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Keldysh approach to the renormalization group analysis of the disordered electron liquid
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We present a Keldysh nonlinear sigma-model approach to the renormalization group analysis of the disordered
electron liquid. We include both the Coulomb interaction and Fermi-liquid type interactions in the singlet
and triplet channels into the formalism. Based on this model, we reproduce the coupled renormalization group
equations for the diffusion coefficient, the frequency, and interaction constants previously derived with the replica
model in the imaginary time technique. With the help of source fields coupling to the particle-number and spin
densities, we study the density-density and spin density-spin density correlation functions in the diffusive regime.
This allows us to obtain results for the electric conductivity and the spin susceptibility and thereby to rederive
the main results of the one-loop renormalization group analysis of the disordered electron liquid in the Keldysh

formalism.
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I. INTRODUCTION

In disordered conductors, perturbations of charge and spin
relax diffusively at low frequencies and large distances. In
a system obeying time-reversal symmetry, the low-energy
modes in the Cooper channel also have a diffusive form. These
modes, Diffusons and Cooperons, describe the low-energy
dynamics of disordered electrons. The electron-electron (e-e)
interaction causes a scattering of the diffusion modes. As
a result, the diffusion constant, frequency, and interaction
constants acquire corrections, which in two dimensions are
logarithmically divergent at low temperatures [1-6]. The
procedure that handles these mutually coupled corrections
corresponds to a renormalization group (RG) analysis [7-9].
The derivation of the coupled RG equations is conveniently
based on a generalized nonlinear sigma model (NLoM) that
includes the effects of electron-electron interactions [7]. The
structure of the theory remains intact during the course of
renormalization, albeit with effective temperature-dependent
parameters. Among other things, the RG analysis reveals the
importance of spin [3] (as well as valley [10]) fluctuations for
establishing the strange metallic phase at low temperatures,
which does not exist in two dimensions in the absence of e-e
interactions [11-13]. Based on this theory, both quantitative
and qualitative statements about transport and thermodynamic
quantities close to the metal-insulator transition in two-
dimensional electron systems can be obtained for the case
when it is driven by disorder and interactions [6,14-16].

By its essence, the NLo M is a minimal microscopic theory,
which incorporates all symmetry constraints and conservation
laws relevant for the low-energy dynamics of electrons in
disordered conductors. Phenomenologically, such a theory
may be considered as an analog of the Fermi liquid theory
for the diffusion modes. As such, the range of applicability of
the NLo M can be broader than the conditions of its derivation.

The original formulations of the NLoM for noninteract-
ing [17-19] as well as for interacting systems [7] were based
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on the replica method [20], in combination with the imaginary
time technique [21]. In this scheme, the partition function
is replicated n times before the averaging over disorder-
configurations is performed; at the end of the calculation, the
limit » — O needs to be taken in order to remove certain
unphysical terms that are present in the theory for finite n. As
the main object of study is the equilibrium partition function,
the theory can serve as a platform for studying thermodynamic
quantities as well as the response to weak perturbations
through the calculation of equilibrium correlation functions.
The replica sigma model is very convenient for perturbative
RG calculations, which are at the heart of the mentioned
successes of this approach.

Despite these successes, the theory in its original for-
mulation has certain limitations. The study of equilibrium
correlation functions may be obscured by the required
analytical continuation from imaginary frequencies to real
ones, which can be very involved. Most notably, however,
true nonequilibrium phenomena are beyond the scope of
this theory as it is constructed with the help of the equi-
librium imaginary time technique. An alternative approach
to interacting many-body systems, which is free of these
limitations, is the so-called Keldysh technique [22-25]. It is
closely related to real-time techniques developed for classical
systems [25-29]. In these approaches, correlation functions
are calculated directly in real time, thereby rendering the
analytical continuation unnecessary. The range of applicability
of the Keldysh approach includes systems in thermodynamic
equilibrium as well as nonequilibrium problems. In this
context, the intimate connection to quantum kinetics is of
particular advantage. An additional property is very convenient
when treating quenched disordered systems: the normalization
of the Keldysh partition function is independent of the disorder
potential. The disorder averaging can therefore be performed
straightforwardly without introducing replicated fields as was
already noted in Refs. [27] and [30].

In this work, we analyze a Keldysh NLoM for e-e
interactions in disordered electron systems. The Keldysh
NLoM was first employed for noninteracting electrons in
Ref. [31]. (A combination of replicas and the Keldysh approach
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was already used in Ref. [32].) For disordered fermions
with short-range interactions, a Keldysh sigma model was
constructed in Ref. [33], and the RG equations [7,8] were
rederived for this case. A sigma model for electrons with
long-range Coulomb interaction was introduced in Ref. [34],
and generalized to include the interaction in the Cooper
channel in a subsequent work [35]. Our study differs from
previous related works [33-35] in several aspects. In contrast
to Ref. [34], we account for both the Coulomb interaction
and Fermi liquid-type interactions in the singlet and the triplet
channels in order to find the Keldysh analog of the original
model of Ref. [7]. The obtained model allows us to perform the
full RG analysis in the presence of a perturbation that violates
the time-reversal symmetry, i.e., when the Cooperons can be
neglected. Unlike Ref. [33], we implement the procedure di-
rectly in the Larkin-Ovchinnikov representation (for a review,
see Ref. [25]), which is very convenient for the calculation
of retarded correlation functions. We also introduce source
fields coupled to the particle and spin densities. They allow
us to derive the density-density and spin-density spin-density
correlation functions. This requires an analysis of the static
and dynamic parts of the correlation functions, including
vertex corrections, and enables us, in particular, to obtain the
low-temperature behavior of the electric conductivity and the
spin susceptibility. In this way, we rederive the main results of
the RG theory of the disordered electron liquid with the help
of the Keldysh sigma model. Whenever possible, we try to
highlight those aspects of the analysis that are specific for the
Keldysh approach. We conclude, that despite the differences
related to working with Keldysh matrices instead of replicas,
the RG procedure in both schemes is rather similar.

The relevance of this study goes beyond a mere confirma-
tion of previously obtained results. We consider it as a step
towards tackling problems that are sensitive to the kinetics
of the electronic system at energy scales of the order of the
temperature or below. Such problems are transparently treated
within the Keldysh formalism. The renormalized Keldysh
NLoM allows to analyze the subtemperature regime with
effective parameters encoding the physics originating from
the RG interval, i.e., from energies exceeding temperature. An
important problem of this kind is the calculation of thermal
transport [36].

This paper is organized as follows. In Sec. I B, we describe
the main steps of the derivation of the Keldysh NLoM and cast
it into a form that is convenient for the RG analysis. Due to
the complex structure of the appearing fields and matrices in
spin, Keldysh, time (frequency), and coordinate (momentum)
spaces, the notation can at times be involved. We therefore
include, from the very beginning, a compact summary of
our notations as a reference point in Sec. IT A. Section III is
concerned with the general structure of correlation functions
for particle-number densities and spin densities in the diffusive
regime. We perform their calculation in the Keldysh formalism
emphasizing the important role of conservation laws. In
Sec. IV, we present the RG analysis of the model. After
introducing the general formalism, we discuss in detail the
renormalization of the parameters (RG charges) appearing in
the model and derive the set of coupled RG equations. In
Sec. V, we return to the analysis of the correlation functions
and calculate corrections to the static parts as well as vertex
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corrections that arise in connection with the source fields for
particle-number and spin densities. This allows us to obtain the
temperature dependence of the spin susceptibility in Sec. V A,
and the electric conductivity in Sec. V C. Finally, we conclude
in Sec. VL.

II. KELDYSH SIGMA MODEL FOR INTERACTING
ELECTRON SYSTEMS

In this section, we present a derivation of the Keldysh
NLoM for the interacting electron liquid. We include the
Coulomb interaction and Fermi-liquid type interactions in the
singlet and triplet channels as well as source fields coupling
to density and spin, see Sec. II B. The resulting sigma model,
which contains the Fermi liquid renormalizations, is presented
in Sec. II C. In Sec. II D, we rewrite the sigma model in a form
that is convenient for the RG procedure that will be presented
later in Sec. IV. For the convenience of the reader, we first
summarize our notations in Sec. ITA.

