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A Fermi-liquid approach to the theory of superfluidity is developed, based on a generalization
of the combinatoric expression for the entropy to the case in which the state of the

Fermi liquid is described not only by a normal but also by an anomalous distribution function.
The energy of the superfluid Fermi liquid is given in the form of a functional of these
distribution functions. In the weak-coupling approximation the Fermi-liquid approach is
equivalent to the BCS theory. The interaction between the Fermi liquid and an
electromagnetic field is gauge invariant. In addition to the singlet-pairing theory the triplet-
pairing theory is also developed. A unified variational principle that gives rise to the

theory of superfluidity (superconductivity) is used to obtain the London equations and the
Ginzburg-Landau equation. Applications of this theory are made to the derivation of

an equation for ideal two-component hydrodynamics.

I. INTRODUCTION

A system of particles can be in the liquid state when
the particles interact strongly and the density is sufficiently
high. Thus far no detailed general microscopic theory of
the liquid state has been constructed. There is, however, an
important exception to this assertion. We refer to a fermion
gas at temperatures below the degeneracy temperature,
e.g., an electron gas in a metal. The system of electrons in
a metal cannot be regarded as an ideal gas, but must be
viewed as a liquid, which, following Landau, we will refer
to as a Fermi liquid. The Fermi liquid can be in a super-
fluid state. If it exhibits no superfluid properties, then the
Fermi liquid is called normal. The theory of a normal
Fermi liquid was developed by Landau in 1956.}

Note that a Fermi liquid is a quantum fluid. Another
example of a quantum fluid is a Bose liquid, whose parti-
cles are bosons instead of fermions. A quantum fluid com-
posed of bosons necessarily has superfluid properties. A
Fermi liquid at low temperatures, however, can be either
normal or superfluid.

The purpose of the present review is to present some
topics of the theory of Fermi-liquid superfluidity. We begin
with a brief review of the theory of a normal Fermi liquid,
and then go on to present the theory of a superfluid Fermi
liquid. Specifically, we use the concept of a Fermi liquid to
derive the theory of singlet and triplet fermion pairing, and
in particular we obtain the results of the BCS theory. We
present the Fermi-liquid treatment of the London equa-
tion, the Ginzburg-Landau equation, and the equations of
two-fluid hydrodynamics for a superfluid.

Our treatment is semiphenomenological: although we
use concepts of the microscopic theory such as the normal
and anomalous distribution function and the density ma-
trix, we give the interaction between quasiparticles in terms
of phenomenological amplitudes, which for the normal
Fermi liquid were first introduced by Landau.
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In the present review we do not discuss questions as-
sociated with the microscopic basis of the theory of a
Fermi liquid. A number of treatments of these topics have
been given previously.z‘5

The basic idea of the theory of a normal Fermi liquid
is that as a result of the interaction each fermion is trans-
formed into a quasiparticle, so that the Fermi gas becomes
a gas of weakly interacting quasiparticles, which are also
fermions. This means that the pair interaction between
quasiparticles is weak, but the interaction between the qua-
siparticles and the self-consistent field of the other quasi-
particles is substantial. As a result of the self-consistent
interaction the total energy of the system is not equal to the
sum of the individual quasiparticle energies. Since in the
theory of a normal Fermi liquid it is assumed that there are
no bound states, the overall number of quasiparticles is the
same as the original number of fermions. The temperature
of the Fermi liquid is assumed to be low. It is for this
reason that the Fermi liquid can be regarded as an aggre-
gate of weakly interacting quasiparticles, since the proba-
bility of a collision between fermions is proportional to the
square of the temperature (we recall that the extent to
which the discontinuity in the Fermi distribution is spread
out is proportional to the temperature).

The individual state of a quasiparticle is characterized
by the momentum p and the projection o of the spin. At
the basis of the quantitative theory of a normal Fermi lig-
uid is the concept of the system energy E=E(f ) as a
functional of the “distribution function” f, D10 1By, = Sz
(the one-particle density matrix) of the quasiparticles and
the combinatoric expression for the entropy

S=—tr[ fIn f+(1—f)In(1—f)]. (1.1

In this equation tr represents the trace over one-particle
states 1=p;, oy, 2=p;, 05.
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The equilibrium one-particle quasiparticle density ma-
trix must be found from the requirement that the entropy
S be a maximum for specified values of the energy func-
tionals E(f ), particle number

N=tr fE E fpcr,pcrr
p.o
and momentum

‘@iztr fﬁh

where j; is the quasiparticle momentum operator. Intro-
ducing the Lagrangian multipliers Y corresponding to the
quantities E, N, & ; we arrive at the problem of finding the
absolute minimum of the functional

Qf)==S(fI+YE(f)+Y,tr fp+Y,tr f

(since the statistical equilibrium state is assumed to be
spatially uniform, the quantities Q, S, E, Z,, and N are
proportional to the volume V of the system). From this
variational principle follows the self-consistency equation

f=lexp(Ye(f)+Yipit Y +1]17,
9E(f)
af21 ’

a nonlinear equation determining the equilibrium one-
particle Fermi-liquid density matrix; here

Yo=T"!, Y=—Yo;, Ys=—Yu,

(1.2)

(1.3)

enp(f)=

(1.4)

where T is the temperature, v; is the average Fermi-liquid
quasiparticle velocity, and p is the chemical potential. The
quantity £(f ), which is a functional of the one-particle
density matrix, is the quasiparticle energy or Hamiltonian.

Since to leading order a gas of quasiparticles is ideal,
the nonequilibrium statistical operator of the whole Fermi
liquid can be written in the form®

po(Sf )=CXP(Q_— E;afAuaz), (1.5)
1

where ai” and a, are the creation and annihilation opera-
tors for quasiparticles in the state 1=p,, o,. The quantity
) is determined from the normalization condition
Sp po(f ) =1. The matrix 4;,, which characterizes the
nonequilibrium state, is related to the one-particle density
matrix f, by

S12=8p po(f )‘12+‘11-

Using this relation we can easily show (see Ref. 6) that the
entropy of the system, determined by

S=—S8p po(f )In po(f),

is the same as the combinatoric entropy (1.1). We empha-
size that in Eq. (1.1) the symbol tr stands for a trace in the
space of one-particle states, while in Eq. (1.6) the symbol
Sp stands for the trace in the second-quantization space of
the entire system.

In the nonequilibrium case the one-particle density
matrix f is time-dependent. This dependence is determined

(1.6)
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by the kinetic equation. Since £(f ) is the quasiparticle
Hamiltonian, if we neglect collisions between quasiparti-
cles this equation takes the form

d
P!

(1.7)
Collisions between quasiparticles can be neglected under
the condition wr>»1 (here 1/w is the characteristic time
scale on which the one-particle density matrix varies and =
is the quasiparticle collision time). This equation is analo-
gous to the Vlasov equation,’ which is widely used in
plasma theory.

In order that Eqs. (1.3) and (1.7) have a specific phys-
ical meaning, it is necessary to give the system energy
E(f) as a functional of the one-particle density matrix.
This functional in the simplest case can be written in the
form

E(f)= %elzfm% (fo.Fifo)+1 (fi.Fof),  (1.8)

where

1
(foFifo) =5 2 SfouaF)apaSoaw

V par'a

Z , Sioa(F2) qpprafian's

X5
here fo=tr, f, f;=tr, fo;and F, and F, are the ampli-
tudes for the potential and exchange interactions of quasi-
particles, which are called Landau amplitudes, o, is a Pauli
matrix, and tr, is the trace over the quasiparticle spin vari-
ables. In writing down Eq. (1.8) we have assumed that the
energy functional is invariant under spin rotations.

The Landau amplitudes can be introduced in a some-
what more general form, without specifying the form of the
system energy. That is, these amplitudes can be determined
from the formulas

de;,  OE(Sf)
df1a 0f120f

=F12'2:1:= (F

1
(fi’Flfi) =T/

601026 ‘ol

l)l’ll’z'l’ﬁl’i 7%
i i
+ (FZ)plpz,pép{ (001020030; )s
(1.9)

where after evaluating the derivatives we take the one-
particle density matrix to be the equilibrium form. With
this definition the Landau amplitudes, strictly speaking,
are functions of the thermodynamic variables Yy, Y,, Y,
(or T, v;, u). These amplitudes play a fundamental role
both in studies of the thermodynamic properties of Fermi
liquids and in investigating the high-frequency kinetic
properties of a Fermi liquid® (zero sound®®).

The principal physical objects to which the Fermi-
liquid theory applies are liquid *He above the temperature
of the transition to the superfluid state and an electron gas
above the temperature of the transition to the supercon-
ducting state (if one exists). The theory of a normal Fermi
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liquid was originally derived by Landau in connection with
liquid *He. The Fermi-liquid description of an electron gas
in metals is due to V. P. Silin.!°

A normal Fermi liquid can be unstable against pertur-
bations associated with magnetic ordering. If this instabil-
ity is present, then below some temperature the ordinary
normal Fermi liquid undergoes a transition to a magneti-
cally ordered normal Fermi liquid. The instability condi-
tions for a normal Fermi liquid were studied by
Pomeranchuk.'! Magnetically ordered (ferromagnetic)
normal Fermi liquids were studied by Stoner,'?,
Abrikosov,13 1. A. Akhiezer," and others. The antiferro-
magnetic Fermi liquids were studied by Akhiezer and
Chudnovskii. " (See also the review of Akhiezer'® and the
treatise of Kondrat’ev and Uzdin.'”)

A normal Fermi liquid can also be unstable against
perturbations associated with the development of anoma-
lous average values (aa). This means that below some tem-
perature the superfluid (superconducting) state is the sta-
ble one. The present review is aimed at describing the
theory of a superfluid Fermi liquid.

In 1986 high-temperature superconductors (HTSC)
were discovered,'® for which the transition temperature is
above 30 K. At the present time there is no detailed theory
of HTSC analogous to the BCS theory. Nevertheless, it is
plausible to assume that the properties of HTSC are con-
sistent with the concept of a Fermi liquid.”” Hence the
theory of a superfluid Fermi liquid may be applicable to
HTSC also, but since this theory is semiphenomenological,
it affords no insight into the microscopic mechanism re-
sponsible for HTSC. For this reason we deliberately do not
concern ourselves in this review with the questions of
HTSC. It is possible, however, that the superfluid model
developed in Sec. 3.5 below has some connection with
HTSC.

2. THEORY OF THE SUPERFLUID FERMI LIQUID
2.1. Entropy of a superfluid Fermi liquid

In the Introduction we outlined the theory of a normal
Fermi liquid, described by the one-particle density matrix
Su=/fp0 1,0, Below some temperature the Fermi liquid

can be in a superfluid state. This means that the Fermi
liquid consists of two components, normal and superfluid,
where the superfluid component flows without friction
(viscosity). However, the one-particle density matrix f
does not suffice to describe the superfluid state of a Fermi
liquid; we need, in addition, to use the anomalous distri-
bution functions g, g*. As already noted, the normal “dis-
tribution function” is defined by the formula
f12=Sp pai a,, whereas the anomalous distribution func-
tions g, g are defined by g,,=Sppa,a; and
g5=Sp pay ait (here p is the nonequilibrium statistical
operator of the Fermi liquid, and ai" and aq, are the cre-
ation and annihilation operators for fermions in the state
1=p;, o1). In a state of statistical equilibrium the anom-
alous distribution function vanishes above the supercon-
ducting transition temperature 7T,.
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Since Fermi-liquid quasiparticles interact weakly with
one another, a nonequilibrium state of the quasiparticle
(fermion) gas in the presence of anomalous average values
870 is described by the nonequilibrium statistical
operator®

po(f,8.81)=exp(Q—F),
(2.1)

F=2 (af dpay+iaj Biyad +3a,Bhay),
12
where the quantities f, g, g" and 4, B, B* are related by

Sp po(f.g.8)as ay=/ 1z,

Sp po(f,g.g+)azal=g12, (2.2)

Sp pol f-8.87 Va7 af =gf;.

The quantity Q(f,g,g") is found from the normalization
condition Sp p,y(f,g,¢")=1. The nonequilibrium statisti-
cal operator (2.1) is characterized by the property that for
averages of the form Sp pyai ...a; a,,...a;s, the Wick rules
hold, in which the normal and anomalous distribution
functions (2.2) serve as correlations, e.g.,

Sp poai af asay= f1fa1— f31.far+ 87 1843-

The absence of correlations on the average is a conse-
quence of the fact that we are dealing with an ideal non-
equilibrium gas of quasiparticles.

The entropy of a nonequilibrium Fermi liquid is deter-
mined by the general formula S= —Sp pgln p,. We show
that this expression can be represented in terms of the
normal and anomalous distribution functions in the form

S=—Sp.;1n.ir (2'3)
where

A f g -~

S (g+ l—f)’ Su=ra, g=gh

and Sp is taken in the extended space in which the matrices
f act. We will call the matrix f the statistical operator of
a nonequilibrium Fermi liquid. From the definition the
quantities f and g which go into f satisfy the relations

f+=fa

In the absence of anomalous average values of g the ex-
pression (2.3) for the entropy is identical to the entropy of
a normal Fermi liquid [see (1.1)].

To prove Eq. (2.3) we represent the operator F in the
form

g=—g¢. (2.4)

F=[(¢+0v)/2] + [ (tr 4)/2], (2.5)
where
. (A B
dJlE(:i}—)! I/JFLE(GFL,(I])’ Q=(B+ _2)

We introduce the unitary Bogolyubov transformation for
the creation and annihilation operators
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+
Uta\U=upa,+vpa;,
(2.6)
+ +
Uta U=uba; +vha,

(repeated indices imply summation). This transformation
can be written in the form

Uryu=0y, Uty U=y* T, (2.7)
where the matrix U is defined by

R u v

U= (u“‘ u*)’ (2.8)

and the operators u and v satisfy the relations (the unitar-

ity conditions for the matrix U)
uut +wwt =1, w+ovu=0,

utu+mw*=1, utv+ou*=0. (2.9)

As is well known, the unitary transformation (2.8) can be
taken so that a quadratic form in the operators ¢* and a

UtFU=1y* U QUyp+itr 4

becomes quasidiagonal. This requirement is equivalent to
the requirement that the matrix U+ QU be quasidiagonal:

A A, O
Qo= ( 0 —ZO)‘
Taking (2.6) and (2.10) into account, we can represent
the statistical operator py in the form

U+0U=0,, (2.10)

po=Up" U™,
where
p(()O) =exp(ﬂ—% tr 4 —% g), g=¢+QO¢-

From (2.2) and (2.7) we therefore have
f=UF0",

where

. (fo O
fO—(O l—fo)’

(fo)12=Sp P(()O)az a

(2.11)

(80) 12=5p p§ " a,a,=0.

Since the entropy S= —Sp pgln py can be written in the
form S=—Sp pi¥In p{¥, we have (see Ref. 6)

S=—tr] foln fo+ (1—f)ln(1— fo) = —Sp Foln fo.

