A = 0. Ay = 0 in the case a) of Eq. (9.20) and Ay = 26y in the case
b) of Eq. (9.21); in the latter case one sees immediately that Qa — Q¢ > 0 because from Eq. (9.21) it follows that
Ag < 20p. The free energies for dp # 0 corresponding to the cases a), b) above can be computed substituting (9.20)
and (9.21) in (9.24). Before doing that let us derive the density of free energy at T'= 0 and éu # 0 in the normal non
superconducting state. Let us start from the very definition of the grand potential for free spin 1/2 particles

d3p
00(0,T) = —2VT/W1n (1+e<N—G<P>>/T) . (9.25)

Integrating by parts this expression we get, for ' — 0,

%4

W) = —5=

/de p>ded(p—e). (9.26)
From this expression we can easily evaluate the grand-potential for two fermions with different chemical potentials
expanding at the first non-trivial order in §p/p. The result is

S

Qo(dp) = 2(0) = —-p. (9.27)

Therefore from (9.20), (9.21) and (9.24) in the cases a), b) one has
@) Qa(on) = Qo(on) - 5 (—200% + A3, (9.28)

b) Qaln) = Qo) — 5 (—49u> + 45080 — A3) . (9.29)

Comparing (9.28) and (9.29) we see that the solution a) has lower Q. Therefore, for du < A¢/v/2 the BCS supercon-
ductive state is stable (Chandrasekhar, 1962; Clogston, 1962). At §u = A¢/+/2 it becomes metastable, as the normal
state has a lower free energy. This transition is first order since the gap does not depend on du.

The grand potentials for the two cases a) and b) and for the gapless phase, Eq. (9.27), are given in Fig. 28, together
with the corresponding gaps.

This analysis shows that at du = du; = Ag/v/2 one goes from the superconducting (A # 0) to the normal (A = 0)
phase. However, as we shall discuss below, the real ground state for o > dpuq turns out to be an inhomogeneous one,
where the assumption (3.136) of a uniform gap is not justified.

The considerations made in this Section may be repeated for the 25C case in color superconductivity. In fact, as
we have seen, the only difference is in the density at the Fermi surface which is four time the one considered here with

vF:]-apF:M'

A. Phase diagram of homogeneous superconductors

We will now study the phase diagram of the homogeneous superconductor for small values of the gap parameter,
which allows to perform a Ginzburg-Landau expansion of gap equation and grand potential. In order to perform a
complete study we need to expand the grand-potential up to the 6" order in the gap. As a matter of fact in the
plane (6u,T) there is a first order transition at (du1,0) and a second order one at (0,7) (the usual BCS second
order transition). Therefore we expect that a second order and a first order line start from these points and meet
at a tricritical point, which by definition is the meeting point of a second order and a first order transition line. A
tricritical point is characterized by the simultaneous vanishing of the A? and A* coefficients in the grand-potential
expansion, which is why one needs to introduce in the grand potential the 6'* order term. For stability reasons the
corresponding coefficient should be positive; if not, one should include also the A® term.
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FIG. 28 Gap and grand potential as functions of du for the two solutions a) and b) discussed in the text, see Eqs.(9.20), (9.21)
and (9.28), (9.29). Upper solid (resp. dashed) line: Gap for solution a) (resp. solution b)). In the lower part we plot the grand
potential for the solution a) (solid line) and solution b) (dashed line); we also plot the grand potential for the normal gapless
state with 6 # 0 (dashed-dotted line). All the grand potentials are referred to the value Q0(0) (normal state with op =0).

We consider the grand potential, as measured from the normal state, near a second order phase transition
Lo 1oa 1 6
Q= —-aA”+ -BA" + —~yA". (9.30)
2 4 6
Minimization gives the gap equation:
al + BA® +yA® =0. (9.31)

Expanding Eq. (9.7) up to the 5** order in A and comparing with the previous equation one determines the coefficients
«, B and 7 up to a normalization constant. One gets

> /0 A A3 AB
Azzg’)me;o/o “\@re e @it (3:52)
with
B = wn + @6 = (2n + )T + idp. (9.33)

As we have discussed in Section III.E the grand potential can be obtained, integrating in A the gap equation and
integrating the result provided that we multiply it by the factor 2/g. Therefore

2 o [0 de

_ dg

B = 4pTRen§_O/O GIt e (9.35)
- dg

v = 4pTRen§_O:/O CEE (9.36)

Notice that for du = 0 we recover the expressions of Section III.E. In the coefficients § and v we have extended
the integration in £ up to infinity since both the sum and the integral are convergent. To evaluate o we proceed as
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in Section IILE first integrating over £ and then summing over the Matsubara frequencies (Buzdin and Kachkachi,
1997). In Eq. (9.34) we first integrate over £ obtaining a divergent series which can be regulated cutting the sum at
a maximal value of n determined by

1)
We obtain
P Noq
a:g(l—wngReZw> . (9.38)
n=0 "

The sum can be performed in terms of the Euler’s function v (z):
N
1 1 3 1 Yy
R — = —Re —+N =4 i=
T (e ) o (G
1
2T

(i)

where
Op
=—. 9.40
- (9.40)
Eliminating the cutoff and using the gap equation at T'= 0 we find
a(v,t) = (log(47rt) + Re < + zﬂ)) (9.41)
with
o T v
t=— = - 9.42
V= A V= (9.42)
Let us introduce the function T¢(y) defined by
log———— =R -+ = . 9.43
e O B (2 * 27r> (9.43)
Then we find
1 9.44
a(v.) = plog 1. (9.44)
where
Te(y)
te(y) = . 9.45
) =5 (9.45)
The line where a(v,t) = 0, that is
= to(v/t) (9.46)

defines the second order phase transitions (see discussion later). In particular at §y = 0, using (C' the Euler-Mascheroni
constant)

1
P (2> = — log(4fy)’ vy = ec, C=05777..., (947)
we find from Eq. (9.41)

7T
a(0,T/Ag) = p log — 9.48
(0,7/A¢) =p S (9.48)
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reproducing the critical temperature for the BCS case
— T Ap ~ 0.56693 A, . (9.49)
™

The other terms in the expansion of the gap equation are easily evaluated integrating over £ and summing over the
Matsubara frequencies. We get

=1 O
— T § - = @ — .
8 TP Renzoa)g 16 2T2R e (2 +ZQ7rT> , (9.50)
3 — 1 3 @) S
v = 47rpTRen§:0 5 = 1768 4T4R e (2 +127TT ) (9.51)
where
B () = L) (9.52)
dzm

Let us now briefly review some results on the grand potential in the GL expansion (9.30). We will assume v > 0 in
order to ensure the stability of the potential. The minimization leads to the solutions

A=0, (9.53)

2_2
A_i

( B+ /3 —da ) (9.54)
The discussion of the minima of {2 depends on the signs of the parameters « and . The results are the following:

1[50 550

In this case there is a single minimum given by (9.53) and the phase is symmetric.

ACETWED

Here there are three minima, one is given by (9.53) and the other two are degenerate minima at

1
2y

The line along which the three minima become equal is given by:
ay
Q0)=Q(+Ay) — pf=-4 . (9.56)
Along this line there is a first order transition with a discontinuity in the gap given by
Ai:——:—f—. (9.57)

To the right of the first order line we have 2(0) < Q(£A,). It follows that to the right of this line there is the
symmetric phase, whereas the broken phase is in the left part (see Fig. 29).

5. [a=0 550

In this case Eq. (9.53) gives a maximum, and there are two degenerate minima given by Eq. (9.55).
Since for @ > 0 the two minima disappear, it follows that there is a second order phase transition along the line
a = 0. This can also be seen by noticing that going from the broken phase to the symmetric one we have

Jim A% =0. (9.58)
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FIG. 29 The graph shows the first order and the second order transition lines for the potential of Eq. (9.80). We show the
tricritical point and the regions corresponding to the symmetric and the broken phase. Also shown is the behavior of the grand
potential in the various regions. The thin solid line is the locus of the points 8* — 4ary = 0. In the interior region we have
6% — 4oy < 0.

[a=0 <0

The minima and the maximum are as in the previous case.

Notice also that the solutions A+ do not exist in the region 3% < 4ary. The situation is summarized in Fig. 29.
Here we show the behavior of the grand potential in the different sectors of the plane (a/v, 3/7), together with the
transition lines. Notice that in the quadrant (o > 0, 8 < 0) there are metastable phases corresponding to non absolute
minima. In the sector included between the line § = —21/a;/~ and the first order transition line the metastable phase
is the broken one, whereas in the region between the first order and the @ = 0 lines the metastable phase is the
symmetric one.