A. Notations

In the approach we use, the original Keldysh contour [24]
disappears from the explicit formulation of the theory, which,
instead, is reformulated in terms of matrices [25]. The 2 x 2
matrices in Keldysh space are decorated with a hat and labeled
by a lower index, e.g., » or 3. For the Hubbard-Stratonovich
(H-S) fields generating the electron-electron interactions, the
lower index is also related to the Keldysh space. We write, e.g.,
Ok, where k = 1,2 indicates the so-called classical or quantum
fields.

The Pauli matrices written without hats and labeled by
the upper indices are used to describe interactions in the
density/spin-density channels. They can be unified into the
four-component vector ¢ = (0°%0",0%,06%)7 or the three-
component vector ¢ = (o!,0 ,0'3)T. For the H-S fields, e.g.,
for 6!, where | = (0,1 — 3), the upper index indicates whether
the field acts in the density channel (component 0) or spin-
density channels (components 1 — 3). Vector fields combine
all four components 6 = (6°,6",62,6%7, or three compo-
nents, = (9',6%,0%)7. Usually, each of the components of
these vectors itself is a two-component vector in the Keldysh
space, e.g., 9[ In total, the vectors 6 and 6 acquire eight or six
components, respectlvely Besides the H-S fields, the auxiliary
potentials (fields) ¢ = (p,¢",0%,0>)7, ¢ = (¢',¢?,¢>)" are
introduced to generate the correlation functions describing the
density (singlet) and spin-density (triplet) channels.

We will use the symbols tr and Tr for traces. The symbol
tr includes a trace in Keldysh space, an integration over
frequencies, and a summation over spin degrees of freedom.
The symbol Tr, in addition to all above, includes an integration
over the spatial coordinates of all the functions appearing under
the trace.

Underscoring of matrices and fields denote - multiplication
by the matrices i from the left and right, e.g., Q =foQoi;
here the convolution is in the time domain. After the Fourier
transform, the convolution converts into an algebraic product,
Qe o= =i, Q‘E el . The definition of the matrix 7, is given in
Eq. (33); these matrices carry the information on the fermionic
equilibrium distribution function F, = tanh(e/2T).
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Finally, in order to lighten the notation, we will in the
following often write [ = [° dt and [ = | - Whenever
the frequency integration is made explicit, we use the symbol
fs = f de /27w . Furthermore, & acts trivially on a matrix in the
frequency space as éstr =¢ Q“r.

The term irreducible correlation function in this paper
means that only those diagrams should be considered, which
cannot be separated into two disconnected parts by cutting a
single Coulomb interaction line. In order to find the irreducible
correlation function in the singlet channel, the long-range
Coulomb interaction Vj(q) has to be separated from the rest of
the interaction amplitudes. The argument q in any amplitude of
the electron-electron interaction indicates that this amplitude
is reducible with respect to the Coulomb interaction.

B. Derivation of the model

Starting point for the derivation is the Keldysh partition
function for the interacting electron liquid in the coherent state
representation

z= / DIV ] expli STy D), (1

where the action S is defined as
Syl = /C di LIy, %)
LIyt =/ vlidw, — KIy' vl 3)

Here, C symbolizes the Keldysh contour [22-25], which
consists of the forward (+) and backward (—) paths; x = (r,#)

and e = (Y4 ()9, )T, ¥l = (W), ¥ () are vectors
of Grassmann fields comprising the two spin components. K
is the grand canonical Hamiltonian:

K =H—uN, H=Hy+ Hy. (€]

The noninteracting part of the Hamiltonian is
Ho= [ wlhov, )
r

where hg = —V?/2m* 4 uyi;. Here, ugs(r) is the disorder
potential and m* is the (renormalized) mass. The interaction
Hamiltonian Hj, can be subdivided into singlet and triplet
parts, Hiy = Hin,p + Hin, s, Where

1
Hi = 5 / D) Vo —t)n@.n, (6)

Hino = 2/ s(r,t) Vo (r — 1) s(r',1). @)

We introduced the particle-number density and spin densities

n(x) = ylo,, skx)=iyloy,. 8)

The interactions in the singlet and triplet channels are
described in terms of the amplitudes

Fy Fy
Vo(@ = Vo(@) + ==, Vo= —.
v 2v

5 ®
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Here, F} and F{ are the Fermi liquid parameters known from
the phenomenological Fermi liquid theory [21,37] and v is the
single-particle density of states per spin direction. In V,(q), the
bare long-range part of the Coulomb interaction is separated
from the short-range part. The latter determines the Fermi
liquid renormalization of the polarization operator.

Next, we introduce fields on the forward and backward
paths of the Keldysh contour, 11, and group them into the

vector
. w+>
= . 10
¥ ( " (10)

The corresponding action reads

S[ 9 = f aLiyt - vt e, an

The interaction part can be decoupled with the help of a four-
component H-S field for each of the & paths, ¥}, organized
into a matrix

si_ (P 0 — (01—
U= ( 0o o) [ =(0,1-3). 12)
As a result, the partition function can be written as

z = [ DB Flexptist T3, a3
where
NIARTES =/x P18, — ho + p + o639,
%/”r, 3T, )V — )60, 1), (14)

In the last formula, the sum over the repeated index / from 0
to 3 is implied, while &3 is the third Pauli matrix in the space
of forward and backward fields. As we have already noted in
Sec. IT A, ¥ has eight components: each of the / components
has two components in the Keldysh space. (The same will hold
for  and ¢ introduced below.) We also introduced a matrix V
comprising the interaction potentials for the singlet and triplet
channels:

V = diag(V,.V,.V,.V,). (15)

Itis convenient to change the basis and perform the Keldysh
rotation [25,38] defined by

W=yl V=L, (16)

where the rotation matrix L is given by

.1 — . . .
L= 7 (} 11> , L'=LT =65065. (17)

Under the rotation L, the field 9 transforms into @ (the upper
index [ is not shown):

A_—_T437-1_ ecl Gq
6=1d1I _<94 o) (18)

As aresult, we come to a description in terms of the classical
(cl) and quantum (q) components of the bosonic fields:

0l = O £ 01)/2. 19)
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With the help of two matrices in Keldysh space,

Y1 =060, V=61, (20)
one may write
0'="Y" 0 1)
k=12

where k = 1 denotes the classical component, while k = 2
denotes the quantum component. As a result, the Keldysh
action in the rotated basis reads

S[UT 0,61 = / UlGi9, — ho + p + 6'a)),

+ / AT EnnV e — B, (22)
r,r',t

Working with classical and quantum fields is useful for the cal-
culation of physical quantities like correlation functions [25].
The first step in the derivation of the NLo M is the averaging
of the partition function over disorder configurations. For the
sake of simplicity, we will work with a §-correlated impurity
potential. This choice corresponds to the statistical weight

s = N / Dlugs(...) e ™[4 (23)

The normalization factor N is chosen so that (1)gs = 1.
Averaging of the disorder-dependent part of the partition
function gives

Gt N i Sy
(e~ I8 w"ud”(r)%)dis — efSus (24)

where

/ BB B. 25)
r,t,t
Following further the standard route for the derivation of the
NLoM [39], the four fermion term Sg;s is decoupled with a
H-S field Q as
i Sas — /D[Q]e_i Jenw \TII,th.t/(r)qu.Z/

X ef% fr.,,,f tr[Q[,x’(r)Qr’.r(r)] . (26)
The matrix Q is Hermitian (note that the transposition involves
the interchange of the time arguments).