From (2 11)  we obtain Eq. (2.3),
S=-—Sp f In f

It can be shown that the general class of unitary trans-
formations U which leave the structure of f invariant, i.e.,

therefore

. AR 4
FoF=0*F0, J= ( " 1_~,),
g f
(2.12)
f’+=f,) of — _gl’

is defined by the following relations:
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R u v
U=(* ), uwut+ot=1, utut+w*=1,
v* oy
(2.13)

uv+vu=0, utv+ou*=0.

These relations show that the unitary transformations used
here are identical with the w—v transformations of
Bogolyubov.2® For infinitesimal unitary transformations
they take the form U=1 +ieT(e<1), where the generator
T of these transformations, which is a Hermitian operator,
has the structure

N t L ~
T= 7 t=t*, t=—t.

Since the physical quantities are generators of unitary
transformations, to any physical variable 4 in the Fermi-
liquid theory there corresponds an operator

~ a a -
A= -], a=a*, a=—a
at —a

It is easy to see that the operator A is transformed as
follows under a unitary transformation U:

(2.14)

where

a'=uau* +vatut +uavt —vavt=a't,

=uav+vat v+ uav—vau=—a’'.

In particular, for an ordinary unitary transformation we

have
0
u,,)(u=0),

0 u
=(0

a’'=uaut, a'=uau.

Using the unitary transformation U we can always cause
the quantity g’ in Eq. (2.12) or the quantity a’ in Eq.
(2.14) to vanish.

To conclude this section we show that the statistical
operator f is related to the entropy S by

F=(e2+ 1), (2.15)
where

(4 B A d5 Bt= 2aS 2.16

Q=(B+ —2)) 12‘—721' ’ 12— ag2 ( )

This assertion follows from the fact that the statistical op-
erator f can be reduced to quasidiagonal form by means of
a unitary transformation U [see (2.11)]:

noan (fo O n
UJF_)"U=(0 l—fo)Ef

(2.17)
R 0 - n Ag 0
f0=(e + ) ’ QO"‘(O _Zo)y
or [see (2.15)]
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N A B
F— (9 -1 A= ~
f—(e +1) ’ Q—(B+ _A)y

where

0=00,0".
From (2.17) it follows that the variation 8§ of the entropy
takes the form

88=—tr8fyIn 1—%:% Sp 8f0Qp=1 Sp USf,UQ.
—JO

But from (2.17) we have
85f=U8f,0++8U00+f+ FUSU
=08f,0*+160-0*,F]
(AweA have X tflken into _ account the fact that
USUt=—8UU™). Since [ f,0]=0, we have
85=Sp 8f0/2.
Noting that
R 8 8
6/ = ( ag’: _gf),
we arrive at Egs. (2.15) and (2.16).

(2.17")

2.2. The energy functional and its symmetry properties

The theory of a normal Fermi liquid is based on ex-
pressing the energy as a functional of the distribution func-
tion f. In the case of a superfluid Fermi liquid we similarly
assume that the system energy is a functional of both the
normal and the anomalous distribution functions:

E=E(fggt)=E(f).

Along with the total energy we introduce the energy den-
sity functional & (x;f,g.8T)=% (x;f ):

E(jf):f Ex® (x;f ).
| 4

Let us derive the symmetry properties of the functional
% (x;f ) [and hence those of E(f )] under phase and spin
transformations, and also under spatial translations.

The average value of a physical quantity

a O
a= (o —E) (2=0)
associated with a fermion can be represented in the form
a(f)=tr fa=3Sp fa (2.18)

[here we have neglected the term tr @, which does not de-
pend on f and therefore does not contribute to the change
in the quantity a(f )]. Since 1, s;, p; are the operators of
the particle number and the electron spin and momentum,
the corresponding operators in the Fermi-liquid approach
assume the form

Fy= fd3xﬁ(x), §i= fd3xs*,.(x), pi= Jd3xﬁi(x),
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where the operators of the particle number density p(x),
spin density §,(x), and momentum density 7;(x) are de-

fined by
. p(x) 0 . si(x) 0
P(x)=( 0 —ﬁ(x))’ si(x)=( 0 _:gv‘(x)))
) mi(x) 0
ﬂ-i(x)=( 0 —Fi(x))’

p(x)=56(x—x), s{(x)=s;6(x—x),

m(x) =3 {pi,8(x—x)};
here we have written s;,=0,;/2; x is the position operator
and o, are the Pauli matrices.

The operator 7, is the generator of the phase unitary
transformation

A

U‘p=exp(i(p'f'3).

The operator $), is the generator of the spin rotations

A

U,=exp(iosy).

Finally, the operator p, is the generator of the spatial trans-
lations

A

Uy=exp(iyidr)-

In accordance with (2.13) f and g transform under these
operations according to

f“’f(p'__f; g_,g‘p=e—2itpg,

f_, fw=e_iwk5kfeiwk5k’ g_,gw=e_iwk5kge_iwkgk’
(2.19)

f-fy=e Dbk feVitk, g, gy=e" YiPrge = WiPk,

We will assume that the functional & (x; f ) is always
invariant under phase transformations,

&0 fU)=8(xf). (2.20)
If we disregard the relativistic interaction the functional
& (x;f ) is invariant under spin rotations:

& (xUSFU) =% (x:f). (2.21)
Finally, in the apsence of nonuniform external fields the
functional & (x;f ) is invariant under spatial translations:

€ (x+y; 0 fU,) =% (x:1). (2.22)

The infinitesimal form of relations (2.20), (2.21), and
(2.22) can easily be found. For this we note that the vari-
ation of the functional & (x;f ) with respect to the statis-
tical operator f can be written in the form

8% (x;f ) =3Sp 6fE(x;f ), (2.23)
where
. e(xf)  Af)
E(";f)z(A(x;i) —E(x;i))’
. dF(xf) R % (x;f )
-512(X;f\)=—af2‘lf_, Alz(x;f)=2%+f
21
(2.24)
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[the operator £(x; f ) is the quasiparticle energy density
operator; see the next section). By varying Egs. (2.20),
(2.21), and (2.22) with respect to ¢, @, y and using (2.23)
we find in the case of phase transformations

iSp FIE(x:f ),£3]1=0, (2.25)
in the case of spin rotations

iSp FIE(x:f ),5]=0 (2.26)
and in the case of spatial translations

IE(xf) i . .

“ox, 2 Sp fFLE(x;f ).Pil. (2.27)

These formulas will be used below to construct the flux
densities of the corresponding physical quantities, which
are necessary to study the hydrodynamic stage in the evo-
lution of a superfluid.

By varying Egs. (2.20)-(2.22) with respect to the sta-
tistical operator f and using Eq. (2.23) we find the rela-
tions

U £(xU5 FU) U =&(x:f), (2.28)
U (U OO =8(x; 1), (2.29)
U£(xUf fU,) O =é(x—y; /), (2.30)

which express the symmetry properties of the quasiparticle
energy density £(x;f ).

Finally, we consider the question of the invariance of
the theory under Galilean transformations. Specifically, we
will say that the energy density functional is invariant un-
der a Galilean transformation if we have

nn . .om .
E(xUSU) =8 (xf ) —vm(x.f )+ p(xf ),
(2.31)
where the unitary operator ff,, is defined by
U,=e~imvéi

mi(x; f ) and p(x; f ) are the average values of the momen-
tum density and particle number density, and m is the
particle mass. By varying this expression with respect to v;
we find

i . . 1 n
7 Sp fLEGS ) Rl = mdx;.f )/m. (2.31)
And if we vary Eq. (2.31) with respect to f we find the
transformation properties of the quantity £(x;f ) under
Galilean transformations:

N ommL . my?

UL e U U ) Uy=E(%f ) —vdt(x) +—— p(x).

2.3. Variational principle and the self-consistency equations

As already noted, the statistical equilibrium state of a
Fermi liquid corresponds to the maximum value of the
entropy for given values of the constants of motion,
namely, the energy, momentum, and particle number
(when the relativistic interaction is included the spin of the
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system is not a constant of motion). Just as in the theory of
a normal Fermi liquid, instead Aof looking for the local
maximum of the functional S(f ) we will look for the
absolute minimum of the functional

Qf)=—S(F)+YE(F )+ Yitr fp+ Yotr f

[here Y,, Y;, and Y, are Lagrangian multipliers corre-
sponding to the constants of motion E( f ),
PAf)=tr fp;, and N(f )=tr f]. From Egs. (2.17) and
(2.23) we have

8O )=Sp 8f(— 0+ Y (f )+ Y i+ YiF3) /2,
(2.31")

where the matrix Q is defined by Eq. (2.16) and
s 3y € A
= [ ewmh=( )

[ Prex. ? N T
= J-dee(x,f), A J-Vd xA(x;f ).

From (2.16) and (2.31”) the requirement §1=0 yields
the nonlinear self-consistency equations*

F=[exp(Ye(F )+ Y pt Yofy) +1] L.

From this relation it follows that the quantity &( f‘ ) must
be interpreted as the quasiparticle energy. It is a functional
of the normal and anomalous distribution functions.

Now let us derive the condition for uniform superflu-
idity of a Fermi liquid. For a normal Fermi liquid this
condition takes the form [ f,p]=0. In the case of systems
where the phase invariance is destroyed ([f,7]540), the
condition for spatial uniformity must be formulated as

[ fBi—qf3]1 =0,

where g; is the momentum of the condensed particles (the
momentum of the superfluid component of the liquid).
Note that in this case the average value a(x) of a physical
quantity 4(x) depends in general on x. However, if the
operator d(x) is phase-invariant, i.e., {d(x),7;]=0, then
from (2.33) it follows that the average value {(d(x)) does
not depend on x. It is specifically for this reason that we
called the relation (2.33) the condition for spatial unifor-
mity (but not the condition for translational invariance,
which corresponds to the case [ f,5]=0).

Thus, in order to determine the spatially uniform states
of a superfluid Fermi liquid we must find simultaneous
solutions of Egs. (2.32) and (2.33).

The fact that these equations hold simultaneously fol-
lows from Egs. (2.30) and (2.24"), which show that if
[ f:Pi—4q:73)=0 holds then [£(f ),5;—q/3]=0.

We emphasize that in addition to the parameters
Y;!=T (temperature), —Y/Y,=v; (normal velocity),
and —Y,/Y,=p (chemical potential), which are charac-
teristic of a normal Fermi liquid, the statistical equilibrium
state of a superfluid Fermi liquid requires us to specify an
additional thermodynamic parameter g;, called the super-
fluid momentum. In the case of Galilean invariant systems,

(2.32)

(2.33)
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when we can introduce the fermion mass m, the quantity
g/m=u; is the velocity of the superfluid component (see
Sec. 2.2).

Equation (2.32) holds for both spatially uniform and
nonuniform systems. It yields both the BCS theory with
singlet and triplet pairing (the different superfluid phases
of He; see Sec. 3.4) and the London equation and the
Ginzburg-Landau equation. In this sense the self-
consistency equations in the form (2.32) are universal.

Note that by virtue of the phase-invariance property of
the energy functional the self-consistency equations admit
solutions with g=0, A=0 (that is, [f,73]=0). For these
solutions all the results of the present section go over to the
formulas of the normal Fermi-liquid theory. However, a
phase transition can occur in the system, as a result of
which solutions with g=£0, As£0 ([f,7;]#40) occur, corre-
sponding to states with spontaneously broken symmetry
[the statistical equilibrium state has a lower symmetry than
the functional & (x;f )]. It is precisely these states which
we will be treating in the present review.

2.4. Kinetic equation and differential conservation laws

We will now formulate the kinetic equations for the
normal and anomalous distribution functions, or what is
the same thing, for the statistical operator f. Since we are
developing a phenomenological approach to the theory of
Fermi-liquid fluidity, by noting that £(f ) can be inter-
preted as the quasiparticle energy we will assume that the
kinetic equation for f in the absence of collisions between
quasiparticles assumes the form

8f .
io=1Ef ).f1. (2.34)
In component form this equation is equivalent to the fol-
lowing system of equations for the normal and anomalous
distribution functions:

i)
a—j:=i[f,€] +i(gAt —Ag"),
(2.35)
g . : .
FTh —i(ge+eg) +i(fA+ASf)—IA.

These equations hold when the characteristic time
scales on which the distribution functions vary are much
less than the quasiparticle relaxation time . If we consider
oscillations of the superfluid, then their frequency @ must
satisfy @73 1. Under these conditions we can neglect the
quasiparticle collision integral.

Note that the equilibrium normal and anomalous dis-
tribution functions, which are solutions of the self-
consistency equations (2.32), satisfy Eqs. (2.34) and
(2.35). In this connection we use Eqs. (2.34) and (2.35)
in Sec. 3.6 to derive the equations for ideal (in the absence
of dissipation) two-fluid hydrodynamics (valid for wr<1).
The equations of motion for the phase and superfluid mo-
mentum are obtained from these equations.

Equations (2.35) can easily be obtained starting from
the concept of weak interaction between quasiparticles in
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the Fermi liquid. As is well known, the kinetic stage of
evolution® is described by the statistical operator
p(f.8&g"), which is a functional of the distribution func-
tions f,g,g*. These distribution functions satisfy the Kki-
netic equations

f12=isp P(f:g’g+) [H’a;_al],

g12=i Sp P(f,g,g+) [H,alal]’

where H=H+ V (here H, is the free Hamiltonian and V'
is the interaction Hamiltonian, whose structure can be
completely arbitrary). We now take into account the fact
that according to the definition we have

(2.36)

Sp P(f,g:g+ )a;_al=f12,
Sp p(f.8.8")a0,=81,-

Since the free Hamiltonian is quadratic in the operators
at, a, then from (2.2) we have

iSp p(f.8:8") [Ho.a; a;]1=iSp po(f.8.8") [Ho.as ai],

lSP p(f)g’g+)[H0’a?.al] =i Sp pO(f)g’g+) [HO’alal]'

Since the statistical operator p(f,g,g") is identical to
po(f:88") if we disregard quasiparticle interactions, the
kinetic equations (2.36) including the terms which are lin-
ear in the interaction can be written in the form

Fau=iSp po(f.g.8") [H.a; ay],

£1=18p po(f.g.8" ) [Haa,].

Note that when we take averages in the state py(f,g.g*)
the Wick rules hold, according to which the normal and
anomalous averages

aita,;=Sp poaitay=fy, 6:6,=Sp poa;a,=g;.

appear as contractions. It can easily be shown that rela-
tions of the form

laf a.4a] BayCl=(—1)2( f4,8,3— f1:64))ABC,

[a a,4a; Ba,C] = (— 1) %g8,34 BC,

[a1a;,4a;Baf C}=(—1)B(—68,4813+824/ 13
+813/24)A BC,

hold, where Aai Ba,C are normal ordering operators;
(—=1)2=1if the operator B contains an even number of g,
at operators, and (—1 y8—= _1if the operator B contains
an odd number of these operators. Introducing the energy
functional

E(f.g8")=Sp po(fggT)H

and the quantities

(2.37)

9E ., _OE

512=m» Ap=2 E’ Ap=2 o

and using relations of the form (2.37), we find

Sp po(f.8.81) [af a3 Hl = ([6,f ] —gAt +Ag)2,
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Sp po( f,8.8") (@10, H) = (eg+gE+A—Af— fA),,.
Thus

if=lef]—gh*+Ag",
ig=eg+gE—Af— fA+A.