Using Eqgs. (9.41), (9.50) and (9.51) which give the parameters «, § and + in terms of the variables v = du/Aq
and t = T/Ap, we can map the plane « and (3 into the plane (6u/Ag, T/Ap). The result is shown in Fig. 30. From
this mapping we can draw several conclusions. First of all the region where the previous discussion in terms of the
parameters «, (3 and v applies is the inner region of the triangular part delimited by the lines v = 0. In fact, as already
stressed, our expansion does not hold outside this region. This statement can be made quantitative by noticing that
along the first order transition line the gap increases when going away from the tricritical point as

Ai:_?:\/?' (9.59)

Notice that the lines 5(v, t) = 0 and (v, t) = 0 are straight lines, since these zeroes are determined by the functions
¥ and ¥® which depend only on the ratio v /t. Calculating the first order line around the tricritical point one gets
the result plotted as a solid line in Fig. 30. Since we know that du = du1 = Ag/+/2 is a first order transition point,
the first order line must end there. In Fig. 30 we have simply connected the line with the point with a grey dashed
line. To get this line a numerical evaluation at all orders in A would be required. This is feasible but we will skip
it since the results will not be necessary in the following, see (Sarma, 1963). The location of the tricritical point is
determined by the intersection of the lines & = 0 and 5 = 0. One finds (Buzdin and Kachkachi, 1997; Combescot and
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Mora, 2002)

Op

T
-— =0.60822, —— = 0.31833. (9.60)
Ao tric

AO tric

We also note that the line o = 0 should cross the temperature axis at the BCS point. In this way one reobtains the
result in Eq. (9.49) for the BCS critical temperature, and also the value for the tricritical temperature

=0.56149. (9.61)

The results given in this Section are valid as long as other possible condensates are neglected. In fact, we will see
that close to the first order transition of the homogeneous phase the LOFF phase with inhomogeneous gap can be
formed.

o<0

0 & ol
0 01 02 03 04 05 0.6 0.7 A

o <0 [ =0—>a>0

FIG. 30 The curve shows the points solutions of the equation A = 0 in the plane (v,t) = (du/Do,T/Ao). The tricritical point
at (0u, T) =~ (0.61,0.32) Ag is also shown. The upper part of the curve (solid line) separates the homogeneous phase from the
normal one. Along the dashed line A = 0 but this is not the absolute minimum of the grand potential.

B. Dependence of the condensate on the quark masses

In the previous Section we have ignored all the mass corrections but for the ones coming from the shift of the
chemical potential. However there is a small mass dependence on the condensate itself. This is because the presence
of the mass gives rise to a reduction of the density of the states at the Fermi surface weakening the gap. This problem
has been studied in (Casalbuoni et al., 2002a; Kundu and Rajagopal, 2002). We will follow here the approach given
in (Casalbuoni et al., 2002a). Let us consider the QCD lagrangian

Locp =Y (@D +pr" —m) =9 (i D+ py° —zp) ¢, (9.62)
where we will keep

=™ o<az<i1 (9.63)
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fixed in the u — oo limit. This particular limit is convenient when one discusses problems related to compact stellar
objects where the strange quark mass is not very far from the relevant chemical potential (of order of 400 MeV).
This lagrangian and the one at zero quark mass can be related by making use of the Cini-Touschek transformation
(Cini and Touschek, 1958) that was invented to study the ultra-relativistic limit of the Dirac equation for a massive
fermion.

In order to describe the method used we need to discuss a little kinematics. In the massive case, as we have seen,
the Fermi momentum is given by

P = W21 —a?) (9.64)

and the Fermi velocity by

vp = == == (9.65)

Introducing the unit vector

Pr

n=_—-—, 9.66
|pF‘ ( )

we get

vrp =1 —a%q. (9.67)

Now let us do again the decomposition of the momentum in the Fermi momentum plus the residual momentum

p=pr+€=pVv1i—aZn+L. (9.68)

Substituting inside the Dirac hamiltonian

H =py=o-p—p+myo, (9.69)
we get
H=—p+pvV1-—22a-n+zy)+a-L. (9.70)

We proceed now introducing the following two projection operators

B 1+ (z70 — V1 —2?a-n)

Py 5

(9.71)

These are projection operators since the square of the operator in parenthesis is one. In terms of the projected wave
functions the Dirac equations splits into the two equations

Hyy =a-£),, Hi_ = (—2u+a-£)p_. (9.72)

Therefore we reproduce exactly the same situation as in the massless case (see Section V.B) and all the formalism
holds true introducing the two four-vectors

VH = (LVF)a ‘7# = (17 —VF)7 (973)
with

Ve =1— 2% (9.74)

Without entering in too many details we can now explain the results found in (Casalbuoni et al., 2002a). One starts
from the same four-fermi interaction of Section V.B.2 and writes the Schwinger-Dyson equation obtaining a gap
equation which is the same obtained in Section V.B.2 with a few differences. Since the main interest of the paper was
to understand how the condensate varies with quark masses the assumption was made that the chemical potentials
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FIG. 31 The ratio of the gap for finite masses A over the gap for massless quarks Ao as a function of Su. The lines give the
ratio for values x1 = 0 (dotted line), 1 = 0.1 (dash-dotted line), x1 = 0.25 (dashed one). The values used are p = 400 MeV,
8 =400 MeV, G =10.2 GeV ™2, corresponding to Ao =~ 40 MeV .

of the up and down quarks were arranged in such a way to make equal the two Fermi momentum. This gives the
relation

PF = PF, = DPF, = \/,u% - m% = \//é — m%, (9.75)
from which
2 .2
op = % (9.76)

Then we have the main modifications come from a change of the density at the Fermi surface. Precisely

P = pp = (o +6p) (n — dp)a(zr, z2), (9.77)
where
a(zy,z2) = /(1 —23)(1 — 23). (9.78)
Also there is a factor
Vo Vy = %W (9.79)

coming from the interaction, and finally a modification of the propagator (where the product (‘72 -0)V1 - £) appears.
Putting everything together we find that the gap is given by

2
A =2y #56—%%‘ (9.80)

B(x1,22) = \/1 —x? - \/1 — 3 (9.81)

where

and

(9.82)

p — % (1 _ W) Oé(.’I,'h.’I}Q)(l + OZ(.’L'l,ZEQ))
e 12 ) fAa(zy,2) + Bz, 22)%

In Fig. 31 we plot the condensate normalized at its value, Ag, for m; = ms = 0 as a function of du in different

situations. We have chosen p = 400 MeV, § = 400 MeV and G = 10.3 GeV =2 in such a way that Ay = 40 MeV. The

diagram refers to one massive quark and one massless. Notice also that plotting 6y is the same as plotting m3 —m3.
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X. THE LOFF PHASE

We will review here briefly the so called LOFF phase. Many more details can be found in two recent reviews
(Bowers, 2003; Casalbuoni and Nardulli, 2003). We have already discussed the fact that when the chemical potentials
of two fermions are too apart the condensate may break. In particular we have shown (see Section IX) that when the
difference between the two chemical potentials, dpu, satisfies

(10.1)

where Ay is the BCS gap at du = 0, the system undergoes a first order phase transition, with the gap going from
Ay to zero. However just close at this point something different may happen. According to the authors (Fulde and
Ferrell, 1964; Larkin and Ovchinnikov, 1964) when fermions belong to two different Fermi spheres, they may prefer
to pair staying as much as possible close to their own Fermi surface. When they are sitting exactly at the surface, the
pairing is as shown in Fig. 32. We see that the total momentum of the pair is p; + p2 = 2q and, as we shall see, |q]

FIG. 32 Pairing of fermions belonging to two Fermi spheres of different radii according to LOFF.

is fixed variationally whereas the direction of q is chosen spontaneously. Since the total momentum of the pair is not
zero the condensate breaks rotational and translational invariance. The simplest form of the condensate compatible
with this breaking is just a simple plane wave (more complicated functions will be considered later)

(b(a)b(a)) ~ A X, (10.2)

It should also be noticed that the pairs use much less of the Fermi surface than they do in the BCS case. In fact, in
the case considered in Fig. 32 the fermions can pair only if they belong to the circles drawn there. More generally
there is a quite large region in momentum space (the so called blocking region) which is excluded from the pairing.
This leads to a condensate smaller than the BCS one.

Let us now begin the discussion. Remember that for two fermions at different densities we have an extra term in
the hamiltonian which can be written as

H[ = —6/,&0‘3. (103)

In the original LOFF papers (Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1964) the case of ferromagnetic alloys
with paramagnetic impurities was considered. The impurities produce a constant magnetic exchange field which,
acting upon the electron spin, gives rise to an effective difference in the chemical potential of the opposite fields. In
this case dp is proportional to the exchange field. In the actual case du = (u1 — p2)/2 and o3 is a Pauli matrix acting
on the space of the two fermions. According to (Fulde and Ferrell, 1964; Larkin and Ovchinnikov, 1964) this favors
the formation of pairs with momenta

pi=k+q, p2=-k+aq (10.4)
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We will discuss in detail the case of a single plane wave (see Eq. (10.2)) and we will give some results about the
general case. The interaction term of Eq. (10.3) gives rise to a shift in the variable £ = E(p) — p due both to the
non-zero momentum of the pair and to the different chemical potential

E=E@) —p— E(Ek+q) —pFop~EFi, (10.5)
with
I (10.6)

Here we have assumed du << p (with g = (u1 + p2)/2) allowing us to expand E at the first order in q (see Fig. 32).
The gap equation has the same formal expression as Eq. (3.143) for the BCS case

g dp 1 —ny —ng
1== 10.
Ry (101

but now n, # ng

1
Mud = CGAER/T 4 10 (10.8)
where A is the LOFF gap. In the limit of zero temperature we obtain
g [ &p 1 _ _
== ——— (1 —-60(—e—pn) —0(— . 10.9
L | ey (1=t = — (et i) (10.9)

The two step functions can be interpreted saying that at zero temperature there is no pairing when (g, A) < |fl.
This inequality defines the so called blocking region. The effect is to inhibit part of the Fermi surface to the pairing
giving rise a to a smaller condensate with respect to the BCS case where all the surface is used.