To summarize, the Keldysh partition function has been
presented in the form

Z = | DIQID[¥', ¥1D[6]expiS[¥T, ¥,0,01), (27)

o
[ i .
; |:Go l(x - x/) + 5r7r’2_ Qt,t’(l'):| Wy
T
N > imv ~ A
+ / V10!, + / {0, Or, (0]
X 4t r.,t

+ / 6T (e, )pV(r — 1o 1) (28)
r,r’,t
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After the averaging, the matrix Green’s function G(x,x/) =
—i (W, \Ili,> (averaging is with respect to W, Q, and ) acquires
the typical triangular structure

N GR GK
where GR, G4, and GX are the retarded, advanced, and
Keldysh components, respectively. Needless to say, the free
Green’s function Go has the same structure.

At this point, it is convenient to introduce the auxiliary

potentials goélq ,(%) into the theory. To this end, we replace

Ul U — U@ — ¢')o! T, (30)
Here, ¢.1(x) can be interpreted as a classical external potential,
while ¢/, (i = 1,2,3) describes a magnetic coupling to the spin
degrees of freedom. The corresponding quantum components
do not have an immediate physical interpretation. They merely
play the role of source fields used to generate correlation
functions, see Sec. I11.

The main purpose of the manipulations presented in this
section so far was to perform the disorder average and to cast
the Keldysh partition function into a form that is convenient for
further analysis. No approximations have been introduced. The
resulting functional with action (28) is still very complicated.
On the other hand, as is well known, perturbations of charge
and spin relax diffusively at low temperatures. One may
therefore seek to find a low-energy theory of the disordered
system by integrating out the fast electronic degrees of freedom
and focus on diffusion modes only. As described below, this
eventually yields the low-energy field theory that describes
the diffusion modes including effects of their re-scattering,
the so-called NLo M. For noninteracting electrons, the NLo M
was first introduced by Wegner [17].

In a system with time-reversal symmetry, the modes in
the particle-particle channel (i.e., the Cooper channel) also
have a diffusive form. Therefore the two mentioned types
of diffusion modes, known as Diffusons and Cooperons,
should both be included in the effective description. Initially,
the generalization of the sigma-model description to the
interacting electron liquid with the help of the replica approach
concentrated on the charge and spin degrees of freedom [7].
Subsequently, both the electron interaction in the Cooper
channel and the Cooperon modes were also included into the
RG analysis [40]. Compared to the model presented in (28),
this generalization requires a further doubling of the size
of vectors W and matrices Q as to include the so-called
time-reversal sector [39]. For the sake of clarity, Cooperons
and the interaction in the Cooper channel will be ignored in
the present work. Physically, this corresponds to the effect of
a weak perpendicular magnetic field.

The next important step in the derivation of the NLoM
is to find a saddle point for the field Q. In the presence
of the e-e interaction, this is a highly nontrivial task. One
possible route to deal with this problem is to use the saddle
point of the noninteracting theory (i.e., in the absence of )
as a first approximation, and then to analyze deviations with
respect to this reference point. This is the strategy chosen by
Finkel’stein [7] in its original work and we also will follow
this route here. (An alternative course was chosen in Ref. [34].
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There, a part of the effects of the electron interaction was
accounted for by a modification of the equation determining
the saddle point.)

Let us, therefore, write the saddle point equation for the
matrix field 0 in the absence of the e-e interaction:

-1

Qo:z(l’)— (G + —Qo) . (31
r,r,zt
In equilibrium, it can be solved by the ansatz QO;,, #(r) = Ay,
where
A L 27 (32)
& — 0 _1 ’
and F, = tanh(¢/2T) is the fermionic equilibrium distribution

function. It is sometimes important to remember that the saddle
point A inherits the analytical structure of the Keldysh Green’s
function. In particular, the unities in the 11 and 22 components
should be interpreted as retarded and advanced elements, i.e.,
slightly displaced in the time domain in accordance with the
analytical properties of the Green’s function. It is instructive
to present A in the form A = i o 63 o it (here, o symbolizes a
convolution), where

go=ai=( T (33)
U =1u, = 0 —1)

In order to discuss slow (in space and time) fluctuations around
this saddle point, we parametrize the matrix Q as

O=006;00, (34)

where ﬁ = U~!. We will also often use the matrix Q defined
as

Q=ioQoi. (35)

Recall in this connection that A = 6 5. The so defined 0 and
Q fulfill the constraint

000=000=1 (36)

The frequency representation of the matrix Q is formed
according to the prescription

Qeer(r) = f Qe (37)

The matrices Q and U transform as O does, following the
same prescription. Naturally, we will consider the Fourier
transformed quantities Q,,, U, , etc., as matrices in frequency
space and erte the parametrization presented in Eq. (34)

as O = U03U UU =1, so that 0? = 1. When choosing
this parametrization, we immediately restrict ourselves to the
so-called “massless” manifold. Fluctuations that violate the
constraint (36) are massive and their dynamics is beyond our
interest [17,18,39]. The parametrization of Eq. (35) is very
convenient for the RG procedure. For frequencies exceeding
the temperature, matrices # are almost frequency-independent.
One may therefore integrate out U until the moment when #
introduces the information about temperature.

After integrating the fermionic fields W, W one can

perform a gradient expansion in the slow fields U and U and
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also expand in the fields 6 and sources @ (which are slowly
varying by definition). The relevant steps have been described
many times in the literature and we refer, e.g., to Refs. [39]
and [25], for details. The result is the nonlinear sigma model
in the form

5= nTviTr[D(VQ)Z +4i(& +(0' — ¢ho"H)0]

+ f 5T (e0) 72V — 1) B 1)
r,r.t

+2v/ @ =& (x) 72 (6 = H)x), (38)

N

where & acts trivially on a matrix in the frequency space
as éstf = EQ&;/. Note that for noninteracting electrons (in
contrast to the case of e-e interactions), owing to the trace
operation Tr(& Q) = Tr(& Q), only the source term prevents
one from removing the distribution function from the action.
The last term in Eq. (38) arises as a result of integrating out
fast electronic degrees of freedom with energies exceeding
1/7. The interval of energies below 1/t down to temperature
T is dominated by diffusion modes, and it will be studied later
in Secs. III and IV on the basis of the NLoM.

C. NLoM after Fermi liquid renormalizations

The last term in Eq. (38) allows us to obtain the Fermi
liquid (FL) renormalizations in the NLoM in a systematic
way, including the renormalization of the source fields. A
similar treatment of the Fermi liquid corrections in the Keldysh
formalism can be found, e.g., in Refs. [41] and [42]. Upon
integration in 6, one finds the action of the Keldysh sigma
model for interacting electrons in the form

S = S(/) + S+ S, 39)
where

s = ”T”i / a[D(V O + 4i2 0], (40)
2y i
S =" / w70, OPIE,r —)ulp; 0, ()]

ST [ wtne, @ Tautzie 0, 0.

and S, = S§_, + S, with
Sp0 = ””/ tr[‘/A’FL(r)UlQ(P)], (42)
Spo = 2”/ Gr (1,10)P26 (1, 1). (43)
rt

Notation §’ indicates that the corresponding terms in the action
are not yet written in the final form suitable for the RG analysis,
and will be treated further in Sec. IID.

As a result of the integration in @, the source fields ¢ =
(0,077 acquire static vertex corrections describing the FL
renormalizations and screening. Namely, we get for the singlet
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component
¢(q.7)
) = , 44
¢rL(g,1) l—i—Fop—}—ZvVo(q) (44)
and for the triplet components
: ' ,
n=——2 =123 45
PrL 1+ Fg l (45)

Furthermore, the interaction amplitudes in the singlet and
triplet channels, symbolized by I', and I',, respectively,
acquire the desired form

V(@) + Fy K
L+ @uVo(q+Fy) 7 1+F
For future purposes it will be convenient to decompose the
interaction in the singlet channel into two parts [3,7]. One
of them is the statically screened Coulomb interaction I'y(q),

while the other one is the short-range interaction I",, which
acts within the polarization operator along with I';;,

(@) = 2To(@) + T, (47)

=

(@) (46)

where
v 1 B Fy
A+ R Vo' @+2" " 1+

To(q) = (48)

We also obtained the FL renormalization for g_;’i’ the quantity
that determines the value of the polarization operator in the
static limit:

on 2v

— = 49
w1+ F “9)

This concludes the derivation of the Keldysh sigma model,
which, in principle, can be used as a starting point for the RG
analysis of the disordered electron liquid. In the next section,
we will nevertheless cast the NLoM in an equivalent form that
will turn out to be more suitable for the renormalization group
analysis.