These equations coincide exactly with Eq. (2.35).

Starting from the kinetic equation (2.34) and using the
symmetry properties of the energy functional &, we can
express the conservation laws and define the flux densities
of the conserved physical quantities. (These results will be
used below to derive the hydrodynamics of a superfluid.)

The time derivatives of the average value of the density
of a physical quantity a, given by a(x; f )=Sp fa(x)/ 2,
can be represented in the form

da(x;f)  da(xf) i s . .
- ox +55pf[£(x;f),A],

where

1 n
ai(x) =:‘J\d3x’x;c J; dé[E(x—(1=8)x";f ). a(x+£x)],

(2.39)
A= fd%ca(x).

The proof of this assertion follows directly from the kinetic
equation (2.34), according to which we have

da(x;f) i . ..
—— =3P JIE(/)d(x)],

and from the obvious relation

k()

iE(f),8(x) | =il8(x;f ),A] - (2.40)

Setting 4(x)=p(x) in Eq. (2.38) and using Egq.
(2.25), which is a consequence of the phase invariance of
& (x;f ), we find the conservation law for the particle
number density:

8p(X;f’)_ ju(xsf)
at - 3xk ’

(2.41)

where the operator of the particle flux density is defined by

jk(x)=if xxkf dE[E(x—(1—E)x's7 ), p(x+Ex)].
(2.42)

Setting 4(x)=S$;(x) in Eq. (2.38) and using (2.26), we
find the law for the conservation of the spin density:

Fixf)  dja(xf)
ot - 8xk ’

where the operator of the spin flux density is defined by

(2.43)

1 N
j.-k(x)=ifd3x'x,:fo dElE(x— (1—-E)x:]),
Si(x+£x")]. (2.44)
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Finally, setting d(x)=4;(x) in Eq. (2.39) and using
(2.27) we find the law for the conservation of the momen-
tum density:
omi(x;f) _ Atu(x;1)
8t - 8xk !

where the average value of the stress tensor is defined by

(2.45)

tik(x;f)=_g(X;f)5ik+% f xxkf d§

XSp fE(x—(1—E)x';f ), Ai(x+Ex)].
(2.46)

We next give the energy conservation law. From (2.23)
and (2.34) we have

af(x;f) 1 af

3 58P 3 £(xf)——Spf[£(f) E(x)].
Hence setting d(x) =£(x;f ) in Eq. (2.40) we find
A (xf)  IWuxS)
a ax (247)

where the operator of the energy flux density is defined by
- 1 1 -
Wi =; [ x| detex—1-oxif),
0

E(x+Ex3 1)) (2.48)

3. SINGLET AND TRIPLET FERMION PAIRING

3.1. Diagonalization of the operators of dynamic Fermi-
liquid quantities

We return to the self-consistency equation (2.32) and
show that from this relation we can obtain the basic results
of the BCS theory. The problem consists essentially of
block diagonalization of the matrix

) £ A
&= (A+ —E)’

which determines the quasiparticle energy. To this end we
note that an arbitrary physical quantity 4 having the struc-
ture

is transformed under the unitary transformations (2.13)
according to Egs. (2.14).

Block diagonalization means that we choose a unitary
transformation so that the operator @’ vanishes [see Eq.
(2.14)]:

n A aa a 0
A’=U+AU=( ~,). (3.1)
0 —a
In other words, we require that
utav+utau*+vatv—oau*=0
or
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aX+a+XatX—Xa=0, (3.2)

where v=Xu*. From the unitary condition [(Aj +0=1; see
Eq. (2.13)] it is easy to find

uut=(1—XX1)"', wutX+X(uut)*=0. (3.3)
Substituting the first relation in the second we find
(1—-XX*) (X +X) =0,
from which it follows that
X=—X, wut=(1+XX")"'=K. (3.4)

The equation determining X therefore takes the form
aX+a+Xa—XatX=0. (3.5)

Now we find the operator a’. From (2.14) and (3.4) we
have
a'=ut Du,
D=a—aXt—XaX+t—Xat=D". (3.6)

Using Eq. (3.5) we can represent the quantity D in the
form

D=(a—Xa*)(1+XX"), (3.7)
and consequently from (3.6)
o' =ut(a—Xat)ut ™. (3.8)

Note that it follows from the Hermitian property of the
matrix D and from Eq. (3.7) that

K(a—Xat)=(a—aX")K. (3.9)
We also have the relation
XK=KX=—KX. (3.10)

Equation (3.4) determines the matrix « to within a trans-
formation u — uA, where A is some unitary matrix, A" =1.
This arbitrariness in the determination of the matrix u can
be used in order to carry out a diagonalization of the ma-
trix ¢’ in momentum and spin spaces.

We rewrite the self-consistency equation (2.32) in the
form

f=lexp(Yob)+1]17,
where
(5 S emer XD ea Gan
= y =+ T 5 =A. .
£ ¢ Yo Yok 2
From what was said above it follows that the quantity &

can be made quasidiagonal by means of a unitary transfor-
mation

oreo=(5 °
g - 0 _g: ’
where
E=ut(E—XgHut"

and the matrix X satisfies the equation
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EX+XE+E—XE+X=0, X=—X. (3.12)
Since
u v "
A=(v* u*)’ =Urus,
where
f’=({)’ _Of,), fr=(F+ 17, (3.13)
we have

f=ufut+o(1—f*, g=ufo+v(1—f)i.
Noting that from (3.13) and (3.8) we have

S (3.14)
n={exp[ Yo(£—XEH)]+1} 7,
it follows that
f=Kn+X(1—M)X"K,
g=KnX+K(1—n)X, (3.15)
where [see Eq. (3.4)]
K=(14+XXx+)"L (3.16)

In deriving these formulas we have taken into account that
v=Xu* and XK=KX [see (3.10)]. By virtue of the rela-
tion (3.9) the matrix f is Hermitian, while the matrix g is
antisymmetric because KX = —KX.

Equations (3.15) are equivalent to the self-consistency
equation (2.32). We see that when we go over to operators
acting in spin and momentum space the self-consistency
equation ceases to be physically transparent [specifically,
Eq. (2.32) clearly exhibits the self-consistency principle].
However, Egs. (3.15) are more convenient in specific ap-

plications.
Note that from (3.12) it follows that if X is the solu-
tion of Eq. (3.12), then X’ = —x*+ s also a solution

of Eq. (3.12). Using Eqs. (3.9) and (3.10) we can trans-
form Egs. (3.15) to the symmetric form

f=Kn+K'n', g=—-KnX—-K'n'X’, (3.17)

where
K=(1+XX")"!, K'=(1+X'Xx"")"},
n={exp[ Yo(§—XEH)]+1},
n'={exp[Yo(§—X'§T)1+1}".

From these relations it follows that

f|x-.x'=f, g|xax'=g’

i.e., the matrices f and g do not depend on whether we use

the matrix X or the matrix X' = —X* ' in solving Eq.
(3.12).
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3.2. Energy density functional

In this section we go into details regarding the energy
functional E(f ). If we are close to the phase transition
point in the superfluid state, then the quantities g and g+
are small and the functional E( f,g,¢") can be expanded in
powers of g and g*. In this expansion, by virtue of the
phase symmetry, there will be no terms linear in g and g%
or quadratic terms of the form gg, g*g™. Hence the func-
tional E( f,g,g1) for small g has the following structure:

E(fggt)=E(f)+V '(g* Lg), (3.18)

where E(f ) is the Fermi-liquid energy functional of the
normal fluid and L={L;,3,} is an operator that maps
quantities of the form g,4 into quantities of the same kind
(this operator can in principle be the functional f ). We
now take into account the spin invariance. Note that under
a unitary transformation u, the spin matrix s; transforms
according to

ulsu,=ay(0)s, (3.19)
where a;(w) is an orthogonal matrix. From (2.19), the
operator g transforms under the unitary transformation u,,
according to g—-g,=u,gu,. From (3.19) it can easily be
seen that we have u,0,u,=0, and 4,0,04,=a,(0)0,0.
Consequently, the energy (g*,Lg)/V which is invariant
under spin rotations takes the form

(g%, Lg)=(gd ,L18) + (& . L8y, (3.20)
where
30=Spa 028, gi=spa 0,08,

and is characterized by the two anomalous Fermi-liquid
amplitudes L,, L,, which are operators acting only on the
translational degrees of freedom

(8 »L1go) = > ggplszlplpz;pgp430p3p4-

P1,P2:P3:P4

If the energy functional E(f ) is characterized by the two
Fermi-liquid Landau amplitudes F|, F, [see (1.8)],

E(f)= 2 eifu+i(fo.Fifo)+1 (fiFaf), (3.21)
1
where

f0=spaf1 fi=spafai’

then we see that the superfluid Fermi liquid is character-
ized by the four interaction amplitudes F;, L, (i=1,2). In
Eq. (3.21) ¢, is the quasiparticle energy neglecting Fermi-
liquid interactions.

We can approach the determination of the Fermi-
liquid energy E from the point of view of perturbation
theory. If the microscopic Hamiltonian H has the form

Y ®(12;34)atafasa,,  (3.22)

H= Y edfd+
1 1,2,3,4
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then to lowest order in the interaction we have E=Sp pyH,
where p; is the nonequilibrium statistical operator defined
by Eq. (2.1). Consequently, taking (3.22) into account we
have

E(f)=2e&fu+ 1 2234 O(12;34) (farfa—faifa

1

+851843). (3.23)

In this equation ®(12;34) is the spin-invariant interaction
amplitude, which is nonvanishing only for p; +p,=p;+ps
(we have taken into consideration the fact that the average
value of the operator a; a, is exactly determined even in
the zeroth order approximation, i.e., by the statistical op-
erator (2.1) (see Ref. 6). In this case the quantity
®(12;34) determines both the usual Fermi-liquid ampli-
tudes F; and the Fermi-liquid amplitudes L; which char-
acterize the superfluid Fermi liquid.

3.3. Singlet pairing and the BCS theory

Equations (3.15) [or (3.17)] can serve as the basis for
studying the different superfluid systems corresponding to
the various physical phases. Each phase corresponds to a
different solution of Eqgs. (3.15) [or (3.17)]. A selection
from these solutions must be made by taking into account
the symmetry properties of the phase.

In this section we consider the case of singlet pairing,
when the operator f commutes with the spin operator §;:

[ £4]=0. (3.24)
As follows from Eq. (2.33), the statistical operator is

f‘qs (AJ:f‘Uq,_ where (AJq=exp(z'qp€,-) is translationally in-
variant, i.e., it commutes with the momentum operator:
[fq:61=0. From (2.32) it follows that this operator satis-

fies the self-consistency equation

Fa={expl Yoby(fo) + Yipi+ (Yot Y g)H3] 117,
where

eq(jq) = 0:5(0‘jq0;)0q'

In what fgllows we will assume q=0. In order to find
the operator f, and hence the operator f for g0, in the

expressions found below it is necessary to make the substi-
tution

fofor E(F)=E(f), YimYitYig,.
From Eqgs. (3.24) and (2.33) it follows that [ f,0,]=0,
[fp]=0, 0,8+80,=0, p;g+gp;=0. Thus,

f12=fp16plp26¢71,¢72’ g12=gp16p1,—p2(02)al¢72’ (3.25)

where f,= f,, & = g&_,- From this and from (2.24) it fol-
lows that

E1n =Ep16 be)

piedoyor B=8p8p,—p,(02)00;-

Consequently, we have X;; = Xl’x‘sl’p-l’z(UZ)”l”z’ where
from (3.12) X, satisfies the equation

gvXp+g—vXp+Ap—A:X|2)=0’
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whence

X _§p+§—p—
LA ZA;‘ ’
§p+§—p 2 ) 1/2
Ep=[(——2—) + 4, l . (3.26)
From Eqs. (3.4) and (3.14) it follows that
Ep—6— -!
ny={exp Yo( — "+Ep)l+1] ,
1 Ept&
K =—(E P ) (3.27)
PRE T 2

P2E, L\ 2
Thus,
1 Epté § +§
| L G s )
(3.28)
&= 2E (np+n_,—1).
Noting that
1 dE JE
=5 (3.29)

237, Mo

we see that Eqgs. (3.28) together with Eqgs. (3.29) form a
closed system of equations determining A and ¢, provided
the ‘energy functional E( f ) is known.

As the energy functional we now choose the functional
(3.18), (3.21). Then for the distributions (3.25) we have

E(f.gg*)= EE.J.,+ > foFipip) S,

PPy
2
+T/ 2 g:]L](pl’p)gp
|4 Y]
and consequently
Y, Y;
g =& +Y +Y0p1+ zFl(p)pl)fpl
p=I—, 2 Ly(p,p1)8y,-

Thus, from (3.28) the equations determining §,, A, take
the form

45 Physics - Uspekhi 36 (2), February 1993

Y,

Y;
Y P‘+ zFl(prpl)

S=&ty 17,

+

1 Ep,+6_p,
2, [\t T2 )™

Ep, 6 s,
+ Epl_—z—— (l—n—-p]) y

(3.30)

ZLl(p,pl) ("»1+"—»l 1).

2

If we take the expression obtained from Eq. (3.23) as
the Fermi-liquid amplitude L, and disregard the Fermi-
liquid amplitude F, then we arrive at the basic equation of
the BCS theory of superfluid systems.?! In this theory the
quantity g, = (a@_pa,), which we have termed the anoma-
lous distribution function, can be interpreted as the wave
function of two paired electrons in the momentum repre-
sentation. (This wave function is called the Cooper pair
wave function.) According to Eq. (3.28) the function g,
vanishes for [p—pg|>A/vg. We can therefore interpret
the quantity £g=7v./7mA as the size of a Cooper pair.

If in the self-consistency equation (3.30) (for F,=0)
we take L, (p,p’) to be a quantity which is nonvanishing in
the narrow layer near the Fermi surface,

Ll(p,p’)‘:_L; l§p|<9, lgp’|<97
=0, |§1>6 or |&|>6,

where for the electron—phonon interaction mechanism 8 is
a quantity of the order of the Debye temperature, then, as
is well known, for the transition temperature T, deter-
mined from Eq. (3.3) in the limit A-0

l—Lv(y.)J —thﬁ’

we find the following well-known expression:

1
LV(u))’

wdx In x
lnyz—Je ch’x’

where

1
Tc=§ 144 exp( —
(3.31)

y=2.268...,

d3_p
v(p) =2J (2—17_)55(6],—[,1.)

is the density of states at the Fermi surface. If in the self-
consistency equation (3.30) along with the linear terms we
also take into account the terms which are cubic in A and
the fact that T is close to T, then we find the following
expression for the quantity A, (T):

T —T\\2
A(T)=3.06Tc( = ) )

T,

The quantity A(T) in the limit T<T,
A(0)=4T /v.

is given by
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The self-consistency equation (3.30) for >0 has a
nontrivial solution no matter how small the Fermi-liquid
amplitude L is, provided that this amplitude is positive. It
is of formal interest to explain the behavior that occurs
when we solve the self-consistency equation (3.30) for
u<o0.