We are now in the position to show that increasing du from zero we have first the BCS phase. Then at du =~ duy
there is a first order transition to the LOFF phase (Alford et al., 2001; Larkin and Ovchinnikov, 1964), and at
dp = dpe > dpy there is a second order phase transition to the normal phase (with zero gap) (Alford et al., 2001;
Larkin and Ovchinnikov, 1964). We start comparing the grand potential in the BCS phase to the one in the normal
phase. Their difference, from Eq. (9.28), is given by

OBcs — Qnormal = _g (A2BCS - 251“’2) : (1010)

We have assumed dp < p. The situation is represented in Fig. 33. In order to compare with the LOFF phase we

Q 8M1 6“2 A

normal

Q| oFf Wt Agcs

BCS | PR

FIG. 33 The grand potential and the condensate of the BCS and LOFF phases vs. du.

will now expand the gap equation around the point A = 0 (Ginzburg-Landau expansion) exploring the possibility of
a second order phase transition. Using the gap equation for the BCS phase in the first term on the right-hand side of
Eq. (10.9) and integrating the other two terms in £ we get

A Q
plog BOS — p/i—arcsinh@ (10.11)
T

A A
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where
C(0) =/(6p — qur cos 0)2 — A2, (10.12)
For A — 0 we get easily
Apcs | 1 [ u S
~1 S log(1-2) = A 10.1
og 20 +2[1 og( z> 0, =z - (10.13)

This expression is proportional to the coefficient « in the Ginzburg-Landau expansion (recall the discussion in Section
IX.A). Therefore it should be minimized with respect to g. The minimum is given by

B tanh B =1, (10.14)
z z
implying
qup ~ 1.20ps. (10.15)
Putting this value back in eq. (10.13) we obtain
dpe = 0.754 Apgcs. (10.16)

From the expansion of the gap equation around dus it is easy to obtain
A? x5 1.76 5p12(pa — o). (10.17)

Recalling Eq. (9.23), we can express the grand potential of the LOFF phase relatively to the one of the normal phase
as

9d
QLOFF - Qnormal = _/ Q%A2 (1018)
0

Using Eq. (3.64) for the BCS gap and Eq.(10.16) we can write

dg _ pdApcs _ pdopy

— = = . 10.19
9> 2 Apcs 2 0pa ( )

Noticing that A is zero for dus = du we are now able to perform the integral (10.18) obtaining
QLorr — Qnormal ~ —0.44 p(p — dpz)?. (10.20)

We see that in the window between the intersection of the BCS curve and the LOFF curve in Fig. 33 and dus the
LOFF phase is favored. Furthermore at the intersection there is a first order transition between the LOFF and the
BCS phase. Notice that since dpus is very close to dpup the intersection point is practically given by du;. In Fig. 33 we
show also the behaviour of the condensates. Altough the window (du1,dus) ~ (0.707,0.754)Apcg is rather narrow,
there are indications that considering the realistic case of QCD (Leibovich et al., 2001) the window may open up.
Also, for different structures than the single plane wave there is the possibility that the window opens up (Leibovich
et al., 2001).

A. Crystalline structures
The ground state in the LOFF phase is a superposition of states with different occupation numbers (N even)
10)Lorr = ZCN|N>~ (10.21)
N
Therefore the general structure of the condensate in the LOFF ground state will be
(W(@)d(@)) = Y chenrae® WX (N[d(a)i(@)|N +2)

N
= ) Ayerant (10.22)
N
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The case considered previously corresponds to all the Cooper pairs having the same total momentum 2q. A more
general situation, although not the most general, is when the vectors qy reduce to a set q; defining a regular
crystalline structure. The corresponding coefficients Aq, (linear combinations of subsets of the Ay’s) do not depend
on the vectors q; since all the vectors belong to the same orbit of the group. Furthermore all the vectors q; have the
same length (Bowers and Rajagopal, 2002) given by Eq. (10.15). In this case

(O (2)p(@)]0) = Ag Y e, (10.23)

This more general case has been considered in (Bowers and Rajagopal, 2002; Larkin and Ovchinnikov, 1964) by
evaluating the grand-potential of various crystalline structures through a Ginzburg-Landau expansion, up to sixth
order in the gap (Bowers and Rajagopal, 2002)

Q—an?4 a1y dns (10.24)

2 3

These coefficients can be evaluated microscopically for each given crystalline structure by following the procedure
outlined in Sections IX.A and III.E. The general procedure is to start from the gap equation represented graphically
in Fig. 34. Then, one expands the exact propagator in a series of the gap insertions as given in Fig. 35. Inserting

FIG. 34 Gap equation in graphical form. The thick line is the exact propagator. The black dot the gap insertion.

FIG. 35 The expansion of the propagator in graphical form. The darker bozes represent a A* insertion, the lighter ones a A
insertion.

this expression back into the gap equation one gets the expansion illustrated in Fig. 36.

— @ =

BRI

FIG. 36 The expansion of the gap equation in graphical form. Notations as in Fig. 35.

On the other hand the gap equation is obtained minimizing the grand-potential (10.24), i.e.

QA+ BA3 +yA° .. =0, (10.25)
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Comparing this expression with the result of Fig. 36 one is able to derive the coefficients «, § and . Except for
an overall coefficient (the number of plane waves) the coefficient o has the same expression for all kind of crystals.
Therefore the results obtained for the single plane wave and depending on the properties of this coefficients are
universal.

0 01 02 03 04 05/06 07 A
first order

FIG. 37 The phase diagram for the LOFF phase in the plane (6u,T). It is shown the tricritical point. Here three lines meet:
the second order transition line from the normal case to the BCS phase, the first order transition line from the BCS phase to
the LOFF phase and the second order transition line from the LOFF phase to the normal one.

0.8
0.6
0.4

0.2

0608 | | | 0.754
0.62 0.64 0.66 0.68 0.70 0.72 0.74

g5

FIG. 38 The behavior of the length of the vector q along the second order transition line from the LOFF phase to the normal
phase is shown, vs. du/Ag.
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In ref. (Bowers and Rajagopal, 2002) more than 20 crystalline structures have been considered, evaluating for each
of them the coefficients of Eq. (10.24). The result of this analysis is that the face-centered cube appears to be the
favored structure among the ones considered (for more details see ref. (Bowers and Rajagopal, 2002)). However it
should be noticed that this result can be trusted only at 7' = 0. In fact one knows that in the (du,T") phase space,
the LOFF phase has a tricritical point and that around this point the favored crystalline phase corresponds to two
antipodal waves (see (Buzdin and Kachkachi, 1997; Combescot and Mora, 2002) and for a review (Casalbuoni and
Nardulli, 2003)). Therefore there could be various phase transitions going down in temperature as it happens in the
two-dimensional case (Shimahara, 1998). For completeness we give here the phase diagram of the LOFF phase in the
plane (6u, T), in Fig. 37, and the behavior of the length of the vector q along the second order critical line in Fig 38.

B. Phonons

As we have seen QCD at high density is conveniently studied through a hierarchy of effective field theories, see
Section V.A. By using the same procedure in the case of the LOFF phase one can derive the analogue of the HDET
(Casalbuoni et al., 2001b, 2002c) and the effective lagrangian for the Goldstone bosons (phonons) associated to the
breaking of translational and rotational symmetries in the LOFF phase (Casalbuoni et al., 2002b,e). The number and
the features of the phonons depend on the particular crystalline structure. We will consider here the case of the single
plane-wave (Casalbuoni et al., 2001b) and of the face-centered cube (Casalbuoni et al., 2002¢). We will introduce the
phonons as it is usual for NG bosons (Casalbuoni et al., 2001b), that is as the phases of the condensate. Considering
the case of a single plane-wave we introduce a scalar field ®(x) through the replacement

A(F) = exp? X A — @A, (10.26)
We require that the scalar field ®(z) acquires the following expectation value in the ground state
(P(z)) =2q-x. (10.27)

The phonon field is defined as

%(j)(ﬂ:) = ®(z) — 2q - x. (10.28)

Notice that the phonon field transforms nontrivially under rotations and translations. From this it follows that non
derivative terms for ¢(z) are not allowed. One starts with the most general invariant lagrangian for the field ®(x) in
the low-energy limit. This cuts the expansion of ® to the second order in the time derivative. However one may have

an arbitrary number of space derivative, since from Eq. (10.27) it follows that the space derivatives do not need to
be small. Therefore

f2 £ 2 =2\ k
‘Cphonon = ? O + Xk:ckq)(v ) P . (1029)

Using the definition (10.28) and keeping the space derivative up to the second order (we can make this assumption
for the phonon field) we find

1/. S S . .
Lphonon = 5 (¢2 —0iVi¢-Vig—vfV¢- VW) 7 (10.30)
where
Vi=i@-V), Vi=V-V if= % (10.31)

We see that the propagation of the phonon in the crystalline medium is anisotropic.