D. NLoM: preparation for the RG procedure

As a preparation for the RG analysis, we will now present
the model in a slightly modified form. We write the action as

S =So+ Sim + S (50)

and comment on the individual terms next.

The second (i.e., the frequency) term in the expression
for Sj, Eq. (40), acquires logarithmic corrections at low
temperatures in the presence of the electron interactions. In
other words, not only D, but also the dynamics of the diffusion
modes is modified in the course of the renormalization of
the NLoM. Following Refs. [7,9,43], we will introduce the
parameter z into the model in order to account for these
changes. As a result, Sy takes the form

So = ’TT”" /tr [D(VO) +4iz20]. (51)

For technical reasons, it is convenient to rewrite the interac-
tionterm, Eq. (41), in a different form. Instead of organizing the
short-range part of the interaction amplitudes into the singlet
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and triplet channel amplitudes, I', and I',, we will pass to a
representation that separates small-angle and large-angle scat-
tering, described by I'; and Iy, respectively. The RG analysis
takes a simpler form in this representation [3,7]. To this end,
we rewrite the interaction terms with the help of the identity

[50480 5 = 2008058, — Lo Bupdys, (52)

where «, B, y, and § are spin indices. The interaction
amplitudes I'; and I'; are defined as

Iy =3T,—T,), In=-T,. (53)

The amplitude I', describes large angle scattering, while I'
describes small angle scattering. It is therefore convenient to
define a new amplitude I'(q), which comprises both I"; and
the screened Coulomb interaction I'y(q):

I'(q) = To(q) + T'1. (54)

In terms of the new amplitudes, one finds the relation
[',(q) = 2I'(q) — I'y, cf. Eq. (47). Note that in the limit of
small q, the effective amplitude in the o channel can be
expressed in terms of I'; and I", as follows:

f‘p(q — 0) = +2I'y = Iy (55)

1+ F}
Returning to the action, the interaction term can be
(identically) rewritten as

2 B .
Sint = - tr[)’)i Qaa;tt(r)]yzu F(l’ - I'/)tl'[]//\j Qﬂﬂ;tl(r,)]

rr't

) A i A
+T f tr[Pi Qupi (D15 Tatr[P; O paes (0] (56)
rt -
In order to obtain a more tractable form for the interaction
part of the action, let us introduce a set of H-S fields: real
@o(x), ¢1(x), and Hermitian ¢, ,5(x), each with classical

and quantum components, which we characterize by their
correlations:

(ph0)B)(x)) = zl—vro(l' — )8t —1)yy, (57)
(¢ (X)) (x) = z’—vmu — X (58)

(65,5 (0BL5x") = =3 Ta8usdy 8 = x s’ (59)

This definition allows us to cast Si, in a compact form:

Sinl =

. 2 2
l(n2V) Z/ <tr[$n (F)Q(r)]tr[qgn (l")Q(r’)])_ (60)
n=0 rr’

Here, the frequency representation of the fields ¢, has
been introduced in the matrix form, ¢,..., according to the
convention:

Grieer(r) = f Gu(r,r) €7 ©61)

We will sometimes use the notation ¢_3 =i o ¢ o i in analogy

to Eq. (35), so that tr¢,(r) Q(r)] = tr[,(r) Q(r)].
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We had to split the interaction in the singlet channel into ¢
and ¢, because for the calculation of the irreducible density-
density correlation function (i.e., the polarization operator)
one needs to consider the Coulomb and the short-range parts of
the interaction separately. (Recall that the term irreducible in
this context means that only those contributions should be con-
sidered, which cannot be separated into two disconnected parts
by cutting a single Coulomb interaction line.) We encounter
this problem considering the source terms associated with the
singlet channel, see Eq. (44). Source fields were introduced be-
cause they allow generating correlation functions by functional
differentiation of the Keldysh partition function, for details see
Sec. III below. The potential related to the singlet channel, ¢,
can be used to obtain the density-density correlation function
which, in turn, is related to electric conductivity through the
Einstein relation, see Sec. V C. It is important to note, however,
that only the knowledge of the irreducible density-density
correlation function is required for that purpose (for a detailed
discussion of this point we refer to Ref. [44]). For this
reason, we will not work with the source term S[p, but with a
slightly modified one, S, for which the dependence on Vy(q)
is removed. Note that the triplet part is unaffected by this
change.

Finally, we write S, = S, + Sy, Where

Sp0 = nv/ [ (Y56() + yZ0()o) Q)] (62)

Spp = 2\;/ ¢" (r,0padiag(yl vl vl v)e,0).  (63)
re
Here, the constants ¥/ and y2/° have been introduced. y2/°
characterize the (triangular) vertices and ¥/ the static part of
the correlation function. By comparison with Eqgs. (42)—(45)
and keeping in mind the previous remarks, one finds that the
initial values for the renormalization procedure read

1
1+ F)’

1
vh=vl= J/Z=V."=1+FU- (64)
0

Asonecansee, y2/° = y?/° initially coincide. It is a priori not
obvious, however, whether this important relation remains true
under renormalization, and this is why the different constants
have been introduced.

To summarize, the nonlinear sigma model contains several
parameters (“‘charges”) that may, in principle, acquire logarith-
mic corrections at low temperatures, D, z, I}, and Ty, yz/ 7
and yj’/ 7. Let us state the initial values, which follow directly
from the derivation presented in Sec. II B, namely,

D =vit/2, z=1, (65)
=l (B B o B e
2\1+F) 1+F)’ 1+ F§’

and the values for y#/°, y2/ are written in Eq. (64).

III. CORRELATION FUNCTIONS

In this section, we first recall how retarded correlation
functions can be generated from the Keldysh partition function
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by taking derivatives with respect to the so-called quantum and
classical components of suitably chosen source fields. Next,
we discuss the general structure of the correlation functions
for particle-number densities and spin densities in the diffusive
regime. The conservation laws for the total number of particles
and for spin impose important constraints on the structure of
these correlation functions.

A. Generalities

We are interested in the retarded correlation functions,
which are defined as a commutator of operators:

x X — x2) = —i0(t1 — 1) ([6(x1),6(x2)])7 . (67)

In order to be in line with common notation, we use hats to
denote operators in this section up to Eq. (71). Afterwards, the
hat symbol will again be reserved for Keldysh matrices only.
In Eq. (67), 0 can be either the operator of the density 7 or of
a component of the spin density operator §,

() =Y Phx)ogsFsx). (68)
af
S(x) = % Zﬁ ()0 wp s (x). (69)

In Eq. (67), 6(t —t') is the Heaviside function and thermal
averaging is with respect to the grand canonical ensemble,
e—l?/T

(. Np=t[p...]1, p= (70)

tr(e=K/Ty’
where K = H — u]\? s H is the Hamiltonian, and N the number
operator. The field operators ¥ and ! are written in the
Heisenberg representation with respect to K .