For simplicity we will assume L,(p,q)=—L if |p|
and |q| are less than py and L(p,q) =0 in the opposite case
(here L is a positive constant). Then the self-consistency
equation (3.30) assumes the form

L Eod V(E)th E
I=Efo £ E T go=£€(pg).

Hence we obtain the equation determining the critical tem-
perature,

L (e v(e) e+ |p|
- h . 332
1 2[0 e e ™ 2r (3.32)
Since
e+ |u 1 1
th 2T <l £+]p|\£’

this equation which determines the critical temperature
T., will not have a solution for any value u <0 if L < L,
holds, where

1 r= v(€)
Lo_1=§ fode—

[note that v(£) -0 for £ —0]. Thus, in contrast to the case
u >0, for p <0 superfluidity can arise only when the inter-
action is sufficiently strong. From Eq. (3.32) it follows that
the solution corresponding to T'.=0 is obtained with a
chemical potential yu=u* satisfying the condition

L (e v(e)
2 Jo e+ |p¥

From this it follows that for |u| > |u*| Eq. (3.32) has no
solution.

To conclude this section we note that the basic equa-
tions of the BCS theory derived from the modified pertur-
bation theory (by canceling the most dangerous diagrams)
were obtained by Bogolyubov.22 He was also responsible
for introducing the equilibrium anomalous distribution
functions in the method of quasiaverages.?* The basic equa-
tions of the BCS theory were derived in the temperature
Green’s function method by Gor’kov.* Eliashberg?® and
Nambu?® derived the basic superconductivity equations us-
ing the Dyson field equations for the normal and anoma-
lous Green’s functions.

3.4. Tripiet pairing and superfluld phases of *He

In the preceding section we studied the singlet pairing
of fermions, where the total spin of the paired quasiparti-
cles was equal to zero. Since each quasiparticle has a spin
of 1/2, in principle it is possible to have another type of
pairing, in which the total spin of the paired particles is
equal to unity. This is called triplet pairing. Whereas the
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mechanism for singlet pairing of electrons is usually pho-
non exchange, the basis for triplet pairing, which occurs in
3He, is the van der Waals interaction of *He atoms.
Pitaevskii®’ first drew attention to the possibility of this
pairing. _

Let us analyze the self-consistency equations (2.32)
for the case of triplet pairing.*’ Here we will assume that
the spatial-uniformity condition (2.33) holds with ¢,=0.
In order to find the self-consistency equations with g0 it
is necessary to make use of the same substitutions as in the
case of singlet pairing. The anomalous distribution func-
tion g, in the case of triplet pairing is a symmetric spinor
of rank two and consequently can be expanded in a basis of
symmetric unitary second-order matrices 0,0,. Thus we
have

812=8ip,8p,,-4,(002) 5.6,

where by virtue of the antisymmetry of the anomalous
distribution function we have g; _, = —g;,. From this and
from (2.24) it follows that

A12=AiP](SP],—PZ(UIUZ)Ulaz’ Ai,—P=_AivP'

(3.33)

Just as in the case of singlet pairing, we use the general
expressions (3.14) and (3.15). The solution of Eq. (3.12)
for the matrix X is found in the form

X12=Xi])18p1,—p2(0'102)0172! X,-v_p= —X,',p.
As a result, Eq. (3.12) assumes the form

Kip(Ep+Ep) —2X;p (X jpjp) + (ijXfp)A*m“LA?;&)

We take F,=0 [see (3.21)],sothat £}, = §p18pl ,‘,2801 0y We
introduce the notation

Q=X;Xjp, G=XpAh—1 (§+£ ). (335)
Then
1
Xp=57 (Ap+a,A%), (3.36)

P 2 gp

and the system of equations determining the quantities a,
and &, from (3.35) takes the form

1
A==
PT2E,

AgAy+a,A Ak
Ppip PP ’P+ap gp+
2¢,

|
2 ’
(3.37)

1 Sot8-p

Solving (3.37) and taking (3.36) into account, we find

e L +zg,[g,,+(1/2)(§,,+§_,)1—AijJ"-‘pA,..
»=2g, |77 ARAS, i
(3.38)
where
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(&)= [ARAL+i (& +E ) +(Gp1al, (3.39)

(G )12—i{[Alp rp+4 (€p+€ p) ]2_|[Ap’A*]|2}1/2

Thus, using relations (3.17) and (3.38) for the anomalous
distribution functions g; we have

=1 [(1—n3(&) —n° ,(51)) (xp(§D) Ap+@p(£1) A%)
+(1=n0(52) —n° 5 (6)) (Xp(£2) Ap+@p(£2)AB) ]
(3.40)

here

25— Apht Apbp

Xp(§)=“”w, Pp(6) = £.G,

ny=3 (n} +n, ),
A, A* !

The result (3.40) has been presented in a form in which it
is clear that the functions g, are invariant with respect to
the choice of the root in (3.39), where for §; and §, we can
take either the “plus” or the “minus” sign of the square
root in (3.39). The structure of the normal distribution
function f in the momentum and spin spaces is determined
by the expression

S12=fop,80,0,+f (0 5,0,) Bp p, 5

where, as follows from (3.17) and (3.35), the functions
Sop and [ take the form

Soo=1 [14n5(512) —n° (£12) +2(E) 1% (51) (1—np(§y)
—n® J(£1)) +2(80) atp(82) (1—n3(&))

*_
n, =iexp

(3.41)

—n? (6], (3.42)
o= =3 [hp(&) (A —nd(£) —n° J(E)) +¥,(&) (1
—n9(82) —n° (&) + | [Ap,AX]| =1 (n (&12)
—n” ,(£12))1iA,,A7],
E+6- . _
¢,(§)=—i—-§pr", nt=%(nf—n>). (3.43)

Where the quantity ,, appears in some places in (3.42)
and (3.43) this means that these combinations are invari-
ant themselves with respect to the choice of the root and as
the argument we can take either the first root £, or the
second root &,.

From expression (3.20) and (3.21) for the energy
functional it follows that

Y

1
b=ty Pyt leFl(P,Pl)fOW

2
Ap=7 Z Ly(p,01)8sp, -
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Hence from (3.40), (3.42), and (3.43) the self-consistency
equations for the quantities §, and A, take the form

Y, Y,
+3y 7 ZFl(ppl)[1+n (612)

=€+ i
£r=¢, Yop Y, <

—n% 5 (612) + ¥, (§1) (1= (61) —n
+1y,(62) (1=mp (§) —n2, (£,

%o (61))
(3.44)

1
Ap=7 2 L) [(1=7p, (£)) =y, (52))
| 4]

X (Xp, (61) Ay, +@p, (61) A% )+ (1—1p (62)

—n2, (62)) (X, (62) Mg, +p, (62)A% ) 1. (3.45)

These equations completely solve the general problem of
the triplet pairing and are analogous to Egs. (3.30) in the
case of singlet pairing. Note that if the vector product
[A;,A7] is nonzero, then in the superfluid there exists a
spontaneous magnetization M; occurring as a result of the
transition to the superfluid phase, which is determined by
the expression

M——BZ[%(él)(l—n"(;l)—n JED) +9,(82)

><(1—n°(§2)—n (6] i(A,,A8];,

where B=efi/2mc is the Bohr magneton.

Let us consider the states of a superfluid Fermi liquid
for which the product AA™ is a multiple of the unit matrix
in spin space (this is equivalent to the condition
[AP,A:] = 0). Following Legget,2® we will call these uni-
tary states. It is clear that no spontaneous magnetization
occurs in the transition to the superfluid phase in the case
of unitary states.

The self-consistency equations (3.44) and (3.45) for
unitary states take the form

(3.46)

Y; Y, 1
Fi(p, E,
£, £+Yp,+Y0+ le 1(pp1) - 2E, [(
gl’l+€—l’1 €P1+€—1’1
|t Epl—'z— (I=n_p) |,

(3.47)

(g +n_p—1);

2 A
,-,,=l—, 2 Ly(pp1) -
1 Pl

here

Ey=[; (§+&_p) + 8,057,
p

K

These equations agree in form with those {(3.30)] of the
BCS theory. The only difference is that the functions A,
and L,(p,p;) are odd in p.

n,=exp

Ept+E_
YO(ED+ £ 3 2
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The unitary states include, in particular, those for
which the projection of the spin on the quantization axis
vanishes. For such states A, = d,A, holds, where d;is a real
unit vector parallel to the spin quantization axis. The mo-
mentum dependence of the quantity A, must be found
from an equation analogous to (3.47), where it is only
necessary to replace Ay by A,. For Y;=0 the angular de-
pendence of the quantity A, is determined solely by the
structure of the angular dependence of the interaction am-
plitude L,(p,p’). If the system as a whole is rotationally
invariant (as in the case of *He), then the interaction am-
plitude in the general case takes the form

Ly(p,p1) = Ly(p,p1:mm)

(here 7 is a unit vector in the direction p) and can be
expanded in Legendre polynomials:

w0

Ly(p.pi;mmi) = IZO (2+1)V(p,p1)P(cos ) (3.48)
(here 6 is the angle between the vectors p and p;). The
expansion (3.48) gives rise to an expansion of the order
parameter in the form

Ap= Z Alelm
Lm

(in the case of triplet pairing L, and A, contain a super-
position of spherical functions with odd /). If only one
term appears in the expansion (3.48), corresponding to
some value /; of the angular momentum, then the angular
dependence of A, will also be described by a combination
of spherical functions with /=1,.

An example of unitary states is given by the so-called
A and B phases of *He. The various superfluid phases cor-
respond to different symmetry properties of the equilib-
rium distribution functions with respect to rotation in spin
and orbit space. For example, in the case of electrons with
singlet pairing the operator f must commute with the spin
operator

[ £.8:]1=0.

Moreover, in the usual theory of superconductivity it is
assumed that pairing occurs in the state with /=0, and so
the relation

[ /241 =0,

must hold where

A a a a
fk=1k—i€k[,-(qla—q'+ Y’G_Y); (3.48")

here the second term describes rotation in the space of the
vector thermodynamic parameters Y, g;;

. I, O
’k=(o -n)

is the operator of the orbital angular momentum of a su-
perfluid Fermi liquid.
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In the case of the A phase of *He, pairing occurs in the
state with s=1, /=1 (triplet pairing with /=0 is impossible
by virtue of the Pauli principle). The operator 7 must
satisfy the following symmetry conditions:

[b—aq#,f1=0, [d&;,f1=0,
[ki:?i_%'fhj‘]:o;

where d| is the unit vector which determines the quantiza-
tion axis in spin space and k; is the unit vector which
determines the quantization axis in momentum space.
These relations show that the projection of the spin on the
direction d; vanishes, while the projection of the orbital
angular momentum on the direction k; is equal to unity.

If the projection of the spin on the axis d; is equal to
my==1,0 and the projection of the orbital angular mo-
mentum on the axis k; is equal to m;= +1,0, then relations
(3.49) must be replaced by

[d§—Lmefs,F1=0,
[kdi—3 mes, f1=0.

This interpretation follows from the fact that relations
(3.50) imply that (we have set Y=q=0)

(3.49)

(3.50)

(s,d)g=mg, (kl)g=mg, (3.51)

where s=s,+8,, 1=1;+1,. These relations show that if the
anomalous distribution function g,, is interpreted as the
wave function of a pair, then this wave function is the
eigenfunction of the operators of the spin projection and
the orbital angular momentum on the quantization axes d,
and k;.

States with m,= =1 are obviously nonunitary, since in
this case from Eqs. (3.51) we have g;~n,;+in,;, where n;;
and n,; are unit vectors which are mutually perpendicular
and orthogonal to d.

In the B phase pairing occurs for s=1, /=1, but the
symmetry properties of the phase are determined by

[Li+38Ruif1=0, (3.52)

where R is a rotation matrix (RR=1, R=R*). In this case
the projections of the spins and orbital angular momenta of
a Cooper pair are indeterminate. The parameters d;, k;, R
together with the parameters Y, g; determine the state of
statistical equilibrium of a superfluid. Whether the /=0,
s=0 phase or the A or B phase in the case of *He (I=1,
s=1) is actually realized is determined by the condition
that the thermodynamic potential {} be minimized; this in
turn follows from the structure of the functional
E(f.g.g") [or the Fermi-liquid amplitudes; cf. Eq. (3.48)].

It is known that He forms a liquid which does not
freeze down to absolute zero at pressures less than 35 atm.
The degeneracy temperature T is determined by

1
— 17’2 3 2/3
TF_2m3He Gm#ns,)

(here m; s the mass of the atom and ny, is the He

atomic density) of order 1 K. The phase transition of lig-
uid 3He from the normal state to the superfluid state was
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Patm
35

FIG. 1. Phase diagram of the phases of *He: § is the region of solid *He,
N is the region of the normal liquid *He; A and B are the regions of
superfluid *He-A and *He-B respectively.

observed in 1972 (Ref. 29). Superfluid 3He can be found in
the two phases A and B (when there is no magnetic field).
The phase diagram of liquid *He is shown in Fig. 1. The
phase transition from the normal state to the superfluid A
phase at a pressure of 35 atm occurs for a temperature of
T.=2.6-107% K, while the transition from the A to the B
phase at the same pressure occurs at a temperature
T 5=2.07-10"2 K (Ref. 30).

The A and B phases differ in their symmetry properties
(see above). The phase transition from the normal state to
the superfluid phases is a second-order tranmsition. The
phase transition between the A and B phases is accompa-
nied by the production of latent heat and is a first-order
transition.

The change in the specific heat as a function of tem-
perature in the transition from the normal to the superfluid
state (the second-order transition) is analogous to the be-
havior of the specific heat in ordinary superconductors.