The same kind of considerations can be made in the case of the cube. The cube is defined by 8 vectors q; pointing
from the origin of the coordinates to the vertices of the cube parameterized as in Fig. 39.

The condensate is given by (Bowers and Rajagopal, 2002)

8 3
Alr) =AY PT=A " ldlan, (10.32)

k=1 i=1,(e;==%)
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FIG. 39 The figure shows the vertices and corresponding coordinates of the cube described in the text. Also shown are the
symmetry azes.

We introduce now three scalar fields such that

(@9(2)) = 2/, (10.33)
through the substitution
3 o
A)—A S ear@ (10.34)
i=1,(e;==%)
and the phonon fields
1 . , .
?qb(l)(:v) = o (z) — 2|7|z;. (10.35)

Notice that the expression (10.34) is invariant under the symmetry group of the cube acting upon the scalar fields
o) (). This group has three invariants for the vector representation

L(X)=|X]?, L(X)= X2X§+X§X§+X§X%

I6(X) = X7 X3X (10.36)

Therefore the most general invariant lagrangian invariant under rotations, translations and the symmetry group of
the cube, at the lowest order in the time derivative, is

2o e
Lphonon = ? Z ((P( ))2

i=1,2,3
+ LI, (VD) I,(VOWD), I;(VOD)). (10.37)

Expanding this expression at the lowest order in the space derivatives of the phonon fields one finds (Casalbuoni et al.,
2002¢)

1 s a o .
_ = E (i)y2 @ (3)12
Lphonos - 2 ' (¢ ) 9 ‘ E |v¢ |
1=1,2,3 1=1,2,3
b
_ 2 (@ ) @) 9. 4
> (80 > 90,0V (10.38)
1=1,2,3 1<j=1,2,3

The parameters appearing in the phonon lagrangian can be evaluated following the strategy outlined in (Casalbuoni
et al., 2002b,c) which is the same used for evaluating the parameters of the NG bosons in the CFL phase. It is enough
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to calculate the self-energy of the phonons (or the NG bosons) through one-loop diagrams due to fermion pairs. Again
the couplings of the phonons to the fermions are obtained noticing that the gap acts as a Majorana mass for the
quasi-particles. Therefore the couplings originate from the substitutions (10.26) and (10.34). In this way one finds
the following results: for the single plane-wave

V2 = % (1 - (Eﬁoj , v = (%)2 (10.39)

1 1 o 2
= — = = — —_— —1 . 1.4
i e 12G(w> ) (10.40)

XIl. ASTROPHYSICAL IMPLICATIONS

and for the cube

Should we look for a laboratory to test color superconductivity, we would face the problem that in the high energy
physics programmes aiming at new states of matter, such as the Quark Gluon Plasma, the region of the T'— u
plane under investigation is that of low density and high temperature. On the contrary we need physical situations
characterized by low temperature and high densities. These conditions are supposed to occur in the inner core of
neutron stars, under the hypothesis that, at the center of these compact stars, nuclear matter has become so dense
as to allow the transition to quark matter. A schematic view of a neutron star is in Fig. 40.

superfluid
neutrons

FIG. 40 Schematic view of a neutron star as computed by an equation of state with three nucleon interaction (Shapiro and
Teukolski, 1983).

In the subsequent sections we shall give a pedagogical introduction to the physics of compact stars and we shall review
some possible astrophysical implications of the color superconductivity.

A. A brief introduction to compact stars

To begin with, let us show that for a fermion gas high chemical potential means high density. To simplify the
argument we assume that the fermions are massless and not interacting, so that u = e = pp. From the grand
potential in Eq. (5.166)

3
=gV [ e — bl =), (11.1)
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one finds (g is the number of species of fermions times 2 for the spin)

A

Q= ———u* 11.2
Yol (11.2)
It follows that
o2 gV 4
=0 =28 11.3
A L (11.3)

which means that the chemical potential increases as p'/3: This is the reason why we should search color supercon-
ductivity in media with very high baryonic density.

In the general case, the equation of state is determined, for instance, by evaluating the pressure as a function of
the other thermodynamical quantities. This can be done starting from the grand potential. For the simple case of
free massless fermions we obtain

gV 4
P=-Q= 11.4
YL (11.4)
and therefore the equation of state has the form
P=Kps. (11.5)

Clearly this result also holds for massive fermions in the Ultra Relativistic (UR) case where the mass is negligible. In
the Non Relativistic (NR) case one has

_AgvmZ o,

2 3/2
_ 29V =z 11.6
Bz Bl PT3e st (11.6)

from which

P=Kp3, (11.7)
. More generally the equation of state can be approximated by the expression

P=Kp", (11.8)
and the two cases discussed above are characterized as follows:

p < 10%g/cm? {electrons}

p < 10%g/em? {neutrons}

p > 105g/cm? {electrons}

p > 10"%g/cm? {neutrons} . (11.9)

Let us note explicitly that, at T'= 0, P # 0. This is a quantum-mechanical effect due to the Pauli principle and the
Fermi Dirac statistics (for comparison, for a classical Maxwell Boltzmann gas P — 0 when T" — 0). In absence of
other sources of outward pressure it is the pressure of the degenerate fermion gas that balances the gravity and avoids
the stellar collapse.

One can see that the densities that can be reached in the compact stars are very different depending on the nature
of the fermions. The two cases correspond to two classes of compact stars, the white dwarfs and the neutron stars.
White dwarfs (w.d.s) are stars that have exhausted nuclear fuel; well known examples are Sirius B, or 40 Eri B. In
the Hertzsprung-Russel diagram w.d.s fill in a narrow corner below the main sequence. In a w.d. stellar equilibrium
is reached through a compensation between the inward pressure generated by gravity and the outward pressure of
degenerate electrons. Typical values of the central density, mass and radius for a w.d. are p = 10%g/em3, M ~ Mg,
R ~ 5,000km. Notice that the nuclear saturation density, defined as the density of a nucleon of radius 1.2 fm. is
about 1.5 x 10 g/cm3.
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Suppose now that in the star higher values of p are reached. If p increases, inverse beta decay becomes important:
e p—nv. (11.10)

This process fixes the chemical composition at equilibrium

Lhe + [y = fin - (11.11)
In the cases of ultrarelativistic particles we get
pe!® +py? = pil®. (11.12)
On the other hand one has to enforce neutrality:
Pe = Pp (11.13)
implying
1
L (11.14)
pn 8

This number should be seen as a benchmark value, as it is derived under simplifying hypotheses, most notably the
absence of interactions and the neglect of masses. In any event it suggests that, for higher densities, the star tends
to have a relatively larger fraction of neutrons and therefore it is named a neutron star. It must be stressed that
one of the relevant facts about neutron stars is that the general relativity effects cannot be ignored and the relevant
equilibrium equations to be used are the Oppenheimer-Volkov equations of hydrostatic equilibrium.

The following simple argument, due to Landau (1932) can be used to evaluate the relevant parameters of white
dwarfs and neutron stars (see the textbook (Shapiro and Teukolski, 1983); more recent reviews of compact stars are in
(Heiselberg and Pandharipande, 2000; Page, 1998; Tsuruta, 1998)). Let us consider N fermions in a sphere of radius
R at T = 0; the number of fermion per volume unit scales as n ~ N/ R3; the volume per fermion is therefore ~ 1 /n
and the uncertainty on the position is of the order of n=!/3; the Fermi momentum is of the order of the uncertainty
on the fermion momentum and therefore

pr ~n'?h (11.15)

a result we obtained already under more stringent hypotheses (Fermi-Dirac distribution) and derived again here using
only the uncertainty relations. The Fermi energy of the baryons is therefore

heN'1/3
R )

if N is the total number of baryons. Note that this applies both to neutron stars and to electron stars, because also in

stars where the pressure mainly come from electrons there will be a considerable amount of protons and neutrons and

the largest part of the energy comes from the baryons, not from the electrons. On the other hand the gravitational
energy per baryon is

(11.16)

€Ep ~

GNm?
Eqg~ — R B (11.17)
and the total energy can be estimated as
heN'/3 GNm2
E=Eg+Ep ~ - B 11.18
G+ LF R R ( )
Now equilibrium can exist only if £ > 0. As a matter of fact if E < 0 (N large) then limg_.g E = —o0, which means

that the energy is unbounded from below and the system is unstable. Therefore, £ > 0 gives the maximum number
of baryons as follows:

hc 3/2
N < Npoow = | —— ~ 2% 10°7 . 11.19
2
Gmy

As a consequence the maximum mass is

Mma:r = Nmaz™MB = 15M® . (1120)
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This mass can be estimated better and its better determination (~ 1.4Mg) is known as the Chandrasekhar limit; for
our purposes the estimate (11.20) is however sufficient. Notice that the Chandrasekhar limit is similar for compact
stars where the degeneracy pressure is mainly supplied by electrons and also where it is supplied by baryons.