Using the time ordered product T'[6(¢))0(f2)] = 6(t; — 12)
Q(tl)é(tg) + 0(t, — t1)0(t2)0(¢;) and antitime ordered product
TTo(t2)0(1)] = 0(t1 — 12)0(12)0(11) + O(t2 — 11)0(21)0(12), one
may present the correlation function as

xR (1 — x) = —%<T[5(x1)5(x2)] — T[6(x2)o(x1)]
+ ()0 — 6()oG)) . (T1)

In the Keldysh formalism, this expression can conveniently be
represented with the help of the functional integral, namely,

KBy — x3) = —%(0+(X1)0+(x2) — o_(x1)o_(x2)
+0_(x1)04(x2) — 0_(x2)04 (x1))

((04 +o0)(x1)(04 —0-)(x2)),  (72)

i

2
where oy are now the corresponding (bosonic) fields on for-
ward and backward paths of the Keldysh contour and averaging
is with respect to the action S [compare Eq. (11)]. Introducing
the classical and quantum components of the densities o as
Ocljg = %(OJr =+ 0_), one may write the correlation function in
the form

XX — x2) = —2i(0a(x1)04(x2)). (73)
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The source term that has been introduced into the action in
Eq. (30) can be rewritten as follows:

Ssource = _@T(ﬁioj\ij
= —2@ana + @ing + 20,54 +205,).  (74)

Therefore the correlation functions for the density n and the
spin components s’ can conveniently be written as

R ) i rz (75)
Xon\X1 —X2) = = ———(————— s
LT 2 500801 () |y —ymo
R i 82z
Neipi (X1 — X2) = S T T (76)
395 (x1)8¢1(x2) lg,=p,=0
This is rather intuitive, as
(na(o) = £ 22— sho) = L 22— am)
n
T 25y P 45 o)

are the average particle-number and spin densities in the
presence of the external (classical) potentials and, hence, the
correlation functions describe the corresponding responses.

A very important observation can be made directly from
the definition of the correlation function, Eq. (67). To this
end, let us first define the Fourier transform of the retarded
correlation functions as xX(x; —xp) = fq xX(q,t1 — 1)
expliq(r; — r)]. Since for any given time the operators of
the total density and spin [ 7i(x) and [ §(x) commute with

K, as the total number of particles and the total spin are
conserved, the correlation function yx(q,f; — t,) vanishes in
the limit ¢ — 0. (This fact imposes an important constraint
on the RG flow of the various charges in the model.) When
further introducing the Fourier transform with respect to time,
xX(q.ti — 1) = [ xX(q,0) exp(—iw(t; — 1)), it should be
appreciated that the limits ¢ — 0 and @ — 0 do not commute
with each other. In particular, if the limit @ — 0 is taken first,
the correlation functions do not vanish, but their values are
related to the corresponding thermodynamic susceptibilities.

B. Correlation functions from the sigma model

We will now discuss the density-density and spin-spin
correlation functions in the framework of the NLoM. The
discussion will be restricted to the so-called ladder approxi-
mation, i.e., to an approximation, for which no internal mo-
mentum and frequency integrations over diffusion modes are
carried out. In fact, those integrations give rise to logarithmic
corrections (arising from the interval T < ¢ < 1/t), which is
the essence of the RG scheme. The logarithmic corrections
may be absorbed into the various charges of the model, while
the form of the model is unchanged. The results for the
correlation functions obtained in the ladder approximation
are therefore applicable at different scales (or temperatures)
once the appearing charges are replaced by their renormalized
values. As already mentioned before, the conservation laws
for the number of particles and the total spin impose certain
constraints on the relation between different RG charges,
which must be obeyed at each step of the renormalization
procedure. This observation serves [5,6,40] as an important
check for the correctness of the obtained RG equations.
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In short, we now find the correlation functions for density
and spin in the Gaussian approximation with respect to
fluctuations, i.e., with respect to diffusion modes. We thereby
assume that all non-Gaussian integrations that lead to RG
corrections have been already performed. As a preparation, let
us start with the parametrization of the matrix U. A convenient
choice of the parametrization is

~

U=et? U=e"?, (78)
with the additional constraint {£,43} = 0 in order to avoid
overcounting of the relevant degrees of freedom. The chosen
parametrization is not the only possible one. In fact, it
gives rise to a nontrivial Jacobian, which, however, does not
become relevant for the one-loop calculation discussed in this
manuscript. Other parametrizations exist; for an instructive
discussion within the context of the Keldysh NLo M, we refer
to Ref. [45]. Returning to the exponential parametrization,
Eq. (78), note that Q = 0'3€Xp(P) Further, the matrices P can

be written as
N 0 dcl'aa’(r)
P..(r) = ’ , 79
e’ (T) ( dyeer() 0 ) (79)

where d,, are Hermitian matrices both in the frequency

domain and in spin space, [d cl/gieer ] df “ ... Expanding
So + Sint [see Egs. (51) and (60)] up to second order in the
generators P, one obtains

g— imv
T4

tr[D(V P)? — 2iz865P?],

+ = (711))2 Zf

é ()63 (0]l ()83 (X)),

(80)

Recall that for the frequency representation of the fields ¢,,
the matrix form én;w has been introduced.

By inverting the corresponding quadratic form, i.e., in
the Gaussian approximation, this action gives rise to certain
correlations for the components of P. The result is most easily
obtained after separation into singlet and triplet channels.
Defining

1 Q,
djgicer = 5 D Opalldlgree 1 =013, (8D)
ap

one obtains for the correlation functions describing diffusion
of the particle-hole pairs in the singlet (indicated by 0) and
triplet (indicated by 7, j € {1,2,3}) channels, respectively:

1
(dae,e, (@, (@) = ——D(q.0)
vy

X (58],84882,83 — Sw,ey—esl T Aelszfp(q)ﬁl(qvw)) (82)

and

( (1;135]52((1) q8364( q)) =

X (881.84852,83 - 8(0,547531'77 Aelsz FUDZ((L(U))» (83)

wherew = ¢] — 3, Ay o = Fe — Ferand 8, o = 2118(e — &).
Obviously, on the level of the Gaussian fluctuations, the singlet

1 ..
——48Y"D(q,w)
TV
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and triplet channels do not interfere with each other. Note that
three types of diffusons have been introduced [3,7] in the above
correlation functions:

D(q, = 84
@) = s (84)
Prquw) = — (85)
1q.@) = Dq2 — l'Zm),
Dy @) = — (86)
2 Qaw - qu — iZzC{)’

where Z1(q) =z —2I(qQ)+ T2 =z—T,(q), and zp =z +
I'y =z —T,. We will see soon that actually Z;(q) ~ 0 and,
therefore, D; does not depend on w [7,9].

Transforming back to the original representation in terms
of spin projections, one finds

< cliejen (q)d;i3g4( Q))

2
= — E [Saéaﬂyasl ,84662,832)((]»50)
+ 80{68/31/ 8(0,54—531'77 Aal,szp(qsw)FZDZ(qvw)
- 801/38)/68&547531'7[ ASI,SZDZ(qvw)F(q)ﬁI (q’w)] (87)

In order to demonstrate the general structure of the correlation
functions for conserved quantities, we will be interested in the
irreducible correlation function in the singlet channel, ¥, =
Xnnlire- For that, the ladder which is irreducible with respect
to the Coulomb interaction is required. It can be found simply
by excluding [o(q), so that the expression for the irreducible
average (d. glsz(q) 7 5354( q))irr coincides with the one stated
in Eq. (82) up to the replacement I'(q) — ', and D; — Dy,
where

1
Di(qw) = ———— 88
@0) = 5o (88)

with
Z]:Z—2F1~|—F2=Z—rp. (89)

With this preparation, the correlation functions in the ladder
approximation can be calculated. In view of Egs. (75) and (76),
we may integrate out the P modes and keep resulting terms
only up to quadratic order in ¢. Therefore we calculate the
dressed term

S(ﬂwd = SW + 2((52 >> ’ (90)

where for the second term both appearing matrices Q are
replaced by 3P, and the averaging is with respect to the
action (80) for which the contraction rules obtained above can
be used. In Eq. (90), (...)) denotes the connected average.
One may anticipate that S,.; has the following form:

%w=—/ WaWu—fﬁwx oD

where X = diag(Xnn, 4855 4850 455:5:) and the 2 x 2
blocks X,, have a structure that is typical for correlation
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M G [ v+
<1

r<1 7 7<1 r, 7<1 /<1 r, r, “r<1

MO NG TG T+ -
0 % e 19 v o To g

FIG. 1. Dynamical correlation functions ™" (top) and x.n®

(bottom).

functions in the Keldysh formalism. Indeed,
0 x4 )
Koo = ° s 92)
(x(ff, Xoo

where x2A () = xX(—w) and

B, (xX (@) — x2 (). (93)

Furthermore, the two terms in Eq. (90) for S,,.; give rise to
the static (st) and dynamical (dyn) parts of the correlation
functions, respectively. As can directly be read off from
Eq (63), the contribution from S, is

x K@) =

T = =2opl o = =20 (94)
while for the dynamical part, one finds
220l
- i(ﬂzv)2 <<[ / [ (v59r) + 7/2@(1’)6)63P(r)]}2>>‘
=—/ ¢%@¥mu—fwu% (95)

where X0 = dlag()?,?zn, ng£,4)2;jy:, )QSYA") The compo-
nents of ¥ have again the structure indicated in Eq. (92)
and

7R (qu0) = —20(y7) ioDi(q.0), (96)
sdy; Rqw) = —2v(7a<])2 iwDs(q,w). on

For a diagrammatic illustration see Fig. 1.
In order to obtain this result, the following relation has been
used:

= FeryFoy = Bo(Forg = Fey). (98)

where
w
B, =coth| — 99
co <2T> 99)

is the bosonic equilibrium correlation function. A second
important identity is

7'[/(.7'-3_,_% _‘Fg_%) = w.

The total correlation function is then found by adding the static
and the dynamical parts,

(100)

xX(q.0) = (558 4+ 45K (q,0), (101)
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with the result
P2
DG — iw (11 — M)

7R (quw) = —2vyf PP —inw 2L 102)
P — i (2 — )
R — o 124
Xy (@) = =20y, DL — im0 (103)
— <2

As discussed in Sec. IIT A, conservation of charge and spin
demands that

xX(q=0,0— 0)=0. (104)

In order to fulfill these conditions, the following relations must
hold in view of Egs. (102) and (103):
0\2 o\2
V.
S 2 ﬁ (105)
y’ yo
where the first relation is related to charge conservation [3,7]
and the second one to the conservation of spin [6,40]. One
may readily check that for the bare values of z;, /%, and

yz/ 7, these relations are fulfilled. Below, we will discuss the
renormalization of the NLoM for interacting electrons. In the
RG scheme, the parameters z, I'y, [, (which determine z; and
z2) as well as y7 and yZ acquire logarithmic corrections and
thereby become scale-dependent. It will be an important check
of the theory that the two conditions displayed in Eq. (105)
still hold after renormalization. Indeed, we will find that

1
vo=vl=——= (106)

1+ Fy
are not renormalized, and that the relation z; = 1/(1 + F(f )
holds under the RG flow. Therefore, the first relation in
Eq. (105) is fulfilled. As a byproduct, it follows from these
relations that 2I'y(q) = 1/(1 + F(f ) for small enough g when
Vo_l(q)a,u/an <« 1. Therefore Z;(q) = 0 in this limit and,
hence, D(q,w) = 1/Dq?.
Further, we will find that
YS=v) =22, (107)

and the relation for the conservation of spin also holds, so that

_R on Dq?
Xon (4, 0) = TAuDE — i (108)
W 2qT = gy
D¢’ .
KR Qo) = —2vzp—— X sl (109)
o Dq? —izw

The correlation functions X,fn(q,a)) and ng (q,w) have a univer-
sal form, which is typical for diffusive correlation functions of
the densities of a conserved quantity. In a separate publication,
we show that the same structure, compare Eqs. (108) and (109),
also holds for the heat density—heat density correlation
function reflecting energy conservation [36].

Finally, a comment is in order. The vanishing of the
correlation function x,,(q,w) in the limit ¢ — O does not
request it to be irreducible. However, the obtained universal
form for the diffusive correlation functions will be lost for
the reducible correlation function because of plasmons. Recall
that the irreducible correlation function j,, is, in fact, the
polarization operator. Furthermore, we need to know only
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the irreducible function j,,(q,w) in order to extract the
conductivity using the Einstein relation [6,7].

IV. RENORMALIZATION

The renormalization group approach for the problem at
hand follows a general philosophy that is common to many
problems in condensed matter physics. For the RG procedure,
the fields in the action are separated into fast and slow
modes. Subsequently, the fast modes are integrated out with
logarithmic accuracy, leading to an effective action for the
slow modes with scale-dependent parameters, i.e., RG charges.
A remark about the RG procedure in the Keldysh technique
is in order: for any theory in which a quenched disorder
average is performed, diagrams that can be cut into separate
parts by cutting only impurity lines should not appear. In the
original model of Ref. [7], the so-called replica trick was
used in order to make sure that such contributions vanish.
When using the Keldysh approach, the vanishing is effected
in a somewhat different way. Generally speaking, the most
important observation about the vanishing of unphysical terms
in the Keldysh technique is that the frequency integral over a
product of several retarded or advanced functions (but not a
mixture of them) vanishes. This argument will frequently be
used later on. The argument, however, does not carry over
to the case when a single retarded or advanced function is
connected to the rest by impurity lines only. This special
case is discussed in connection with Fig. 7 in Sec. IVC. (An
alternative to the replica and Keldysh approaches exists, the
so-called supersymmetry technique [39]. It is a very powerful
tool for noninteracting systems. Its application to interacting
systems, however, is a formidable challenge, and progress
in this direction is so far limited [46].) In order to lighten
notations, starting from Sec. IV C, we will leave out the hats
symbolizing matrices in Keldysh space.

A. Generalities

For the NLo M, the separation into fast and slow modes
should be done in such a way that the nonlinear constraint
Q2 = 1 is preserved [47]:

A

0= Uéoﬁ, 0o = 0063ﬁ0, Uoﬁo =U0U =1. (110)
Here, Qo contains the fast variables, U and ﬁ represent the
slow degrees of freedom. It is also convenient to introduce the

slow field O, as
0, = U6,U. (111)
When inserting Q in the form specified in Eq. (110) into the
action Sy, one obtains
Vi

So = =~ Tr[D(VQ0)* + DI[Qo, I’

+2D®[Q0.V Dol +4iz6U QyU1,
where & = ﬁVU = —Vﬁl} . Using this notation, the interac-
tion reads

(112)

i(rv)?
2

2
(Tr(¢n U QoU1Tr[$, U QoU).
n=0

Sint = (113)
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For the RG procedure, a particular parametrization for the
fast degrees of freedom needs to be chosen. In accord
with the previous section, we will work with the expo-
nential parametrization Uy = exp(—f’ /2), Qo = 63 exp(IS),
{63, P} = 0. It turns out to be sufficient to expand up to second
order in P. We left out terms linear in P. Such terms describe
the decay (or fusion) of a fast mode into slow modes. These
processes do not not play any role in the RG analysis. Then
the result of the expansion reads

TV ~ ~
So=—~ Tr[D(V Q,)* + 4iz8 Q,]

+ DO[VP, Pl +iz8063P2U)

i Ao
- Tr[D(V P)~], (114)

Simz%(nv)zéﬂr@ésnr@@m
i N e aoa
+ 5 vy’ X_;<Tr[¢_n 0,1trl$,U63 P*U))
i ng N
+5(711))2;(Tr[¢_,,U63PU][@U63PU]). (115)

So far, the separation into fast and slow degrees was purely
formal. Let us now qualify this distinction: (1) frequencies in
the interval A\t~! < |e| < t7!,0 < A < 1 and momenta in the
shell A\r~! < Dk?/z < v~ ! arereferred to as fast. (2) If at least
one of the frequencies ¢ or &’ for the slow field U, is fast, it
has to be set equal to the unit matrix. (3) In the fast variables
P.., at least one of the frequencies ¢, &' or the momentum
should be fast.