3.5. Model of superfluidity with a nonquadratic energy
functional

Thus far the energy function has been taken to be qua-
dratic in the anomalous distribution function. In this sec-
tion we include in the energy functional nonquadratic
terms of the form (gg"‘)2 (terms which are cubic in g and
terms of the form gg*, g* cannot appear in the energy
functional on account of phase invariance). Assuming that
the fermion pairing is singlet and the superfluid momen-
tum g; vanishes, so that g, = g|,1<3l,1 —Pz(UZ)alaz holds, we
write the part of the energy E,(g) associated with the
anomalous distribution function g in the form

Y% Elmg,,g:

1
-7 2 1 I(pp':9.0')88,8%8% .
p.p’ 99’
We will assume that the amplitude / (p,p';q,q') has a sharp

maximum at p' =p, ¢'=q, and consequently

E(g)=—

~ 2
Exe)=—3y E N E Toa838Y -
P4
49 Physics - Uspekhi 36 (2), February 1993

In addition, we assume that the amplitudes /,, and I, can
be factored:

Tpg=Tply, Ipg=Il,
(we recall that the amplitudes [, and I, are positive-
definite, which corresponds to fermion attraction). Then
the function A,=23E/dgy is determined by

1 e
Ap= —'?nglng"'f}g:lpglqgfv

and consequently from Egs. (3.28) and (3.29) the self-
consistency equation assumes the form

n,—1
Ay=—AI,— BIA 2E , (3.53)
where
2n,—
Zlq A,
(3.54)
~(2n 1)?

__zq 7 t21

Substituting in (3.54) the solution of Eq. (3.53) for A, (E,
and n, also depend on A,), we find transcendental equa-
tions determining the constants A and B (independent of
momentum ), whose solution determines A, in accordance
with (3.53). _

It is easy to see that if J,=0 holds we return to the
basic equations of the BCS theory. Let us consider a dif-
ferent case, in which for some reason the amplitude 1p is
anomalously small. Then setting /,=0 in Eq. (3.53) we
find from (3.54) that 4=0 holds, and the quantity B is
determined from the equations

~ 2n,—1

-
By=—T, =5 B8,

sy I

Assume 7p=0 outside the layer |£]|>6 and ip=7 =const
inside it. Then from Eqgs. (3.55) we have A,=0for |£| > 6
and for |£| <6 we have the relation

=7l
- 2E, 7

|&1<6

with a nontrivial solution A, 0. Since

n,= expﬂ-i—l -

P T ’
it follows from the last equation that inside the layer
(1] <0) the energy E, does not depend on the momentum
p, and hence we ﬁnd taking into account E, = (A2

+ £)'72 the following dependence of the gap A on the
momentum p;:

A,=0, |&|>60=(E3—£)"% |&|<6. (3.56)

The constant E; is determined according to (3.55) and
(3.56) from the equation
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FIG. 2. Graphical solution of the equation ax’/(x*—1)=tanh®(xz)
(here z.=6/2V3T ).

2
(E3—ED),

Noting that (we assume uy6)
1 6
5 2 (B-g=vwo(Ei-7)
V 1g1<e ;

we find the relation

th*(Ey/2T) 6?
1_Iv(y)0mo—£)ﬂ;——(E‘2 ?),

or in dimensionless variables
3

X
a ——=th3(xz), (3.57)
x‘—1
where
x=V3Ey0, z=0/2V3T, a=8(Iv(u))~'/V3.

We emphasize that the variable z is determined by the
temperature and is independent of the interaction strength,
while the variable a depends on the interaction strength
but not on the temperature.

To analyze Eq. (3.57) we turn to Fig. 2, in which the
curves y=ax’/(x*—1) trace the left side of Eq. (3.57),
while the curves lying below the straight line y=1 trace the
right side of the equation y=tanh®(zx). For T=0 the
quantity tanh3(zx) degenerates into the straight line y=1.
This straight line can intersect the curves y=ax’/(x*—1)
only for a<ay=2/3v3. For a>ay Eq. (3.57) has no so-
lutions. This means that if the interaction I is less than
Iy=12/v(u), then the self-consistency equation has no so-
lutions A=40. A solution As£0 occurs only when the inter-
action is sufficiently strong, 7 > I,. For T=0 and I > I the
quantity x=v3Ey/6 is found from the equation
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ax®—x*4+1=0.

This equation has three real roots, one of which is negative;
the second lies in the region 1 <x <v3, as can be seen from
the figure; the third root satisfies x> v3. In order that the
quantity A’=E}—£? be positive for all |£|<# it is neces-
sary to choose a solution of Eq. (3.57) which is greater
than v3.

Now assume 7 > 0. Then Eq. (3.57) has two positive
solutions, one of which is larger than v3. If the interaction
is specified and a<ay holds, then part of the curve
y=ax’/(x*—1) lies beneath the straight line y=1. At suf-
ficiently high temperatures the curve y=tanh®(zx) presses
against the straight line y=0 and Eq. (3.57) has no solu-
tion. A solution occurs only at sufficiently low tempera-
tures, when the curves y=tanh’(zx) and y=ax3/(x*—1)
are tangent. The temperature corresponding to the point of
tangency also determines the phase transition temperature.
We will not write down the equation which determines the
point of tangency, but only remark that for a Sa; the
quantity z associated with the temperature T at the point
of tangency will also be of order unity (since all the coef-
ficients in the equation determining the point of tangency
are of order unity). In this case we have T .~ 6, E;~6. In
the strong-interaction limit (a<€a,) it can be shown that

T,=0.03v(n)0, IPv(u)>12.

We emphasize that for a<ay(f>1;) the transition
temperature T'; can be substantially greater than 6, while
for 7~ I, the transition temperature is of order 6.

Note that at the transition point the gap A, appears
discontinuously, in contrast to the usual BCS theory in
which the quantity A vanishes at T=T_. Thus, in this
model the phase transition is of first order.

Now we analyze the case in which 7540 holds, but the
interaction is a small quantity (see below). In this case the
self-consistency equation (3.53) always has a solution cor-
responding to small values of g,, for which the term pro-
portional to I, plays no role no matter how large 7 is. The
transition temperature corresponding to this solution is de-
termined by the usual formula 7.=80 exp(—1/v¢[). For
vpl €1 (weak interaction) the transition temperature sat-
isfies T, <0. Consequently, for small values of I [such that
exp(— l/vFI ) <I? vg holds] there are two solutions, one of
which corresponds to the transition temperature (3.31),
while the other to a higher temperature and is determined
by the solution obtained in the present section. If the tem-
perature of the normal phase is decreased, then for
TC~72vF0 the phase transition we are considering occurs.
Whether or not the phase transition with temperature T’
determined by Eq. (3.31) occurs as the temperature is
further reduced depends on the relative magnitudes of the
thermodynamic potential of the high-temperature phase
and that of the BCS phase.

Here we do not go into the situation which arises when
the interactions I and T are comparable in the sense that
exp(—1/vgl) ~ P v holds.

Thus, in the model we are treating the transition tem-
perature can be considerably greater than 0, and the phase
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transition is of first order. Note that in high-temperature
superconductors the behavior of the order parameter A is
very close to that of the order parameter in a first-order
phase transition.

3.6. Thermodynamics and hydrodynamics of a Fermi liquid
with singlet pairing

In this section we derive the second law of thermody-
namics for reversible processes with superfluid Fermi lig-
uids. We will assume for simplicity that pairing of quasi-
particles in a Fermi liquid occurs in the singlet state.

In Sec. 2.3 we introduced the potential £2( ). By min-
imizing it with respect to the function f we obtained the
self-consistency equations (2.32). In the case of spatially
uniform states we can introduce the density of the thermo-
dynamic potential o =Q/V:

o(f)=—V7IS(f )+ Y& (0;F )+ Y;tr fm,(0)
+Y,tr fp(0).

The equilibrium potential @(Y,q) will result from substi-
tuting for f inw(f) the equilibrium distribution function
fe , which satisfies Eq. (2.32). As can be seen from Eq.
(3.58), the potential w(Y,q) depends on the thermody-
namic parameters Y and q both explicitly and implicitly
through the distribution function f.,. In consequence of
the variational principle, we can find the derivatives
dw/dY, by differentiating with respect to Y,, taking into
account only the explicit dependence of w on Y,. As a
result we find

Jo ” Jw Jo
Y, *7 ay, " gy, P

(3.58)

(3.59)

where &, 7;, and p are the equilibrium densities of energy,
momentum, and particle number. Then we find the deriv-
ative dw/dg; .

For this purpose we introduce the unitary operator

" ' x, O
Ug=exp(_lgxi)’ xAlz( )

0 —x, (3.60)

(here x; is the position operator), and taking (2.3) into
account we rewrite Eq. (3.50) in the form

o(Y,q+8)=V7"Sp fIn fot Yo& (U] foU,) + Y,
X38p foUgtUg + Y4 3Sp fUpp Uy,
(3.61)
where
fe=Uf(Ya+0) U, F(Ya)=Ffq.
Since [X;,5;]=i735,; holds, we have
U Uy =pi+eis.
Hence from (2.33) it follows that
[ fabi—ais]=0,
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i.e.,, the operator f"g belongs to the class of operators
(2.33). Consequently, using Egs. (2.23) and (3.58), ac-
cording to the variation principle [cf. Eq. (2.3)] we have
from (3.61)

Jdw ) - X X
a_q_=Y0' ESPf[é(O;f),xAi]+Yk'%SPf[ﬁk»xAi]-
Noting further that
~ nfor N d s ’
[7:(x),p(x") ] = —ip(x) o, (x—x")

and that according to (2.42)
JiX;F ) =Sp fegf (0)/2=1Sp FIE(0;F).%1/2,

(3.62)

we finally obtain
%o Y uf 3.63
5= o(iyee) (3.69)

Thus, the second law of thermodynamics for reversible
processes in superfluid Fermi liquids can be derived in the
form

Y;
0
(3.64)

Recall that we have written Yo=7"" (here T is temper-
ature), Y,=— Yy, (where v; is the normal velocity), and
Y,= —pY, (where p is the chemical potential). For Gal-
ilean invariant systems according to (3.62) and (2.31’) the
momentum density 7; coincides with the mass flux density
mj;, m=m:j.

Noting that the energy density is given by
s=—w+ & Yy+mY;+pY,, we can rewrite Eq. (3.64) in
the form

1 Y; Y, . Y
d# ‘—;;0 ds— Yo —dr ,-—70 dp+ (_],-+70 p)dq[. (3.65)

The thermodynamic relations (3.63) and (3.64) which
we have obtained can be used to construct the ideal hydro-
dynamics of a superfluid Fermi liquid with singlet pairing.
For this purpose, in consequence of the principle that a
state of statistical equilibrium is localized, it is necessary to
find the flux densities of particle number, momentum, and
energy in thermodynamic equilibrium. The flux density of
the particle number is determined by the formula (3.63)
which we have just derived. Next we will obtain an expres-
sion for the stress tensor #;; and the energy flux density W,
in terms of the thermodynamic potential @. We begin with
the stress tensor ¢;.

Let a; be the coefficients of arbitrary affine transfor-
mations x; — x; = aux,. Then it is easy to see that the op-
erators a; £, and @ jkDx satisfy the same permutation rela-
tions as the operators X;, §, . From this it follows, as is well
known, that

U207 =az'%, U,pUF =duby, (3.66)
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where (7,, is some unitary operator. In the limit of infini-
tesimal  transformations  a;=8;4&x we  have
U 1—z§,k1“k, where the generator F,k of the unitary
transformation (3.66) is determined by

J‘d ) ({xt’pk} 0
I'y= xxm(x) == ~_ .
= ¢ 0 —{xip}
From Eqgs. (3.66) it follows that

U,p(x)U} = (deta)p(ax),
R (3.67)
U, #(x) U = (det a)ayf(ax).

The equilibrium statistical operator f is determined by the
thermodynamic parameters Y, g. From relations (2.33) it
is clear that

(0./(Y,aq) U} pi—afs]1=0.

Let |x,A) (A=s,7,7==1) be the eigenvector of the oper-
ators R, §3, T1:

%|x,A) =x|x,4),

(3.68)

§|x,A)=s|x,A),
73| x,A)=T1|x,A).

Then from (3.66) we have U;|x,A)=¢|a"'x,A). The
normalization condition (x,A| —x’A)=8(x—x’) leads to
a normalization factor £ given by {=(det @) /2 Hence

U,|x,A) = (det @)/ |ax,A),
U,|0,4) = (det a)"2|0,A).

Calculating the trace in the (x,A) representation, we can
represent the entropy per unit volume in the form

. 1 . .1 \ s
s(f)=—p8pfInf=—3 é‘, Ld x(x,4| f In £|x,A).

Since for spatially uniform states (2.33) the matrix ele-
ment (x,A | f In f | x,A) is independent of x, we have

s(f)=— 2 (04| fn f|OR).
2
Alternatively, using (3.69) we have
s(f )=—(deta) X (04| UFU} In U,fU; |0A).
2
Thus,
s(f ) =(det a)s(UfUH).
Consequently from (3.58)
- deta n A N
o(Y,aq)=——Sp foIn Fat Yo& (U] foU,)
+Y,58p fUAU] + Ya18p £.0.607,
A ) (3.69)
So=Uf(YapU}
or from (3.67)
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w(Y,ag) 1 Y,
deta __S falnfa+

if(U“Lf,,U )

+ Y@y +Sp f,,ﬁk(m +Y,48p 7.p(0).
(3.70)

The right-hand side of this relation depends on a both
explicitly and in terms of £,. Variation of the right-hand
side of (3.70) with respect to f,, (followed by taking the
limit a;—8,) leads to a null result according to the vari-
ational principle [see Eq. (2.3)]. Consequently, setting
ay=68y+&; in (3.67) and expanding in powers of £, we
find

ow -
w‘sik_qk %'*’ Yl'rrk(f )— YOg‘Sik'*' YO

i A A A

Note that according to (2.46), for states f satisfying the
spatial uniformity condition the average value of the stress
tensor £, (f ) is equal to

tu(f )= —&84+iSp F10;F),F ]2
Consequently, taking (3.59) into account we have

3 COYI'
TaY, Y,

[ Jw

w(f)=y 34 (3.71)

In order to find the energy flux density W, we note
that for spatially uniform states [see (2.33)] the following
lemma holds: if we have [ f,p,—¢,73]=0 then

Z E% J‘d3xxk Sp F1Q(x),0(0)1=0, (3.72)

where

F=(2+1)"Y, 0= Jd3xé(x).

To prove this we introduce the general eigenfunctions
of the commuting operators p,—¢q,7; and f:

(Bi—q3) Xpr=PiXp » jXp’ =fpXp -

The trace which appears in Eq. (3.72) is taken in the
system of eigenfunctions y,:

sp f19(x),0(0))
v? R
= (277.)3 J‘ d3p1d3P2 Sp'pr[Qplpz(x)
XQPZPI(O) _Qplpz(o)épzpl(x) ],

) —e—i(P1—P)XH .
le’z(x)_e fhTR xQP]PZ(O)’

here Ql’lpz(x) = (..py| Q(x) |p,...) is the operator in spin
space and in the space in which the matrix 73 acts (in this
space we use the trace Sp’). Consequently we have
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Wi=3 o f d%pd’p; Sp’ FyOp, (0) 0, 5(0)
J a
x(zb—é(p p1)— 5(]’ pl))

14 00,/ (0)
='_—3(2‘n') fd3pSpfl,( LY

e |,
A A aQP[P
XQ,,—!-Q,,? )
P=P

where Ql, VQN,(O) It is easy to see that

f deQPP’ (x) =‘Sm:’ép ’

and consequently we have fl,A= A(eév + 1)~ ! [compare Eq.
(2.15)]. Then, noting that [f},Q,]=0 we have

30y, (0)
Ip

- —;fdpSpprp(

P1=P

aQ,,l,,(O)
+_—
apk P=P

1 ~ 0 .
_ 3 [
(2m)’ fdpSp f"aka'Z'

1 d (g
_ i 9 E 1y —1
(%)”'fd”apk f_idz(e D7

or

—2m) W, = fmksp' fQ; dz(e‘f’+1)"|p_,°°=

(here ds; is an element of the surface of integration). Thus,
we have W, =0, which was to be shown.