One can estimate the radius of a star whose mass is given by (11.20). One has

he he he \ Y2
~— N3 = = 11.21
F R M R \ Gm% ( )

and, therefore,

1/2 5x 108 cm {m = m.
R~ ( he ) _ { . { ) (11.22)
me \ Gmyg 3 x 10°em {m = my,}.

If a neutron star accretes its mass beyond the Chandrasekhar limit nothing can prevent the collapse and it becomes
a black hole'3. In Table VIII we summarize our discussion; notice that we report for the various stars also the value
of the parameter GM/Rc? i.e. the ratio of the Schwarzschild radius to the star’s radius. Its smallness measures the
validity of the approximation of neglecting the general relativity effects; one can see that for the sun and the white
dwarfs the newtonian treatment of gravity represents a fairly good approximation.

g GM
M R P em3 Rc?
Sun Mg Ro 1 10-¢

White Dwarf| < Mg [107°Re| <107 [107*

Neutron Star|1 — 3Mg [107°Re| < 10 |107!

Black Hole |arbitrary 2GM M

TABLE VIII Parameters of different stellar objects.

Neutron stars are the most likely candidate for the theoretical description of pulsars. Pulsars are rapidly rotating
stellar objects, discovered in 1967 by Hewish and collaborators and identified as rotating neutron stars by (Gold,
1969); so far about 1200 pulsars have been identified.

Pulsars are characterized by the presence of strong magnetic fields with the magnetic and rotational axis misaligned;
therefore they continuously emit electromagnetic energy (in the form of radio waves) and constitute indeed a very
efficient mean to convert rotational energy into electromagnetic radiation. The rotational energy loss is due to dipole
radiation and is therefore given by

dE dw B2RSw*sin 0
E = I == .

- _ 11.23
Y 6¢3 ( )
Typical values in this formula are, for the moment of inertia I ~ R%p ~ 10*°g/cm?, magnetic fields B ~ 10'? G,
periods T = 27 /w in the range 1.5 msec-8.5 sec; these periods increase slowly'#, with derivatives dT/dt ~ 10712 -
10721, and never decrease except for occasional jumps (called glitches).

13 The exact determination of the mass limit depends on the model for nuclear forces; for example in (Cameron and Canuto, 1974) the
neutron star mass limit is increased beyond 1.4Mgq .

14 Rotational period and its derivative can be used to estimate the pulsar’s age by the approximate formula 7'/2(dT/dt), see e.g. (Lorimer,
1999).
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Glitches were first observed in the Crab and Vela pulsars in 1969; the variations in the rotational frequency are of
the order 108 — 106,

This last feature is the most significant phenomenon pointing to neutron stars as a model of pulsars in comparison
to other form of hadronic matter, such as strange quarks. It will be discussed in more detail in Section XI.E, where we
will examine the possible role played by the crystalline superconducting phase. In the subsequent three paragraphs
we will instead deal with other possible astrophysical implications of color superconductivity.

B. Supernovae neutrinos and cooling of neutron stars

Neutrino diffusion is the single most important mechanism in the cooling of young neutron stars, i.e. with an age
< 10° years; it affects both the early stage and the late time evolution of these compact stars. To begin with let us
consider the early evolution of a Type II Supernova.

Type II supernovae are supposed to be born by collapse of massive (M ~ 8 — 20M) stars'®. These massive
stars have unstable iron cores'® with masses of the order of the Chandrasekhar mass. The explosion producing the
supernova originates within the core, while the external mantle of the red giant star produces remnants that can be
analyzed by different means, optical, radio and X rays. These studies agree with the hypothesis of a core explosion.
The emitted energy (~ 10°!erg) is much less than the total gravitational energy of the star, which confirms that the
remnants are produced by the outer envelope of the massive star; the bulk of the gravitational energy, of the order of
10°® erg, becomes internal energy of the proto neutron star (PNS). The suggestion that neutron stars may be formed
in supernovae explosions was advanced in 1934 by (Baade and Zwicky, 1934) and it has been subsequently confirmed
by the observation of the Crab pulsar in the remnant of the Crab supernova observed in China in 1054 A.D.

We do not proceed in this description as it is beyond the scope of this review and we concentrate our attention on
the cooling of the PNS'7, which is mostly realized through neutrino diffusion. By this mechanism one passes from the
initial temperature T' ~ 20 — 30 MeV to the cooler temperatures of the neutron star at subsequent stages. This phase
of fast cooling lasts 10-20 secs and the neutrinos emitted during it have mean energy ~ 20 MeV. These properties,
that can be predicted theoretically, are also confirmed by data from SN 1987A.

The role of quark color superconductivity at this stage of the evolution of the neutron stars has been discussed
in (Carter and Reddy, 2000). In this paper the neutrino mean free path is computed in a color super-conducting
medium made up by quarks in two flavor (2SC model). The results obtained indicate that the cooling process by
neutrino emission slows down when the quark matter undergoes the phase transition to the superconducting phase
at the critical temperature T, but then accelerates when T' decreases below T,.. There should be therefore changes in
the neutrino emission by the PNS and they might be observed in some future supernova event; this would produce
an interesting test for the existence of a color superconducting phase in compact stars.

Let us now consider the subsequent evolution of the neutron star, which also depends on neutrino diffusion. The
simplest processes of neutrino production are the so called direct Urca processes

f1+£‘>f2+yfa

fotl— fi+l— fot g (11.24)

by these reactions, in absence of quark superconductivity, the interior temperature 7' of the star drops below 10°
K (~ 100 KeV) in a few minutes and in 102 years to temperatures ~ 107 K. Generally speaking the effect of the
formation of gaps is to slow down the cooling, as it reduces both the emissivity and the specific heat. However not
only quarks, if present in the neutron star, but also other fermions, such as neutrons, protons or hyperons have gaps,
as the formation of fermion pairs is unavoidable if there is an attractive interaction in any channel. Therefore, besides
quark color superconductivity, one has also the phenomenon of baryon superconductivity and neutron superfluidity,
which is the form assumed by this phenomenon for neutral particles. The analysis is therefore rather complicated;
the thermal evolution of a late time neutron star has been discussed in (Blaschke et al., 2000; Page et al., 2000),
but no clear signature for the presence of color superconductivity seems to emerge from the theoretical simulations
and, therefore, one may tentatively conclude that the late time evolution of the neutron stars does not offer a good
laboratory to test the existence of color superconductivity in compact stars.

15 The other supernovae, i.e. type I supernovae, result from the complete explosion of a star with 4Ma < M < 8M with no remnants.

16 Fusion processes favor the formation of iron, as the binding energy per nucleon in nuclei has a maximum for A ~ 60.

17 See (Burrows and Lattimer, 1986; Colgate and White, 1966; Imsshennyk and Nadyozhin, 1973; Keil and Janka, 1995; Pons and et al,
1999) for further discussions.
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C. R-mode instabilities in neutron stars and strange stars

Rotating relativistic stars are in general unstable against the rotational mode (r-mode instability) (Andersson,
1998). The instability is due to the emission of angular momentum by gravitational waves from the mode. Unless
it is damped by viscosity effects, this instability would spin down the star in relatively short times. More recently it
has been realized (Andersson et al., 2000; Bildsten and Ushomirsky, 1999) that in neutron stars there is an important
viscous interaction damping the r-mode i.e. that between the external metallic crust and the neutron superfluid. The
consequence of this damping is that r-modes are significant only for young neutron stars, with periods 7" < 2 msec.
For larger rotating periods the damping of the r—mode implies that the stars slow down only due to magnetic dipole
braking.

All this discussion is relevant for the nature of pulsars: Are they neutron stars or strange stars?

The existence of strange stars, i.e. compact stars made of quarks u, d, s in equal ratios would be a consequence
of the existence of stable strangelets. This hypothetical form of nuclear matter, made of a large number of u, d, s
quarks has been suggested by (Bodmer, 1971) and (Witten, 1984) as energetically favored in comparison to other
hadronic phases when a large baryonic number is involved. The reason is that in this way the fermions, being of
different flavors, could circumvent the Pauli principle and have a lower energy, in spite of the larger strange quark
mass. If strangelets do exist, basically all the pulsars should be strange stars because the annihilation of strange stars,
for example from a binary system, would fill the space around with strangelets that, in turn, would convert ordinary
nuclear stars into strange stars.

An argument in favor of the identification of pulsars with strange stars is the scarcity of pulsars with very high
frequency (T < 2.5 msec).

This seems to indicate that indeed the r—mode instability is effective in slowing down the compact stars and
favors strange stars, where, differently from neutron stars, the crust can be absent. Even in the presence of the
external crust, that in a quark star can be formed by the gas after the supernova explosion or subsequent accretion,
the dampening of the r — mode is less efficient. As a matter of fact, since electrons are only slightly bounded, in
comparison with quarks that are confined, they tend to form an atmosphere having a thickness of a few hundred
Fermi; this atmosphere produces a separation between the nuclear crust and the inner quark matter and therefore
the viscosity is much smaller.