For the frequency term in the action, one should explicitly
distinguish fast and slow frequencies, i.e., £y and &;. Then

Tr{z8065 P2U| = Tr[28,065 P2U| + Trlzé ;63 P21, (116)

We will now present a list of all the terms that are relevant for
the one-loop RG analysis. The following terms contain only
slow modes:

sp = TPV O, (117)
S. = —mvzTr(2, 051, (118)
St = e (T 0, T, 0.1, (119)
Sye = TVTr[(v50 +1590) Os]. (120)

Sy, =2v / ¢ () padiag(yl vl v vO@). (121)
X

Terms S, and S, arise from the source term S,,. In fact, S,,
is identical to S, ; the present notation is used to emphasize
the dependence on the parameters y/°.
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Next, we come to the terms containing fast modes. The
terms originating from Sy read

Sto = == TD(VPY —2izésés P, (122)
i AA A
$1 = =T D[P VA, (123)
Vi A2 A A D A~ D&V
S, = TTr[DP (P63)" + D(63PD)°],  (124)
S, = _%Tr[zésﬁaﬂﬁﬁ]. (125)

Here, S, has two parts, which we label as S, and S, in the
order of appearance.

The interaction part of the action Sj, gives rise to the
following terms:

i 2 2 A A AR N oA AR
Sim,1 = (V) > (Tl U3 PUIT$, U653 PUY),
n=0
. 2
! 2 " 2 YA BT
Sin2 = (V) > (Tt[$ O 1Trlp, Us3 PPUY).  (126)
n=0

Note that the labeling of these two terms refers to their different
structure with respect to P, and is not related to the fields b1
and ¢,.

Finally, the source term S, ¢, see (62), generates a term

Ser = ST (v50 +y590)0onP2U].  (127)
where the labeling is chosen in analogy to Siy 2. The terms
containing fast modes are conveniently represented in a
diagrammatic language as depicted in Figs. 2—4.

We want to integrate out fast modes P in the Gaussian
approximation, and in this way generate a new effective
action. Besides the slow part of the action, compare Eqs. (117)
to (121), corrections arise from the term

AS = —iln (/ D[P] e SiHiSatiSetiSutiS,s e"5m> . (128)

FIG. 2. The elements of the RG procedure originating from the
noninteracting part of the action. Open ends imply P. Closed sleeves
correspond to U or U. When separated by an angle, a gradient acts
on one of them. A slow frequency &, stands in the vertex marked by
a dot.
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‘ @ Sinta
‘ @Iﬂ:@ Sint,2:d

FIG. 3. The elements of the RG procedure originating from
the interaction part of the action. A shaded square implies one
of the interaction amplitudes. A ladder means that the interaction
was dressed by ladder diagrams. Such terms are indicated by the
subscript “d.”

Sint,l

In general, if there are N different parts in the action in which
slow and fast modes couple to each other, one finds

AS =—iln |:/ D[ﬁ] (ei Z,N_lsi)eisf,oi|

N i N 1 N
=D (S5 D SiSih = ¢ D USiS;S) e
i=1 ij=1 ijk=1

(129)

Here, the connected average means that contractions between
different terms must be taken as

(AB) = (AB) — (A) (B), (130)
and so on.

When integrating out fast modes, two cases should be
distinguished. If at least one of the frequencies of the P-matrix
is slow, then the contractions should be performed using Sy,
alone. One can formulate two contraction rules for this case.

Rule (i) applies when the two contracted Ps stand under
different traces:

(tr[A P, (r)]tr[ B Py e, (r2)])

2 ALA pL
= _Etr[A Hslsz(rl —l'z)B ]581,84882,831

(131)

590,2

FIG. 4. Source term.
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where we denote A+ = %(A — 63A63), and
. D(q,w) 0
Hetop—o(q) = ( — ) (132)
0 D(q,w)

contains a retarded diffuson D and an advanced one, D(w) =
D(—w). A second contraction rule (ii) applies when two
contracted Ps appear within one trace. It reads as follows:

(tr[A Py, ey (1) B Peye, (12)])
= —iar[Aﬁglgz(r] —1)]tr[B]
TV

— t[AG3 11,6, (1) — P)IT[BG3])Se,6,86,6,-  (133)

In the second case, when both frequencies of the P matrix
are fast, the free Gaussian action of the fast modes besides
S0 also contains a part originating from Sjy ;. In the case in
question, it takes the form Sin,1 — Sf,int, Where

2

S fin = %(m)2 3 (Tr($,63 PITr($,6: 1) (134)
n=0

Correspondingly, one should take the contraction with the full
quadratic form

Sf = Sf’() + Sf,int« (135)

The relevant contraction rule for the components of P has
already been stated in Eqgs. (82), (83), and (87). As is
clear from the discussion presented in connection with these
formulas in Sec. III B, the extension of the quadratic form
corresponds to “dressed” diffusons, which include not only
impurity scattering but also a rescattering in the singlet and
triplet channels as described by the amplitudes I', and I',.
An example when this extension becomes important is the
dressing of the interaction which will be discussed next.

B. Dressed interaction

Suppose that a certain average contains the interaction part
of the action, Si,.. Besides Sy, one may as well insert in its

place the second cumulant £((S2)), where for each of the

interaction terms one Q%/ will be replaced by the fast 63 ﬁggr
with both frequencies fast, so that adjacent U , U should be
substituted by 1. The contraction of such fast Ps has to be
taken with respect to Sy. This case may occur because the
interaction fixes only the difference of frequencies ¢ — &’ rather
than the two frequencies individually. It means that S;,, should
be replaced by its dressed (extended) counterpart:

Sintd = Sint + %((S?m)), (136)

where specifically

i i A oA

S 1530) = =5 ervR(Tia, OTTg, s PR3, (137
and we indicated by the labels ¢ and Sy which kind of average
should be used. For the calculation of this object a separation
into singlet and triplet channel is useful, in close analogy to the
calculation of the correlation functions demonstrated before,
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see Fig. 1. The calculation gives

JT2\}
Sint;d = -
8 rr',g;

[ 9:0° Deye, ][ 750° Dy, ()]

Aij /
X Fp;d(l‘ —r,e — 82)88176‘2,84783

2y

[ 90 Qere, O]t 70 O, ()]

8 rr',g;

x T (0 — ¥ &1 — €2)80 —ey00e- (138)

The dressed (d) interaction can be obtained by the substitutions
jFp(q) — I d(q,a)) and yZ’JI‘ (q) — 1Y +.4(q,®), where the

interaction matrices F i ».a Nave a Keldysh space structure
[compare with Eq. (92)] As a result, one gets

. rk (qw) TR (qo)
F . N = wid wid s — s s
wd(q,®) (r de (@.0) 0 n={p,0}
(139)
where
I(q.0) =Tx,(q — o), (140)
I (q.w) = B,(Tf(q0) - Th,(qw), (141
and
rX (q.0) =T,(@)(1 —iol,(@Di(q.0), (142)
IR (q.0) = To(1 —iol'Ds(q,0)). (143)

Obviously, the difference between the dressed and bare
amplitudes is in the dynamic properties; in the static limit the
amplitudes are equal. A diagrammatic illustration of dressing
is shown in Fig. 5.

Clearly, I‘f/a;d describe rescattering in the singlet and
triplet channels with intermediate sections composed of a
pair of retarded and advanced Green’s functions (sometimes
referred to as RA sections). Each RA section gives rise to
a window function A,/ /2 Which, when integrated in
e, produces a factor of w [compare relation (100)]. This is
why the coefficients of the frequencies of the diffusion modes
D, and D, are modified by the interaction amplitudes, see
Egs. (84)—(86). An important difference to the calculation
of the correlation function is that in the present case the
interaction may be reducible with respect to the Coulomb
interaction, and [",(q) and D appear in the singlet channel.