Using the definitions of the operators 7;(x), p(x) it is
easy to find the following commutation relations:

[p(x),p(x')]=0,
A A ’ . A a ’
[7:(x),p(x")] = —ip(x) a—xié(x—x ),

98(x—x’)

[7(x),Fe(x") ] = — ity (x) o

5(x—x’)

—iF(x") x,

(3.73)
We now employ the lemma (3.72) for the state of statis-

tical equilibrium, in which

O(x) =Y (x; /) + Yiu(x) + Yup ().

Using gxgressions £2.42), (2.46), and (2.48) for the oper-
ators j;, t;, and W, and taking into account Egs. (3.73)
we find
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6 (L)Yk
Y, Y,

Y;+7Y,qi dw

Wk(f):— Y() aqk

(3.74)
If we use §,(a=0, 1, 2, 3, 4) to represent the average
values of the flux densities of the operators
Bok=Wi(f ).6u=ti(f ):6ax=Jir(f )], then we can re-
write Egs. (3.63), (3.71), and (3.74) in the compact form
(cf. Ref. 31):

From the principle of localization of a state of statis-
tical equilibrium the hydrodynamic equations of an ideal
superfluid Fermi liquid follow:

aga agak
?= —a: y (3.75)
where ¢,=0w/dY, [see Eq. (3.59)], t=%(f),

=i F), §4=p(f ). In these equations £, and &, de-
pend on x and ¢ through the intermediacy of the spatially
and temporally slowly varying functions Y,=Y,(x,),
q;/=q;(x,t). In order to find a closed system of hydrody-
namic equations it is still necessary to find an equation for
the superfluid momentum g;(x,?). In order to derive this
equation we note that the equilibrium distribution function
does not commute with the quasiparticle Hamiltonian
?:(f ). In fact, from (2.33) and (2.32) we have

Y, Y, .
Yopi+Y0T3’f -

Y+ Yg
s "’[m

(3.76)
Consequently, the operator f describing the state of statis-

tical equilibrium must depend on time. It is easy to see that
this dependence must reduce to some phase transformation

[6f1=—

7= 00 fomip(0ty (3.77)

In fact, using Eq. (3.76) we see that the operator f , satis-
fies Eq. (2.34):

af, .
fa—’:= CIANAE

(3.78)
if the phase @(#) satisfies the equation
. Y + Y[ qi
(=" - (3.79)
0

Thus, the general structure of the equilibrium statistical

operator is determined by Egs. (2.32), (3.77), and (3.79).

We now give the general definition of a phase depend-

ing on x, . Consider the operator g in the x representation,

g(x,x"). Then the phase @(x) in the case of singlet pairing
is determined by

tr, 0.8(x,X) =g(x)e2i"’("),

where the trace is taken in spin space [g(x) is a real func-
tion]. It is easy to see that this definition is equivalent to the
following;:
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@(x)=Im In Sp fi(x),

R 0 o
#9={ 00 o)

Using Eq. (3.79) it is easy to show that for the equilibrium
statistical state (3.77) we have

(3.80)

) a Y,+Yg;
@(x)=;ImIn Sp f,¢(x)=———)—,;—t+q,-x,~+¢o(0),
(3.81)
from which we obtain
Yi+Ygq, Op(x)
4 4q Pr _ (3.82)

@(x) = Yo’ Tax, 9

If we neglect the gradients of the parameters of the reduced
description Y,, ¢;, these equations also hold for weakly
nonuniform states. Consequently, from (3.82) we have

.9 Yu+Yg,
qi_ax,- YO )

This equation together with Egs. (3.75) constitutes a
closed system of equations for an ideal superfluid Fermi
liquid (cf. Ref. 31).

These relations apply to the general case in which the
energy functional has no Galilean invariance property, so
that it is impossible to introduce the concept of particle
mass, and hence of superfluid velocity. This situation
arises, e.g., for electrons in a metal with an arbitrary dis-
persion law.

We now present expressions for the flux densities in a
form corresponding to two-fluid hydrodynamics. The ther-
modynamic potential o is a function of Y, Y 2y, 4 qz, and
Yg4;. We introduce the quantities o,0,, m*, which are
functions of these thermodynamic variables:

dw 200
UnE—ZYoﬁi, O'SEF()Wm*,
(3.83)
o, dw
.”-F_p—aY,q,.

Then if we use (3.83) the fluxes j,, t;, and W acquire the
form

. Oy O
= Ut
Jk m* nk m* 9is

o 94k
L= _70 6ik+0nvnlvnk+as m*f s (3.84)
@ On Ok
Wk=vnk _70+£+ P";‘F 90 _m*f 9o

where g,=(Y,+ Y4,)/Y,. From this it is clear that o, acts
as the “‘mass” density of the normal component and o, as
the “mass” density of the superfluid component. If the
quantity m* is interpreted as an effective “particle mass,”
then g/m* must be interpreted as the superfluid velocity.
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Note that the total density o=m*p=m*dw/dY,, gener-
ally speaking, differs from the sum of the normal density o,
and superfluid density oy: 0540, +0,.

Assume that the energy functional is invariant under
Galilean transformations. Then from (2.31) we have

mv2

& (x;e~MEifemd = & (x; f ) —vm(x;f )+ p(x:f),
(3.85)
and consequently, using the definition of &( f” ) in (2.24)
we have
ei'"vifié‘(f' )e—imv,-fizé\(eimv,-f,-j'e——imv,-fi) _viﬁi+ ( 1/2)mv21°3.
If we note that
eimuif,-,’.'\}e——imv,-fi: TA3 ,
L o (3.86)
ezmu,»x,»ﬁje—lmv,-x,-zﬁj _ mvj,;.‘} ,

the self-consistency equation (2.32) and the spatial unifor-
mity condition (2.33) can be rewritten in the form

eimvif,f'e—imv,-f,-= exp{ Y, é\(eimvif,f'e—imv,»f,-) —vPi+Fs
mvz X X X -1
XT + Y (pi—mui3) + Yy +11

[emvii f e~ ™ pi—mufy—qf3]=0.

When we compare these formulas with (2.32) and (2.33)
we find

eimv,-fif'( YO’Yi’Y4,q[)e—imUifi=j'( Y01Yi_ YOU,-,Y4

mv2

"mviYi+_‘2" Yo, q,'+mvt),
where f” (Yy,Y;,Y,,q,) is the equilibrium statistical opera-
tor determined by the thermodynamic parameters Y, q.
Using this relation, and also Eqs. (3.85) and (3.86) and
the definition of the thermodynamic potential (Y, q)
given in (3.58) we can easily see that in the case of a
Galilean-invariant Fermi liquid we have

gi
w(YO)Yi’Y4yqi)=w(YD:Yi+ YO;’

7
Y+ Yi¢1i+2—m Yo»o),

from which we obtain

o(Y,q)=0(Y,0)=0(Y"), (3.87)
where
Y'=Y0, Y'=Yk+Yol) N
0 k sk (3.88)
mv?
Y=Y+ Y mog+ Yy -

and the parameter v,; = g,/m acts as the superfluid velocity.
Thus, taking rotational invariance into account we find
that the thermodynamic potential @ of Galilean invariant
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systems is a function of three independent variables Y3,
Y’?, and Y;. Equation (3.87) shows that for Galilean-
invariant systems, Eq. (3.83) implies that we have

m¥*=m, o=o,+0,, mj=my, (3.89)

and Eqgs. (3.84) assume the form

0, o

Jk=; Unk+ Usk s

w
b= — 70 ‘Sik + OV Vs + OnUnnk»

o, Yy+ Yy

@ o, Y, +Y; mvs,
Wk=vnk(_‘70+5+; T)_vsk — v,

Y,
(3.90)

Using Egs. (3.75), (3.86), and (3.90) we can easily
convince ourselves that the ideal hydrodynamic equations
we have obtained with singlet pairing in the case of Gal-
ilean invariant systems go over to the two-fluid Landau
hydrodynamic equations.*?

4. INTERACTION BETWEEN A CHARGED FERM!I LIQUID
AND AN ELECTROMAGNETIC FIELD

4.1. Self-consistency equations and kinetic equations when
an electromagnetic field is present

Thus far we have not included the electromagnetic in-
teraction associated with the possible presence of an elec-
tric charge in the quasiparticles. If the quasiparticles have
an electric charge, then there is an additional electromag-
netic interaction between the quasiparticles and also an
interaction between the quasiparticles and the external
electromagnetic field. The effects associated with the inter-
action between the Fermi-liquid electron superfluid and the
electromagnetic field play an important role in studies of
superfluid phenomena.

It is well known that if the particle Hamiltonian is
given in the absence of an electromagnetic field, then elec-
tromagnetic interactions can be included in a universal
fashion. Specifically, the particle momentum p; is replaced
by p;+ (e/c)A,(x) [here 4,(x) is the vector potential of the
electromagnetic field] and the interaction with the scalar
potential @(x)=4y(x) is included in the usual fashion,
ie., aterme/ d3on(x)p(x) is added to the Hamiltonian
[here p(x) is the particle number density).

In the Fermi-liquid theory the situation is complicated
by the fact that it is impossible in the general case to dis-
tinguish terms corresponding to the particle kinetic energy
in the energy functional E(f ).

We will assume that in the presence of an electromag-
netic field the energy density & (x; £ ) of the Fermi liquid
is replaced by & (x;4; f ):

& (41 ) =8 (x; U (x,4) FU(x:4) ) +edo(x,t)

xL8p fp(x), (4.1)

where
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(?(x;A):exp(iZ fd3x’<l>(x,x’)ﬁ(x’)),
(4.2)
20x)= [ deda(v

and the integration in ®(x,x’) is performed over an arbi-
trary contour C connecting the points x and x’. If we take
a straight-line segment between the points x and x’ as the
contour C, then

1
d(x,x’ =(x’—x)kJ. déd, (x+&(x'—x),1). (4.3)
0

This definition of the functional & (x;4; f ) is related to the
fact that for gauge transformations of the electromagnetic
field and the statistical operator f

6x

A

f-f,=0707,
oo (4.4)

U —exp(t - J. d3xx(x,t)p(x))

[here y(x,t) is an arbitrary function of x and ¢], the energy
density (4.1) is transformed according to the usual for-
mula

ax(xt) 1 .
or 3 fP(x).
(4.5)

This formula follows directly from Eq. (4.1) if we note
that

& (x4 f) =8 (xA:f ) +e

(AJ(x;AX) =ﬁ(x;A)ﬁX exp(— X(x,t)ﬁ).

For the momentum density m;(x) ={5;,73p(x)}/2 [see Eq.
(2.18’)] we have

(AJ(X;A)ﬁi(x)(AJ“L.(X;A) =3 ‘ﬁi+gf4i(x)7°3,"'3ﬁ(x)

e
=7'f'i(x) —EAi(x)ﬁ(x)-

Similarly, if the kinetic energy density is determined by

& (x:.f ) =Sp fpip (x)p/4m,
then
U(xA)p:p(x)pU* (x:4)

. € . e
= (P;—;Af(X)ﬁ)p(X)(p,-—EA,-(x)),

and consequent]y
( i—= A (x)‘r3)

Sp f
( A (x)‘r3)
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Since the variation of the functional # (x; f“ ) with re-
spect to the statistical operator f can be written in the form
[see (2.23)]

8,8 (x;f )=Sp 8fe(x;f )/2,

where £(x; f‘ ) is the quasiparticle energy density, it is easy
to see that the following relation holds:

8,8 (x; U+ fU)=Sp Ue(x;U* fU)U+8f72.
Hence by varying the energy density functional (4.1) with
respect to the statistical operator f we arrive at the follow-

ing expression for the quasiparticle energy density in the
presence of an electromagnetic field:

E(xsai [ ) =U(xA)E(x; U (x,4) FU(x,4)) U (x,4)
(4.6)
Consequently, the quasiparticle energy operator is equal to

+edp(x,t) p(x).

E(Af )= J.d3xé(x;A;f ).

Then from this equation and (4.5) we find the gauge trans-
formation law for the quasiparticle energy density:

Edy.f)=U24.F) U3

+efd3x(ax(x,z)/caz)p(x), (4.7)
~ and hence
E(xdy;f) = U 2(x:A,f ) U +e(3x(x,1)/cdt) p(x).
(4.8)

The kinetic equation (2.34) for the statistical operator
f when an electromagnetic field is present takes the form

37
t—f—[E(Af ),f1. (4.9)

It has the gauge invariance property. Specifically, the op-

erator f,=U, fU satisfies the equation
'afx aUX
IT—[UXE(Af)U++I T U+ fx
A A AL 3 (x 1)
- U,;(A,f)ux+efd px).F .

From this by virtue of (4.7) we have
af, . .
la_tx= [E(Ax)fx))fx])
which proves the gauge invariance of Eq. (4.9).
Let us find the variation of the total energy of the
Fermi liquid
E(4.f)= J.d3x$(x;A,f“ )

with respect to the vector potential 4. From (2.23) we
have

8,% (x;U* FU)=Sp é(x; U+ U8, U+ FU) /2,

56 Physics - Uspekhi 36 (2), February 1993

U=U(x.4).
Noting that 8 (U fU) = ﬁ‘”[_}f,b‘f]- U*1U holds and us-
ing expression (4.6) for &(x;4,f ) we find

84E(A.f)

- fd3x Sp F18,0(x,A) U (x,4),6(x:4,f )]/2.
(4.10)
Choosing the integration contour C in the form of a

straight-line segment [cf. Eq. (4.3)] in the transformation
U(x,A) [see Eq. (4.2)], we find

SEUT )= (e/c) fd3x6Ak(x,z)jk(x,z), (4.11)

where
i 3 1 "
=y [ & [ agsp

X [E(x—(1=£)X34,f ),p(x+Ex)]  (4.12)

[cf. the definition of the particle number flux density
(2.44)]. The variation of the energy with respect to the
scalar potential A4, is found directly from expression (4.1):

6A0E(A,f“)=eJ.d3x6Ao(x,t) 18p fp(x).  (4.13)

In order to find the total energy functional when a
magnetic field is present (4,=0) it is necessary to add the
energy of the self-consistent magnetic field b;(x) to the
functional (4.1). Thus, the total energy functional has the
form

2

" " 3 b(x)
E,(f,A)=E(f,A)+fdx —

b(x) =curl A. (4.14)

Just as in Sec. 3, the self-consistency equations for f and A
are found by determining the extremum (minimum) of the
functional

Q(FA)=—S(F )+ YoE(A,f )+ Y41 Sp f#3.