In quark matter with color superconductivity the presence of gaps A > T exponentially reduces the bulk and shear
viscosity, which renders the r—mode unstable. According to (Madsen, 2000, 2002) this would rule out compact stars
entirely made of quarks in the CFL case (the 2SC model would be marginally compatible, as there are ungapped
quarks in this case). For example for A > 1 MeV any star having 7' < 10 msec would be unstable, which would
contradict the observed existence of pulsars with time period less than 10 msec.

However this conclusion does not rule out the possibility of neutron stars with a quark core in the color super-
conducting state, because as we have stressed already, for them the dampening of the r—mode instability would be
provided by the viscous interaction between the nuclear crust and the neutron superfluid.

D. Miscellaneous results

Color superconductivity is a Fermi surface phenomenon and as such, it does not affect significantly the equation
of state of the compact star. Effects of this phase could be seen in other astrophysical contexts, such as those
considered in the two previous paragraphs or in relation to the pulsar glitches, which will be examined in the next
paragraph. A few other investigations have been performed in the quest of possible astrophysical signatures of color
superconductivity; for instance in (Ouyed and Sannino, 2001) it has been suggested that the existence of a 2SC phase
might be partly responsible of the gamma ray bursts, due to the presence in the two-flavor superconducting phase of a
light glueball that can decay into two photons. Another interesting possibility is related to the stability of strangelets,
because, as observed in (Madsen, 2001), CFL strangelets, i.e. lumps of strange quark matter in the CFL phase may
be significantly more stable than strangelets without color superconductivity.

Finally we wish to mention the observation of (Alford et al., 2000) concerning the evolution of the magnetic field
in the interior of neutron stars. Inside an ordinary neutron star, neutron pairs are responsible for superfluidity, while
proton pairs produce BCS superconductivity. In this condition magnetic fields experience the ordinary Meissner effect
and are either expelled or restricted to flux tubes where there is no pairing. In the CFL (and also 2SC) case, as we
know from V.D, a particular U(1) group generated by

RQ=12Q0-Q®1 (11.25)

remains unbroken and plays the role of electromagnetism. Instead of being totally dragged out or confined in flux
tubes, the magnetic field will partly experience Meissner effect (the component A, ), while the remaining part will
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remain free in the star. During the slowing down this component of the magnetic field should not decay because,
even though the color superconductor is not a BCS conductor for the group generated by (11.25), it may be a good
conductor due to the presence of the electrons in the compact star. Therefore it has been suggested (Alford et al.,
2000) that a quark matter core inside a neutron star may serve as an ”"anchor” for the magnetic field.

E. Glitches in neutron stars

Glitches, that is very sudden variations in the period, are a typical phenomenon of the pulsars, in the sense that
probably all the pulsars have glitches (for a recent review see (Link et al., 2000)), see Fig. 41. Several models have
been proposed to explain the glitches. Their most popular explanation is based on the idea that these sudden jumps
of the rotational frequency are due to the the angular momentum stored in the superfluid neutrons in the inner crust
(see Fig. 40), more precisely in vortices pinned to nuclei. When the star slows down, the superfluid neutrons do not
participate in the movement, until the state becomes unstable and there is a release of angular momentum to the
crust, which is seen as a jump in the rotational frequency.

Period (s)
0.08926

0.08925
0.08924
0.08923
0.08922
0.08921

[PSR 0833-45 (VELA)|
Glitches

year
1970 1972 1974 1976 1978 1980

FIG. 41 The variation of the period of the pulsar PSR 0833-45 (VELA) with the typical structure of glitches shown.

The presence of glitches is one of the main reasons for the identification of pulsars with neutron stars; as a matter of
fact neutron stars are supposed to have a dense metallic crust, differently from quark stars where the crust is absent
or, if present, is much less dense (=~ 10! g cm™3).

Since the density in the inner of a star is a function of the radius, it results that one has a sort of laboratory to
study the phase diagram of QCD at zero temperature, at least in the corresponding range of densities. A possibility
is that a CFL state occurs as a core of the star, then a shell in the LOFF state and eventually the exterior part made
up of neutrons (see Fig. 42). Since in the CFL state the baryonic number is broken there is superfluidity. Therefore
the same mechanism explained above might work with vortices in the CFL state pinned to the LOFF crystal.

This would avoid the objection raised in (Friedman and Caldwell, 1991) that excludes the existence of strange
stars. This objection is based on the following observation: strange stars cannot have a metallic crust, and in that
case they can hardly develop vortices, so no glitches would arise. However, if the strange matter exists, strange stars
should be rather common, as we discussed in Section XI.C, in contrast with the widespread appearance of glitches in
pulsars. Therefore, if the color crystalline structure is able to produce glitches, the argument in favor of the existence
of strange stars would be reinforced.

Considering the very narrow range of values for du in order to be in the LOFF phase one can ask if the previous
possibility has some chance to be realized (Casalbuoni and Nardulli, 2003). Notice that using the typical LOFF value
op ~ 0.75A s one would need values of oy around 15 + 70 MeV. Let us consider a very crude model of three free
quarks with M,, = My = 0, M, # 0. Assuming at the core of the star a density around 10'° g/cm?, that is from
5 to 6 times the saturation nuclear density 0.15 x 10'® g/cm?, one finds for M, ranging between 200 and 300 MeV
corresponding values of du between 25 and 50 MeV. We see that these values are just in the right range for being
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Hadronic

LOFF

FIG. 42 A model of a neutron star with an inner shell in the LOFF phase.

within the LOFF window. Therefore a possible phase diagram for QCD could be of the form illustrated in Fig. 43.
We see that in this case a coexistence of the CFL, LOFF and neutron matter would be possible inside the neutron
star.

T
A Mg >> my 4 £0

QGP

tricr

hadrons

neutron stars u

FIG. 43 A possible QCD phase diagram showing the end point of the first order transition phase, labelled as "tricr”. The hadron
phase with the transition to the nuclear phase, the Quark-gluon plasma, the CFL, the 25C and the LOFF phase are also shown.
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APPENDIX A: The gap equation in the functional formalism from HDET

We will now derive the gap equation by using the functional formalism within the general formalism of Section
V.B. The method used is a trivial generalization of the one used in Section III.C. We start again from Eq. 5.64

G
L1 =~ caveeiVasopv vy vy (A1)

For simplicity we suppress the notation for fixed velocity. We will insert inside the functional integral the following
identity

g L ISR SRR,

const = /D(AAB,AZB)e (A2)
where
F = |8ap — §Vonan(wCTCW) | Wancp Az + § Vopsr(FiCu™) (43)
The quantity Wapep is defined in such a way that
WapcpVeper = 0apdBr, VapcpWeper = 0aEdDF (A4)
Then we get
F = SVancoyCTCuPyelop” 4 CaLpuCTCPP - L Asmutiop™
- éAABWABCDAZ‘D (A5)
Normalizing at the free case (G = 0) we get
2 = & [ Pw.uhp@,aneslb ]
+i/d4x [_ AABWASCDA*CD _ %AABwAfch*) n %ATL‘BWAT&/)B)
X e (A6)

Going to the velocity formalism and introducing the Nambu-Gor’kov field we can write the fermionic part in the
exponent inside the functional integral as

dv _
/d4x/EXATSA}3XB (A7)
with
1 V- loap —Aup
= ~ A
SaB ( A%y V'€5AB> (A8)

Using again the replica trick as in Section III.C we perform the functional integral over the Fermi fields obtaining

7 4 *

_ —1
70~ 7o [detS ]e

(A9)
with
Seff = _%Tr[log SoS™1] - é/d4xAABWABCDAz'D (A10)

Differentiating with respect to Aap we get immediately the gap equation (5.83).
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APPENDIX B: Some useful integrals

We list a few 2-D integrals which have been used in the text (Nardulli, 2002). Let us define

B / dNe (=) Tn+1- 4 (B1)
") (Vv = A2 e+t n! Ant2-N
therefore, for N = 2 — € and denoting by = the Euler-Mascheroni constant, we get
2w 9 .
Iy = —— +irlnwA° +iny
‘6 . .
i iT i
11:+§>I2:7ma-[3:+w- (B2)
Moreover defining
2
In,m :/ ~ . L ~ X ; (B?))
(V-LV L= AZ+ie)n(V - LV - £ — A2+ ie)™
we find
i A?
L = A2 _ A/2 lnp ’
| 1 1 A2
I = im A2(AZ - A'2) (A2 A/2)2 lnﬁ J
i | -1 2 2 A?
I3 = 9 AT(A2 = A12) - A2(A2 — A12)2 + (A2 = A/2)3 lnﬁ )
, 1 1 1 2 A?
I = im (AQ + M) (A2 — A/2)2 + (A2 — A/2)3 In Alz} (B4)
Of some interest is the following infrared divergent integral:
~ V-0)? d*
I :/¥ . (B5)
(V- LV - £)2

We can regularize the divergence by going to finite temperature and then taking the limit T — 0 (¢g = iwp, w, =
7T (2n+1); T — 0, p — 00):

. R (iw, — x)? ) 1 1 )
_[1 = 27T » dl’; W = 27T _T tanh ﬁ — =27 . (BG)
Other divergent integrals, such as
~ d*¢
- / _ _ (B7)
(V-LV - O(V-LV - £ — A2)
are treated in a similar way.
Finally, useful angular integrations are:
dv 57k
ik = 2= B8
/ 47rv v 37 (B8)

/ Z—vv’vjvkve = 1?(5”5’“+5“%5ﬂ+5“5ﬂf). (B9)

7



References

Abbott, L. F., and E. Fahri, 1981, CERN-TH3015 .
Abrikosov, A. A., 1957, Zh. Exsp. teor. Fiz. 32, 1442.

120

Abrikosov, A. A.,; L. P. Gor’kov, and I. E. Dzyaloshinski, 1963, Methods of Quantum Field Theory in Statistical Physics (Dover,

New York).
Alford, M. G., 2001, Ann. Rev. Nucl. Part. Sci. 51, 131.
Alford, M. G., J. Berges, and K. Rajagopal, 2000, Nucl. Phys. B571, 269.
Alford, M. G., J. A. Bowers, J. M. Cheyne, and G. A. Cowan, 2003, Phys. Rev. D67, 054018.
Alford, M. G., J. A. Bowers, and K. Rajagopal, 2001, Phys. Rev. D63, 074016.
Alford, M. G., K. Rajagopal, and F. Wilczek, 1998, Phys. Lett. B422, 247.
Alford, M. G., K. Rajagopal, and F. Wilczek, 1999, Nucl. Phys. B537, 443.
Andersson, N., 1998, Astrophys. J. 502, 708.
Andersson, N., D. I. Jones, K. D. Kokkotas, and N. Stergioulas, 2000, Astrophys. J. 534, L75.
Baade, W., and F. Zwicky, 1934, Proc. Nat. Acad. Sci. 20.
Bailin, D., and A. Love, 1984, Phys. Rept. 107, 325.
Banks, T., and E. Rabinovici, 1979, Nucl. Phys. B160, 349.
Bardeen, J., 1956, in Handbuch der Physik. vol XV (Springer Verlag, Berlin).
Bardeen, J., L. N. Cooper, and J. R. Schrieffer, 1957, Phys. Rev. 106, 162.
Barrois, B. C., 1977, Nucl. Phys. B129, 390.
Beane, S. R., P. F. Bedaque, and M. J. Savage, 2000, Phys. Lett. B483, 131.
Bedaque, P. F., and T. Schafer, 2002, Nucl. Phys. A697, 802.
Benfatto, G., and G. Gallavotti, 1990, Phys. Rev. B42, 9967.
Bildsten, L., and G. Ushomirsky, 1999, eprint astro-ph/9911155.
Blaschke, D., T. Klahn, and D. N. Voskresensky, 2000, Astrophys. J. 533, 406.
Bodmer, A. R., 1971, Phys. Rev. D4, 1601.
Bowers, J. A., 2003, eprint hep-ph/0305301.
Bowers, J. A., and K. Rajagopal, 2002, Phys. Rev. D66, 065002.
Brown, W. E., J. T. Liu, and H.-c. Ren, 2000a, Phys. Rev. D62, 054013.
Brown, W. E., J. T. Liu, and H.-c. Ren, 2000b, Phys. Rev. D61, 114012.
Brown, W. E., J. T. Liu, and H.-c. Ren, 2000c, Phys. Rev. D62, 054016.
Buckley, K. B. W., and A. R. Zhitnitsky, 2002, JHEP 08, 013.
Burrows, A., and J. M. Lattimer, 1986, Astrophys. J. 307.
Buzdin, A. I., and Kachkachi, 1997, Phys. Lett. A225, 341.

Cameron, A. G. W., and V. Canuto, 1974, in Proceedings 16th Solvay Conference on Astrophysics and Gravitation (Université

Libre de Bruxelles).
Carter, G. W., and S. Reddy, 2000, Phys. Rev. D62, 103002.

Casalbuoni, R., F. De Fazio, R. Gatto, G. Nardulli, and M. Ruggieri, 2002a, Phys. Lett. B547, 229.

Casalbuoni, R., Z.-y. Duan, and F. Sannino, 2000, Phys. Rev. D62, 094004.
Casalbuoni, R., Z.-y. Duan, and F. Sannino, 2001a, Phys. Rev. D63, 114026.

Casalbuoni, R., E. Fabiano, R. Gatto, M. Mannarelli, and G. Nardulli, 2002b, Phys. Rev. D66, 094006.

Casalbuoni, R., and R. Gatto, 1981, Phys. Lett. B103, 113.

Casalbuoni, R., and R. Gatto, 1999, Phys. Lett. B464, 111.

Casalbuoni, R., R. Gatto, M. Mannarelli, and G. Nardulli, 2001b, Phys. Lett. B511, 218.
Casalbuoni, R., R. Gatto, M. Mannarelli, and G. Nardulli, 2002c, Phys. Rev. D66, 014006.
Casalbuoni, R., R. Gatto, M. Mannarelli, and G. Nardulli, 2002d, Phys. Lett. B524, 144.
Casalbuoni, R., R. Gatto, and G. Nardulli, 2001c, Phys. Lett. B498, 179.

Casalbuoni, R., R. Gatto, and G. Nardulli, 2001d, Phys. Lett. (B498 Erratum) B517, 483.
Casalbuoni, R., R. Gatto, and G. Nardulli, 2002e, Phys. Lett. B543, 139.

Casalbuoni, R., R. Gatto, G. Nardulli, and M. Ruggieri, 2003, eprint hep-ph/0302077.
Casalbuoni, R., and G. Nardulli, 2003, eprint hep-ph/0305069.

Chandrasekhar, B. S., 1962, App. Phys. Lett. 1, 7.

Cini, M., and B. Touschek, 1958, Nuovo Cimento 7, 422.

Clogston, A. M., 1962, Phys. Rev. Lett. 9, 266.

Colgate, S. A., and R. H. White, 1966, Astrophys. J. 143.

Collins, J. C., and M. J. Perry, 1975, Phys. Rev. Lett. 34, 1353.

Combescot, R., and C. Mora, 2002, Eur. P. J. B28, 397.

Cooper, L. N., 1956, Phys. Rev. 104, 1189.

Corak, W. S., B. B. Goodman, C. B. Satterthwaite, and A. Wexler, 1954, Phys. Rev. 96, 1442.
Corak, W. S., B. B. Goodman, C. B. Satterthwaite, and A. Wexler, 1956, Phys. Rev. 102, 656.
Daunt, J. G., and K. Mendelssohn, 1946, Proc. Roy. Soc. A185, 225.

Dimopoulos, S., S. Raby, and L. Susskind, 1980a, Nucl. Phys. B169, 373.

Dimopoulos, S., S. Raby, and L. Susskind, 1980b, Nucl. Phys. B173, 208.



121

Eguchi, T., 1976, Phys. Rev. D14, 2755.

Eliashberg, G. M., 1960, Sov. Phys. JETP 11, 696.

Evans, N., J. Hormuzdiar, S. D. H. Hsu, and M. Schwetz, 2000, Nucl. Phys. B581, 391.
Evans, N.; S. D. H. Hsu, and M. Schwetz, 1999a, Nucl. Phys. B551, 275.

Evans, N.; S. D. H. Hsu, and M. Schwetz, 1999b, Phys. Lett. B449, 281.

Fradkin, E., and S. H. Shenker, 1979, Phys. Rev. D19, 3682.

Frautschi, S. C., 1978, presented at Workshop on Hadronic Matter at Extreme Energy Density, Erice, Italy, Oct 13-21, 1978.
Friedman, J. L., and R. R. Caldwell, 1991, Phys. Lett. B264, 143.

Frolich, H., 1950, Phys. Rev. 79, 845.

Frolich, H., 1952, Proc. Roy. Soc. A215, 291.

Fulde, P., and R. A. Ferrell, 1964, Phys. Rev. 135, A550.

de Gennes, P. G., 1989, Superconductivity in Metals and Alloys (Addison Wesley, Reading, MA).
Ginzburg, L., and L. D. Landau, 1950, Zh. Exsp. teor. Fiz. 20, 1064.

Ginzburg, V. L., 1953, Fortschr. Phys. 1, 101.

Ginzburg, V. L., and E. A. Andryushin, 1994, Superconductivity (World Scientific).
Glover, R. E., and M. Tinkham, 1956, Phys. Rev. 104, 844.

Gold, T., 1969, Nature 221, 25.

Gor’kov, L. P., 1959, Zh. Exsp. teor. Fiz. 36, 1918.

Gorter, C. J., and H. G. B. Casimir, 1934a, Phys. Z. 35, 963.

Gorter, C. J., and H. G. B. Casimir, 1934b, Z. Tech. Phys. 15, 539.

Gross, D., and F. Wilczek, 1973, Phys. Rev. Lett. 30, 1343.

Gusynin, V. P.; and I. A. Shovkovy, 2002, Nucl. Phys. A700, 577.

Heiselberg, H., and V. Pandharipande, 2000, Ann. Rev. Nucl. Part. Sci. 50, 481.

Hong, D. K., 2000a, Nucl. Phys. B582, 451.