Variation with respect to A yields the magnetostatic equa-
tions

47
curl b=—41;,
c

where j; is defined by Eq. (4.12). Here we have taken into
account the fact that

2
5 J. dx r_ J. d3x8A - curl b/4r
87 )

Variation with respect to f‘ leads to the self-consistency
equation for the normal and anomalous distribution func-
tions, in which, however, in contrast to Eq. (2.32) the
quasiparticle energy operator £ is determined by the total
functional (4.14). Thus, the full system of self-consistency
equations for f and b(x) takes the form
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F=[exp(YE(Af )+ Yof) +117,
b=t j
cur b—?],

. ( e(Af)

. A(AF)
EALI={ara) )

—&AS))
. ie 3o ! s
ex) =2 fdxxkf dgsp f

c 0

X [8(x—(1—&)x";A,f ),p(x+Ex")], (4.15)

. OE(Af)
ElZ(A:f)=W;
A JE(A,f)
A12(A,f)=2;T;lf (4.16)

These equations are the ones which describe superconduc-
tivity (superfluidity) phenomena in the presence of a mag-
netic field. From these equations [see also (4.4)] follows
the gauge invariance property of the statistical operator
f=f(A) and the current j,=j;(A,f ),

Ux}\'(A)U;—:f(Ax)’ jl(A’f)=jl(AX’fX)
The first of these equations leads to the relation

3 8f(A)

e [f(A),p(X)] ax 5AL(x)

4.2. The London equation

In this section we simplify the self-consistency equa-
tion (4.15) and show that in this case, when the magnetic
field is a slowly varying function of position, the expression
for the current is given by

&

Jix)=——3 psAi(x), (4.17)
where p, and m* are determined by Egs. (3.83). For this
purpose we note that when the gradients of the vector
potential 4;(x) are neglected in the calculation of the cur-
rent j(x) [see (4.16)] from (4.2) it follows that we can

represent the unitary transformation U(x;A) in the form

U(x;A)=Uy(x;A) +...,
(4.18)

ie ie
Up(x;A) =exp(? Aﬁ)exp( -2 Axﬁ)

fthe vector potential 4;(x) refers to the same spatial point
as does the current j,(x)]}. We will assume in solving the
self-consistency equation (4.15) that the source of the non-
uniformity of the statistical operator f(A) is the nonuni-
formity of the vector potential 4;(x). Consequently, again
recalling that the current density j,(x) is calculated at the
point x, by virtue of the localization principle we could
write the expansion
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N . . u JA(x)
S(A) _='£(A) =_£0(A(X) ) +£1(A(x), —('9;;—) +...,
(4.19)
where
£Q(A(x))‘='£(A) |A=A(x)’
with (see Ref. 6)
[Binfol =0, [BilB;.f111=0. (4.20)

However, taking into account the possibility of carrying
out the gauge transformations
Iy
dx i ’
we see from (4.4) that the phase of the statistical operator
f is indeterminate. Consequently, the solution of Eq.
(4.15) will be written in the form

FA)=e?F(A)e,

where the expansion f(A) is determined by Eq. (4.19)
and N

A=A+

H— fd%ctp(x)ﬁ(x).

The expansion of the phase ¢, analogous to the expansion
(4.19), takes the form

P=Po+ 1+,
where
Jdp(x) dp(x) |
¢7O—(¢7(x) — X ax, ) x, X, 4.21)

and §,~@(x)/3xAx,. This expansion induces the ex-
pansion

FAY=Fo(A) + F1(A) +...,

where
Fo(A) =™ Fo(A)e~ o),

From this equation and Eqgs. (4.20) and (4.21) it follows
that

[ﬁi (p( X) fo(A)]

Introducmg the statistical operator

ie A e
f0=exp(—; Ai)fo exp(i;Ai) (4.22)
and noting that from (4.6) and (4.18) we have
E(A}' ) zeieAi/ce(e—ieAi/c}'Oe—ieAi/C)e—ieAi/c (4.23)

[we have taken into account the phase invariance property
of £( f ); cf. Eq. (2.28)], we find the self-consistency equa-
tion for fg:

Fo=[exp(Yoi( fo) + ¥ty +117, (4.24)
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and also a supplementary condition expressing the “spatial
uniformity” of the leading approximation f :

3p(x)
bt o= A ) £ol =0

Comparing Eqgs. (4.24) and (4.25) with Egs. (2.32) and
(2.33) we see that the statistical operator f o can be ex-
pressed in terms of the equilibrium statistical operator
f (q,Y) (in the absence of a magnetic field) when there is
a superfluid momentum g¢;:

(4.25)

dp(x) e
ax’ __A(x)9

Jo=faY), Yi=0, g¢=

or, using Eq. (4.22),

j-O(A) =eieAi/cj-( q Y)e—ieAi/c’
(4.26)

X e
Y"=0, qi=——2Ai(x).

Jx i

The electric current in the leading approximation [ne-
glecting the gradients of 4,(x)] according to (4.16) and
(4.23) is determined by

Jl(x)=§f dx'x f dg Sp fole™*¥*

Xé(x—(1_§)x;[0)e_ieu/c’p\(x+§xl)]’
or, using Eq. (4.25),

ie 3
J,~<x)=5fd f d& Sp f(q,¥)

X [E(x—(1-£)X";f(q,1)),p(x+£x") ],

6<p e
ax; ¢4

From (2.42) this can be rewritten in the form

Y;=0, ¢;=

e
J,'(x)=ej,-(q,Y), Yi=01 q,= _EAi(x), (4.27)

dp
ax;
where j;(q,Y) is the particle current density in the statis-
tical equilibrium state in the absence of a magnetic field
[see Eq. (3.63)]. In Sec. 3 we saw that the current density
j{q,Y) in the absence of an electromagnetic field in the
limit of a small superfluid velocity g, takes the form

7@, Y) =Budgr, (4.28)
where
o’ @
Bik:%lq:O.Y:O’ o’ "70

Hence in the absence of a vector potential the electric cur-
rent is given by

£ 40

- Ax(x) |.

—z Ak

Since under gauge transformations the phase @(x) and the
vector potential 4;(x) transform according to

dp(x)

J(x)—eB,k( (4.29)
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dy(x)
axk ’

the current (4.19) is gauge-invariant. Noting that accord-
ing to Eqs. (3.83) we have

Fo’ _s. P
340Gl (_oyo

<P(X)—-<p(X)+§x(X), Ai(x) -A(x)+

m*’

we thus arrive at Eq. (4.17) in the gauge ¢(x)=0.

We emphasize that m* is a thermodynamic quantity
depending on temperature and the chemical potential; only
in the case of Galilean invariance does m* reduce to the
ordinary electron mass m, i.e., m*=m.

The magnetostatic equation (4.16) together with the
definition (4.17) of the current can be written in the form

b+ A7 curl curl b=0, (4.30)

where
A =m*c/4mpet.

This equation is called the London equation.*® It is usually
employed in determining the magnetic-field distribution in
a superconductor.

Let us consider the simplest case, in which the super-
conductor fills the half-space z> 0, and the magnetic field
outside the superconductor is steady and directed parallel
to the z axis. Then the field b, inside the superconductor
also points in the z direction and by virtue of the condition
div b=0 is independent of z; hence from Eq. (4.30) it
follows that inside the superconductor we have ;=0 and
Ji=0. Now assume that an external field b; points in the x
direction. Then inside the superconductor the field is also
parallel to the x axis and is a function only of z. From Eq.
(4.30) it follows that

d’b/dz2=AZb
and consequently,
by(z) =b,(0)e ¥,

The current density in this case is in the y direction, and
from (4.17) is given by

J(2)=—(4m/c) e

Thus, the quantity A; in Eq. (4.30) can be interpreted as
the depth to which the magnetic field penetrates into the
superconductor. The quantity A; is small (it is usually of
the order of 10~ % cm at =0 K), and hence the magnetic
field does not penetrate into a massive superconductor (the
Meissner effect).34'35

The London equations apply when the quantity Ay is
large compared to all other microscopic parameters with
the dimensions of length. In the BCS theory this parameter
is the characteristic size &, of a Cooper pair,
&o="*ve/mA(0). Superconductors for which A;>&, holds
are called London superconductors or superconductors of
the second kind.

In the opposite limiting case A; €£,, the London equa-
tions are invalid and must be modified. Specifically, in the
London theory the relation between the current and the
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potential A is local and linear. In the case A; <&, the field
changes considerably over distances of order £, as a result
of which the relation between the current and the potential
must be nonlocal. In the London gauge div A=0, 4,|,=0
the phenomenological relation between the current and the
potential, proposed by Pippard, takes the form

A(x")R
Ji(x)=C f

where we have written R=x—x" and the coefficient C is
found by combining Eq. (4.31) and Eq. (4.17) for a slowly
varying field A(x):

ce Rbod’x, (4.31)

3p.e?
C=—tam*e o -
Superconductors for which 4; €& holds are called super-
conductors of the first kind or Pippard superconductors.
When we treat the problem of the penetration of a mag-
netic field into a superconductor of the first kind we obtain
the following expression for the depth of penetration A:

A2 =0.6242&.

4.3. The Ginzburg-Landau equation

In this section we study the solution of the self-
consistency equations (2.32) in the presence of a nonuni-
form steady magnetic field. Here we will assume that the
temperature of the Fermi liquid is close to critical, and
hence the anomalous distribution function g is small.

In the region of small g the energy density functional
can be written in the form

€ (/) =8/ )+ (%1 )+ &(x:8),

where #,(x;g) ~gtg [see Eq. (3.20)], €,(x;f ) is the
functional of the interaction energy density of the normal
state, and

Eolx;f )= f dsxldsxzfo(xl,Xz)E(X;Xz,xl ),

Jo(x1,X;) =Sp, f(x1,X;)

(we employ the coordinate representation). The quantity
E0(X;X5,X,) =8F o(x;/ )/6fo(X;,X,) is obviously the ma-
trix element of the energy density operator £y(x) of a free
quasiparticle in the coordinate representation,

£(X;X1,X;) = (X | £0(X) | X,).

We assume that the interaction energy density functional
lm(xf)_g (x;f )+ &,(x;g) is invariant under gen-
eral phase transformations:

E (e fe= ) = (x:f), ¢=

fd3x<p(x),6(x).

In this case the energy density of the Fermi liquid in the
presence of a magnetic field is given by [see Eq. (4.1)]

& (A f ) =Fo(XA,f )+ & 1(xf )+ B2 (x:8),

where
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Eo(xA, f)=Fo(x;u™ (x;A) fu(x;A)),

ie
u(x;A)=exp(? <l>(x,5))

(here x is the position operator).
Since the anomalous distribution functions transform
under phase transformations according to

g(Xl,Xz) _'g’(xl »x2) zg(xl,xz)ei(w(xl)+<p(x2))’

the phase-invariant functional & ,(x;g), which is quadratic
in g(~gg™) can be written in the form [cf. Eq. (3.20)]

X4 +XZ
) 8o(x1,x3)

&,(x:8)= fd3x1d3x2L1(x1——x2)5(x—

X 8ol{xXy,X2)*+ f dxdix, Ly (x; —x,)

X;+X

xa(x— Z)gf(xl,xz)gf(xl,xz)*, (4.32)
where

80(x1,%;) =Sp, o,8(x;,X;),

8:(x1,X2) =8p, 0208(x1,X;).
The functional &,(x;A,f ) can obviously be written in the
form

Co(xA,f )= fd3x1d3xzf0(x1,x2)

X (x| u(x,A)eo(x;p,x) ut (x,A) | x1).

Thus, the quasiparticle free energy density operator in the
presence of a magnetic field is given by

Eo(X;A) =u(x;A) g0 (x;p,X) et (x;A)

[cf. Eq. (4.6)], while the quasiparticle energy operator in a
magnetic field is given by

co(A) = fd%cu(x-,A)eO(x;p,g)w (GA).  (433)

[We write £5(x;p,x) instead of £5(x) in order to emphasize

that the operator £y(x) is constructed from the operators
p, x.] Note that

u(x;A)xut (x;A) =x,

u(x;A)put(x;A) =p—§ A(x) —eZ(x,x),

where

Ay (A;x1,%;) dyg(A;x),x5)
Z,(x1,X;) = f da EY axz ESlpHp(y)

(4.34)
and y=y(4;x,X,) is a parametric equation for the inte-
gration contour C connecting the points x; and

X, (¥(0;x1,%,) =X, ¥(1;%;,%,) =x;); H=curl A is the in-
tensity of the magnetic field.
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If we take for the quasiparticle energy density operator
the operator

go(x)=pS(x—x)p,/2m, (4.35)

then, noting that we have Z(x,,x;) =0, we find

1
eo(xA) =5 (pi— A0 Jox—) (= i) ),

1 e e
£o(A) =3m (pi—zAi(!) ) (Pi_EAi(z‘.) ),

and consequently, the operators £4(x, A) and £y,(A) do not
depend on the choice of the integration contour C in Eq.
(4.35). Note, however, that if we were to choose the ex-
pression

’

2

2
g(x)=5 tﬂ,é(x—z)

as the energy density operator g;(x) rather than Eq.
(4.35), then £(x;A) and £(A) would still depend on the
contour C.

Let us find an approximate expression for the energy
Ey(A,f ) of the system of free quasiparticles in the pres-
ence of a magnetic field:

Eo(A )= [ dxidbds folxi x) (x| 2o(x) [ x1),

In this expression the electron distribution function
So(X1,X;) is substantially different from zero when x, is
close to x, (|x;—x;| Sa, where a is the lattice constant),
since the electrons of the Fermi liquid are close to the
Fermi surface (a~pF_1, where pr is the Fermi momen-
tum). Hence in the matrix element

<X2‘50(X;P—“§ A(x) —; Z(xyz),z) |xl >

the quantity Z(x,x), which is proportional to the gradients
of the vector potential A(x) [cf. Eq. (4.16)], can be disre-
garded and hence the energy functional E,(A,f ) can be
written in the form

e
Ey(A,f )=Sp fso(p—-zA()_()), (4.36)
where the momentum p has been replaced by p— (e/
¢)A(x) in the quasiparticle energy.

Let us consider the solutions of the self-consistency
equation (2.32) in the spatially nonuniform case for tem-
peratures 7" close to the critical temperature 7';. In order
to find the quantities f and g from Eq. (2.32) we use the
general expressions (3.15). Here the quantity £=A in the
equation for X [see (3.12)] can be taken to be small. Ap-
plying perturbation theory in the small parameter A, we
find the following expansion for the operator X in the mo-
mentum representation:

1 3
prl =pr, +pr, +... ’

where
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1 B
w= g

X B 1 App"A:mpnAp"’p’ .
pp'_€+€' p".p™ (€+§”) (€I”+€') ’

here we have introduced the notation £=§,, £’ = £,
§" = £y, " = Eym. The expansion in powers of A of the
operator n which enters Egs. (3.14) takes the form

(4.37)

0 2
Rppr =Ny, + 150, + ..y

where
0 _
n”,=nl,5”,, nl,=(eY0§+1) L
. (4.38)
: ____n—n' 2 —"‘—*A””Ap'l’" np=n, ny=n'
npp,—g_g, o €+€n ’ p—'b pr="n.

From these relations and Eq. (3.15) we derive an expan-
sion in powers of A for the normal distribution function

2
fpp’=f‘p)pl +fppl+ cacy
where
f‘l:p, =n5”, »

1—n" n

Sow= ,Z [(§+§”)(§'+§")_(§'—§)(€+€”)

nl
T (E-EN(E+EM ]A”"A?pm (4.39)

and an expansion in powers of A for the anomalous distri-
bution function g

1 3
g”l =g”: +gpp: + ey

1 1—n—n'
8ppr = ————§+§, Apprs (4.40)
; 1 [1=2n

G =gg1 |~ Yorn(1=n) |(AATA),,.

The quantities f,, gpp in the Wigner representation are
given by

_ V 37 ,kx
f(x:-@)—(z—ﬂ_')”j fdke fpp’:

4 .
g(x,k) =z§ﬂ.—)3‘ Jvd3.&/_7€’yxgpp:, (441)

kK o gk

From (4.19), in this representation we can use Eqs. (4.39)
and (4.40), assuming in the latter that the quantity £ de-
pends on x through the vector potential of the magnetic
field [here we have neglected the variation of A(x) over
distances of order pg']:

§p=£0(p+§ A(x))+ Y0Y4_1+51(l)),
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where £,(p) =3E;(f )/3f,. In the case of singlet pairing

we have g;=0, and hence
Ag( ) 9E 2L( )g( )
X )=mpf———= x—x’)g(x’,x),
ol X,X ago*(x ,X) 1 g
A , JE
(xx )_ag}"(X’,X)_
We will assume in what follows that

L (x—x")=L6(x—x"). Then

Ap(x—x")=8(x—x")A(x),
(4.42)

A(x)=2Lg(x),

where

1 1 o
g(x)=g(x,x) == E g2(x,27) =7 E gpp;gpp,e”‘('”’" ),
Ve p.p’

Substituting expression (4.40) for gll,P, in (4.42) and noting
that

1 . '
b=y [ Exbe 0w, (4.43)

Ty

we find the linearized self-consistency equation in the pres-
ence of a magnetic field

—n—n'

E+&’
(4.44)

4L e xpp) |
A(x)=_7l | @A axD e

Hence expanding in the small gradients of the order pa-
rameter A(x) and the vector potential A(x) we find

G-1)A G 9 26,A
(G—-DAXX)+ ij(a_x[_’? i(X))
a 2e
X(——I—Aj(x))A(x)=0, (4.45)
ax,‘j c
where
2L1 3 1—2'1(8) —1
G——(z—ﬂ_)‘g e—p ' p=—Y ¥y,
2L, ., # 1—n(e)—n(e)
i (2m)? 737 ; e+e'—=2u |,_,

e=¢gy(p)+&1(p), & =¢g(p’)+&(p),

=12 +k, p=1Z7—k

Substltutmg g o in Eq. (4.42) and also expression (4.40)
for gp,, and usmg Eq. (4.45), we include in the self-
consistency equation a term which is nonlinear in A. Thus,
we obtain a nonlinear self-consistency equation for the gap
A(x) in the presence of a magnetic field (we have disre-
garded the effect of the electric field on the nonlinear
term):
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a 2e d

J

2e
—i?Aj(x))A(x)—}-B[A(x) |2A(x) =0, (4.46)
where
L, 1 1—2n(¢)
= d*k
B=am? f (e—p)? [ p—
—Y02n(s)(1—n(s))].
Since the chemical potential u=—Y,Y; ' is considerably

greater than T',, at temperatures 7" close to the critical
value the coefficients G, G;;, and B are given by

T.—T
G=1—2L1V(EF) T N
[

76(3) Livkv(ep)
Cu==% 24 T 1T
75(3) Lyv(eg)
—7 Tz ’

where e and vy are the Fermi energy and the quasiparticle
velocity, v(eg) is the density of states at the Fermi surface,
and {(x) is the Riemann zeta function. Equation (4.38)
assumes the well-known form (see Ref. 36)

1/9 '2eA 2 2T,
[Z (a_;ci"? "(")) I
T.—T 7£(3) )
(—T— 5277 1400 ) A(X)=0.  (447)

Let us now calculate the current density j in the pres-
ence of a magnetic field. We determine the current density
j(x) from the formula

. 2 3 de
Ji(X)=(—21‘T‘)—§ J.d Zf(x,2) 3P,

i &7 o dke™x
~an” 37, | o
P P (4.48)
p=7+k, p =7—k.

Using Eq. (4.30) for the matrix element flzm, in the limit
A(x) =0, we find an expansion for the Wigner distribution
function f(x,%) in the gradients of the order parameter:

fx2)=fOx2)+fPxP) +...,
fOxP)=~Y|AX) |*QP.P;— P),
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i dA(x) 9A*(x)
f(2)(x"@)=§Yg(A*(x) ax, —A(x) ax; )

a
X'a Q(-@,-@;P) ]p=—99

where

1_””

C(EHEM(E+E)

Q@.p'.p")=

+ 1 ( n' n )
g_gl gl +§u §+§ll *
The current density in the absence of a vector potential
A(x) assumes the form

0 Dl a* dA(x) JA*(x)
200 =Dy 8%00 - 200 T ),
where
d&p 9 a ,E;
Dy=Y3 s Ew. (4.49)

m) dp:dpe £

Now we take into account the effect of the vector po-
tential A(x) in first-order perturbation theory. Since

ae(p—g A(x)) /api=a£(p)/api

— (e/c)Ax(x)3%/3pidp;,

the correction to the current density jA(x) due to the vec-
tor potential 4 can be written as follows:

dp ¢

Agn 9t o
Ji(x)=—2ed; Wapkap,-h (p:x) | a=0

d’p oe
98 . H0) A0
+2f (Zﬂ)japi( a4 (PX)—fg (PX) | az0)s

where

20 = Fla00 1°0(p—; AP —; AG);

¢ A
—P—; (x) ).
Expanding the quantity Q in powers of A(x), we find

JH)=2]A(x) |*- 26Dy (x),

where D is given by (4.49). Hence the current density
j(x)=7@(x)+j4(x) in the presence of a magnetic field
is equal to

a 2e
Ji(x) =D,-ki[A*(x) (a—xk—i?Ak(x))A(x) —A(x)

9 ‘2eA A* (4.50
X(axk+’? k(x)) (X)]- :50)
The coefficient Dy, in the limit u» T, T=T_ is given by
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7£(3) v(ep)vk
Di= =t g —p7—

Now that we have the expression (4.50) for the cur-
rent, we can write the equation for the magnetic field

4

curl b=7j, b=curl A. (4.51)
Equation (4.50) for the current contains the unknown
function A(x), which is determined by Eq. (4.46). The
magnetostatic equations (4.51) together with Eq. (4.46)
constitute a closed system of equations determining A(x)
and A(x) [or b(x)]. These equations are called the
Ginzburg-Landau equations.’” In particular, they can be
used to solve the problem of how a constant magnetic field
penetrates into superconductors. These equations were ob-
tained by Gor’kov*® in the microscopic treatment based on
the temperature Green’s function.

In the weak-field limit to lowest order in the field the
order parameter A can be regarded as independent of po-
sition. In this case the current given by Eq. (4.50) takes
the form

. 4¢* Al
ji__mcl I i

and consequently the equations determining the magnetic
field are the same as the London equations (4.30),

b+A%(T)curl curl b=0,
where

AHT 167Te2A 4.52

( )—_Tmc . (4.52)
Noting that A(T') ~(T,—T)"? holds, we have for the
depth of penetration

1 —-172
A(T):E (I_Fc) AL(0), (4.53)
where A 2(0) =4mne*/mc?. Observe that Eqgs. (4.52) and
(4.53) are equivalent to Eq. (4.30) if we set m*=m in the
latter and evaluate p, by starting from Eqgs. (3.83) with T
close to T.

Thus, the Ginzburg-Landau equation leads to a local
relation between the current and the vector potential.
However, this equation can be used to describe supercon-
ductors of both the first and second kinds. This is because
it contains two parameters with the units of length: the
Cooper pairing length £(T), which is contained in the
terms that are not associated with the vector potential of
the magnetic field, and the London penetration depth
A(T), which is contained in the terms associated with the
vector potential.

A nonlocal relation between the current and the vector
potential A(x) can arise when we improve the approxima-
tions which lead to the Ginzburg-Landau equation; specif-
ically, we take into account the following terms in the
expansion in the order parameter A(x) and in the gradi-
ents of the order parameter.
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To conclude this section we discuss the topic of the
structure of the Ginzburg-Landau equation for neutral
particles (such as 'He atoms) in the case of triplet
pairing.*>*} It can be shown that the transition tempera-
ture T in the case of triplet pairing is given by the equa-
tion

1—2n,
28,

The order parameter A; is a vector in spin space. Close to
the transition temperature this order parameter is small
We expand the self-consistency equation (2.32) in this
quantity to terms of order A%, and also in gradients of this
parameter. We further assume that the amplitude
L,(x;—x;) has a sharp maximum at x;=x,. Then the
Fourier component L,(k) of this amplitude can be ex-
panded in powers of k:

Ly(k) = Ly(0) + K2L + ... .

Using this assumption, we can look for a solution of the
self-consistency equation in the form

1
A0 =~y | PaLallp—aa; (e

(4.54)

A;(r,p) =pg 'piA (1), (4.55)

where the quantities 4;,(r) determining the nonuniform
order parameter A j(r,p) satisfy the equation

T—T K3 vg (P4, P4
T. 80212 (ax’, 3x.0x,

G L~ .
+W[AjisP(AA)—2AjiSP(AA )

— 24, A AN 2 AT At UTA A =0 (4.56)

This equation is a generalization of the Ginzburg-Landau
equation to the case of triplet pairing, in which on account
of the approximation (4.54) pairing takes place in the state
with orbital angular momentum /=1. We refrain from
writing the expression here for the current density, assum-
ing that the system is a neutral Fermi liquid (’He).

5. CONCLUSION

In this review we have treated topics related to the
semi-phenomenological description of a superfluid Fermi
liquid. This description is based on the ideas put forward
by Landau in constructing the theory of a normal Fermi
liquid. In the weak-interaction approximation the theory
we have developed goes over to the BCS theory of super-
conductivity. In this review we have considered triplet
pairing in superfluid systems in detail. In particular, we
have derived the self-consistency equations for the nonuni-
tary phases, and have also considered the symmetry prop-
erties of the superfluid A and B phases of *He. We have
studied questions involving gauge-invariant switching-on
of the electromagnetic interaction in the theory of super-
fluid Fermi liquids.

Many problems in the kinetics of superfluid liquids lie
outside the scope of our review; in particular, these include
the problem of the propagation of high-frequency oscilla-
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tions, the determination of the dissipative kinetic coeffi-
cients, and the treatment of impurities. In this connection
we note that the development of the hydrodynamics of the
superfluid phases of *He, which we do not enter into here,
is the subject of reviews by Mineev’® and Volovik;*® the
theory of high-frequency oscillations in the superfluid
phases of 3He has been treated, e.g., by Brusov and
Popov.* We have not treated the effect of the electric field
on superconductors. These questions are explored by
Svidzinskii.** We have also not touched on the important
applications of the theory of superfluidity in nuclear phys-
ics and astrophysics.

We emphasize, however, that in this review we have
developed a mathematical apparatus by means of which it
is possible in principle to investigate both problems associ-
ated with the static properties of superfluids and with var-
ious kinetic problems in terms of a semi-phenomenological
approach.

NOTATION

S, total entropy of the Fermi liquid

5, entropy density of the Fermi liquid

[, statistical operator of a quasiparticle

f» g normal and anomalous distribution functions, respec-
tively

Seq» €quilibrium quasiparticle statistical operator

n, diagonalized quasiparticle distribution function

E(f ), total energy functional of the Fermi liquid

& (x,f ), total energy density functional of the Fermi lig-
uid

N, total particle number of the Fermi liquid

P;, total momentum of the Fermi liquid

£, quasiparticle energy operator

g, normal part of the quasiparticle energy operator

A, anomalous part of the quasiparticle energy operator
(energy gap)

p;» momentum operator of a quasiparticle

$;, spin operator of a quasiparticle

73, quasiparticle number operator

a(x,f ), average value of the density of a physical quantity

$i{(x), spin density operator

r;, momentum density operator

p(x), particle density operator

Q, total thermodynamic potential of the system

w, density of the thermodynamic potential

x, spatial coordinate

t, time

V, system volume

F;, normal Fermi-liquid amplitudes

L;, anomalous Fermi-liquid amplitudes

a*, a, quasiparticle creation and annihilation operators

g;, Pauli matrices

Ji(x), particle flux density operator

Jix(x), spin flux density operator

Wi(x), energy flux density operator

ti(x;f ), average value of the stress tensor

U, Bogolyubov unitary transformation in “one-particle”
space
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u, v, Bogolyubov transformation coefficients

Uy, unitary phase transformation

U, unitary transformation for rotation in spin space

U,, unitary transformation for spatial translations

I'y;, generator for arbitrary affine transformations

H, microscopic Hamiltonian

®(1,2;3,4), microscopic fermion interaction amplitude

q;, superfluid momentum

¢(x), phase of the anomalous distribution function

Yo= T~! (T is absolute temperature)

Y,=—Yu; (v, is the normal velocity)

Y=—Yu (u is the chemical potential)

T, transition temperature

Pr, €r, Fermi momentum and energy respectively

v, Fermi velocity

Vg, density of states at the Fermi surface

M, spontaneous magnetization

B, Bohr magneton

I, m, orbital angular momentum quantum numbers

0,, 0, mass densities of the normal and superfluid com-
ponents

m*, effective quasiparticle mass of a superfluid Fermi lig-
uid

V4, Vs, velocities of the normal and superfluid components
of a Fermi liquid

Ay, scalar potential of the self-consistent electromagnetic
field

A;, vector potential of the self-consistent electromagnetic
field

¥, gauge function

U(x,A), unitary operator for switching on the electromag-
netic interaction

b;, self-consistent magnetic field

Ap, London depth of penetration into a superconductor by
a magnetic field

&y, coherence length (size of a Cooper pair)

&(x), Riemann zeta function
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