Hong, D. K., 2000b, Phys. Lett. B473, 118.

Hong, D. K., 2001, Acta Phys. Polon. B32, 1253.

Hong, D. K., T. Lee, and D.-P. Min, 2000a, Phys. Lett. B477, 137.

Hong, D. K., V. A. Miransky, I. A. Shovkovy, and L. C. R. Wijewardhana, 2000b, Phys. Rev. D61, 056001.
Hong, D. K., M. Rho, and 1. Zahed, 1999, Phys. Lett. B468, 261.

’t Hooft, G., 1976, Phys. Rev. Lett. 37, 8.

't Hooft, G., 1980, in Recent Developments in Gauge Theories (Plenum Press).

Hsu, S. D. H., 2000, eprint hep-ph/0003140.

Hsu, S. D. H., F. Sannino, and M. Schwetz, 2001, Mod. Phys. Lett. A16, 1871.
Imsshennyk, V. S., and D. K. Nadyozhin, 1973, Sov. Phys. JETP 36.

Jackson, A. D., and F. Sannino, 2003, eprint hep-ph/0308182.

Jaffe, R. L., 1977, Phys. Rev. Lett. 38, 195, 617(E).

Jaikumar, P., M. Prakash, and T. Schafer, 2002, Phys. Rev. D66, 063003.

Josephson, D., 1962, Phys. Lett. 1, 251.

Josephson, D.; 1965, Adv. Phys. 14, 419.

Kamerlingh Onnes, H., 1911, Leiden Comm. 120b, 122b, 124c.

Kaplan, D. B., and S. Reddy, 2002a, Phys. Rev. D65, 054042.

Kaplan, D. B., and S. Reddy, 2002b, Phys. Rev. Lett. 88, 132302.

Keil, W., and H. T. Janka, 1995, Astron. Astrophys. 296.

Kundu, J., and K. Rajagopal, 2002, Phys. Rev. D65, 094022.

Landau, L., and E. M. Lifshitz, 1996, Statistical Physics, Part I (Butterworth, Heinemann).
Landau, L., E. M. Lifshitz, and L. P. Pitaevskii, 1980, Statistical Physics, Part II (Oxford: Pergamon).
Larkin, A. J., and Y. N. Ovchinnikov, 1964, Zh. Exsp. teor. Fiz. 47, 1136.

Le Bellac, M., 1996, Thermal Field Theory (Cambridge University Press, Cambridge, England).
Leibovich, A. K., K. Rajagopal, and E. Shuster, 2001, Phys. Rev. D64, 094005.

Link, B., R. I. Epstein, and J. M. Lattimer, 2000, eprint astro-ph/0001245.

London, F., and H. London, 1935, Proc. Roy. Soc. A149, 71.

Lorimer, D. R., 1999, eprint astro-ph/9911519.

Madsen, J., 2000, Phys. Rev. Lett. 85, 10.

Madsen, J., 2001, Phys. Rev. Lett. 87, 172003.

Madsen, J., 2002, eConf C010815, 155.

Manuel, C., and M. H. G. Tytgat, 2000, Phys. Lett. B479, 190.

Manuel, C., and M. H. G. Tytgat, 2001, Phys. Lett. B501, 200.

Maxwell, E., 1950, Phys. Rev. 78, 477.

Meissner, W., and R. Ochsenfeld, 1933, Naturwissenschaften 21, 787.

Miransky, V. A., and I. A. Shovkovy, 2002, Phys. Rev. Lett. 88, 111601.

Nambu, Y., 1960, Phys. Rev. 117, 648.

Nambu, Y., and G. Jona-Lasinio, 1961a, Phys. Rev. 122, 345.

Nambu, Y., and G. Jona-Lasinio, 1961b, Phys. Rev. 124, 246.

Nardulli, G., 2002, Riv. Nuovo Cim. 25N3, 1.



122

Nielsen, H. B., and S. Chada, 1976, Nucl. Phys. B105, 445.

Ouyed, R., and F. Sannino, 2001, Phys. Lett. B511, 66.

Page, D., 1998, in The Many Faces of Neutron Stars (Kluwer Academic Publishers).

Page, D., M. Prakash, J. M. Lattimer, and A. Steiner, 2000, Phys. Rev. Lett. 85, 2048.

Pines, D., 1958, Phys. Rev. 109, 280.

Pippard, A. B., 1953, Proc. Roy. Soc. A216, 547.

Pisarski, R. D., and D. H. Rischke, 1999, Phys. Rev. D60, 094013.

Pisarski, R. D., and D. H. Rischke, 2000a, Phys. Rev. D61, 074017.

Pisarski, R. D., and D. H. Rischke, 2000b, Phys. Rev. D61, 051501.

Polchinski, J., 1993, in Recent directions in particle theory: from superstrings and black holes to the standard model (TASI -
92) (World Scientific), eprint hep-th/9210046.

Politzer, H. D., 1973, Phys. Rev. Lett. 30, 1346.

Pons, J., and et al, 1999, Astrophys. J. 513.

Rajagopal, K., and E. Shuster, 2000, Phys. Rev. D62, 085007.

Rajagopal, K., and F. Wilczek, 2001, in At the frontier of particle physics, vol. 3 (World Scientific), eprint hep-ph/0011333.

Rapp, R., T. Schafer, E. V. Shuryak, and M. Velkovsky, 1998, Phys. Rev. Lett. 81, 53.

Rapp, R., T. Schafer, E. V. Shuryak, and M. Velkovsky, 2000, Annals Phys. 280, 35.

Reddy, S., M. Sadzikowski, and M. Tachibana, 2003, Nucl. Phys. A714, 337.

Reynolds, C. A., B. Serin, W. H. Wright, and L. B. Nesbitt, 1950, Phys. Rev. 78, 487.

Rho, M., E. V. Shuryak, A. Wirzba, and I. Zahed, 2000a, Nucl. Phys. A676, 273.

Rho, M., A. Wirzba, and 1. Zahed, 2000b, Phys. Lett. B473, 126.

Rischke, D. H., 2000, Phys. Rev. D62, 034007.

Rischke, D. H., D. T. Son, and M. A. Stephanov, 2001, Phys. Rev. Lett. 87, 062001.

Sakita, B., 1985, Quantum theory of many-variable systems and fields (World Scientific).

Sannino, F., 2000, Phys. Lett. B480, 280.

Sarma, G., 1963, J. Phys. Chem. Solids 24, 1029.

Schafer, T., 2000a, Phys. Rev. Lett. 85, 5531.

Schafer, T., 2000b, Nucl. Phys. B575, 269.

Schafer, T., 2000c, Phys. Rev. D62, 094007.

Schafer, T., 2002, Phys. Rev. D65, 074006.

Schafer, T., 2003, eprint hep-ph/0304281.

Schafer, T., and E. V. Shuryak, 1998, Rev. Mod. Phys. 70, 323.

Schafer, T., D. T. Son, M. A. Stephanov, D. Toublan, and J. J. M. Verbaarschot, 2001, Phys. Lett. B522, 67.

Schafer, T., and F. Wilczek, 1999a, Phys. Rev. Lett. 82, 3956.

Schafer, T., and F. Wilczek, 1999b, Phys. Lett. B450, 325.

Schafer, T., and F. Wilczek, 1999c, Phys. Rev. D60, 074014.

Schafer, T., and F. Wilczek, 1999d, Phys. Rev. D60, 114033.

Schrieffer, J. R., 1964, Theory of Superconductivity (The Benjamin/Cummings Publishing Company, Inc.).

Shankar, R., 1994, Rev. Mod. Phys. 66, 129.

Shapiro, S. L., and S. A. Teukolski, 1983, Black holes, White Dwarfs and Neutron Stars: The Physics of Compact Objects
(Wiley-Interscience).

Shifman, M. A., A. I. Vainshtein, and V. I. Zakharov, 1980, Nucl. Phys. B163, 46.

Shimahara, H., 1998, J. Phys. Soc. Japan 67, 736.

Shovkovy, I. A., and P. J. Ellis, 2002, Phys. Rev. C66, 015802.

Shovkovy, I. A., and L. C. R. Wijewardhana, 1999, Phys. Lett. B470, 189.

Son, D. T., 1999, Phys. Rev. D59, 094019.

Son, D. T., and M. A. Stephanov, 2000a, Phys. Rev. D61, 074012.

Son, D. T., and M. A. Stephanov, 2000b, Phys. Rev. (D61 Erratum) D62, 059902.

Son, D. T., M. A. Stephanov, and A. R. Zhitnitsky, 2001, Phys. Rev. Lett. 86, 3955.

Tinkham, M., 1995, Introduction to Superconductivity (McGraw-Hill).

Tsuruta, S., 1998, Phys. Rep. 292, 1.

Wang, Q., and D. H. Rischke, 2002, Phys. Rev. D65, 054005.

Weinberg, S., 1996, The Quantum theory of Fields, Vol. II (Cambridge University Press).

Witten, E., 1984, Phys. Rev. D30, 272.

Zarembo, K., 2000, Phys. Rev. D62, 054003.

Ziman, J. M., 1964, Principles of the Theory of Solids (Cambridge University Press, New York).