[T = O+ T + CTEC T + -
T fp fp 3 3 3 3

[T = [ + T + TR + -
Lo r r

FIG. 5. Dressed interactions.
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A somewhat simplified way to express the same result is

R —F D, R 22 (a4
pa(Q,0) = p(Q)E, oa(Q0) = D (144)
In order to obtain I'; and I';,y, one may use the relations

K =30k, —TE)and TR, = —Tk  tofind

2

DD
@) =T@-75". (145)

D
¥ (q.0) = rzﬁz.

Needless to say, ['f and '}, are components of interaction

matrices f‘d and f‘z;d with a structure as indicated in Eq. (139).
If a model for a disordered Fermi liquid with short range
interactions is considered, one may use the replacement
I'lq) — Iy, D, — Dy in the final expressions. For the
Coulomb case, it is useful to single out the screened Coulomb
interaction explicitly. To this end, one may use the identity

D D D DD
i =M@= =To@ g +Ti—5.  (146)
After defining
. D,
Loy = Fo(q)g, (147)
1
one may single out the Coulomb interaction
¢ =Tga+ Tt (148)
where
. D? DD
R 1 R 1
Loy = Fo;daz), Iy =T D (149)

Note that the entire dependence on the Coulomb interaction is
delegated to I'g,;. Furthermore, with the use of the identities
dun =2v/(1 + FJ) as well as z; = 1/(1 4+ F), one can

obtain I'p.; in the form
-1
. v on D@’
o= [ 2o T
0:a(4,®) (1+F§)2[ '(q) 04 D — im0

(150)

We observe that f‘(f; 4 1s the dynamically screened Coulomb
interaction. Following this decomposition of the dressed
interaction, we elevate relations (57)—(59) to

(600 () = —Féjd(x —x'), (151
(pi0)¢] (1)) = —Flljd(x —x'), (152)
(85 4p ()35 (x")) = ——Flzjd(x — x)8sbpy,  (153)

whenever the dressed interaction is used. We remind that
I'p.s and I'}.; are defined in Eq. (149) and I'y.; in Eq. (145).
The appearing interaction matrices have the typical Keldysh
structure, compare Eq. (139). When dressing is not needed
(such as for external vertices defined below), the static limit
may be taken and X, — T, forn =0 — 2.
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(a) (Sint,1) () i {(S18int.1))

—5 (St Sina))

(c) i {(S2Sint,1) (d)

FIG. 6. The four different terms contributing to ASp. For the
terms (a) and (), a gradient expansion is needed.

C. Renormalization of the diffusion coefficient

In this section, we discuss the renormalization of the
diffusive term Sp in the one loop approximation. This term
contains two slow momenta (spatial gradients). It means that
we can use S| at most twice or S, once. Additionally, gradients
can be generated by Taylor expansion of the slow fields U, U.
As a result, one should consider

ASp = (Sin) + 1 (S1Sin) +1(S2Sim) — (ST Sin))-

We will discuss these terms one by one and use the opportunity
to highlight some aspects that are specific for the RG procedure
in the Keldysh formalism. For a diagrammatic illustration of
the four terms, see Fig. 6. Recall that for notational simplicity,
we will from now on leave out hats for matrices in Keldysh
space.

(154)

L (Sint)

Sint consists of two parts, Siy,; and Siy . First consider
(Sint.2). The corresponding expression contains the following

average:
D(w) 0
[ Paarac) < (77 )

The diagram for (Siy 2) is displayed in Fig. 7. It is immediately
obvious that this diagram can be cut into separate parts by
cutting only impurity lines. As is well known, such diagrams
should not appear for any theory in which a quenched disorder
average is performed. The so-called replica method was
invented [20] to eliminate such contributions. Indeed, the

D)=

FIG. 7. Diagram for (Siy2). This term vanishes as discussed in
the text.

(155)
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internal Green’s function allows for a free summation over
the replica index, and therefore the diagram vanishes in the
zero-replica limit. In the Keldysh technique, the vanishing of
unphysical terms mostly occurs because the frequency integral
over a product of several retarded or advanced functions (but
not a mixture of them) vanishes. This argument, however,
does not carry over to the case of a single retarded or advanced
function as is relevant for the discussed term. In this case,
one needs to argue that the contribution of the unphysical
diagram to the calculation of any physical quantity will always
contain the frequency integral of the sum of one retarded and
one advanced function, and it is simple to see that their sum
vanishes. In the example at hand, the retarded and advanced
diffuson appear as separate elements of the matrix M,
fa 2(P8,(92 P.,.,). Whenever physical quantities are calculated,
all modes have to be integrated out, which implies that
eventually the sum of retarded and advanced functions will
appear. Anticipating this fact, diagrams as encountered for
(Sint.2) may safely be dropped; Fig. 7 illustrates this important
point.
For the other term, (Sin.1), see Fig. 6(a), one finds

Sint1) INVE /

riry,e1&

tr (U(r1)¢n(rl)U(r1))81€2

X (U (1) (1)U (1r2));, (156)

5182(r1 - r2)]>'

Here and in the following, we denote M L= (M = o03M03) /2,
and M = (M + 03Mo3)/2, so that M = M + M. M is
the diagonal part of M in Keldysh space, and M* the
off-diagonal part; [M!,03] = 0, {M*,03} = 0. We will mostly
work in such a way that contractions in P are performed
first, while the choice of fast and slow frequencies for the
P matrices is made a posteriori. This is a straightforward
procedure since the frequency arguments of P always reappear
explicitly as arguments of the diffusion propagators IT. For the
renormalization of the diffusion coefficient, in the discussed
contribution precisely one frequency argument of the P
matrices is fast. This might be either £ 0T &2, see Flg 8 for an
illustration. Due to the identity X*T1,,,, = [1,,., X* for any
matrix X in Keldysh space both possibilities are equivalent.
For definiteness, we choose here ¢, as fast and write &, = ¢.

FIG. 8. This figure illustrates the two choices of ¢ ; for the average
(Sinc,1), Where & symbolizes the fast frequency. In fact, both choices
are equivalent and in this way one comes from Egs. (156) to (157).
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FIG. 9. Terms of the kind displayed in this figure arise when
evaluating the average — % {(S?Sin.1)), compare the first and third terms
in Eq. (161). All frequencies involved are bound to be small. This
makes the contributions of this type irrelevant.

This leads to the intermediate result
2

3 / (T ),
rir,e16y

n=0

(Sin,1) = 2imv

X (ﬂ(rz)U(rz))ifglnslaf(h —r)l). (157)
We do not evaluate this term right now, but first proceed with
the other terms.
2. i {(S1Sint)
The relevant contribution comes from Siy,; only. One finds
E{(S1Sine, 1) 5

- —2invZ

f D(Ve; = Vi)
n=0 v Ti-¢i

x (&[T (r)garDU D)L, (T )@ (r2)U (r2);,,
X q>!381(r3)ﬁ8152(r1 - rg)ﬁ&zsz(rg - r2)])|rg’=rg=r37
(158)

J

2
i(S2uSuca) = 270D Y [
n=0

I, &
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where ¢; and g3 are necessarily slow, because of ®, .. Recall
that ® = UVU = —VUU, and it is clear that it can only
have two slow indices or vanish. Therefore ¢, needs to be fast
and

E((S1Sine, 1)
2

- —2inu;/m D(Vy;, — Vi)

X ([T ()@ (), (Ga(r)U (K27,

X <I>ﬂ38](r3)1'[5]€f(r1 - l'lg)nasf(l'g - r2)])|r;’=rg=r3~

(159)

Figure 6(b) illustrates the structure of this term. One may
already notice the structural similarity to Eq. (157); the same
observation also holds for the remaining contributions to ASp,.
This is why the further evaluation is postponed until all four
terms have been discussed.

3. (828t}

S, contains two terms, Sy, and Sy,. In Sy, all frequencies
of the P matrices are forced to be slow due to the presence
of ® and this does not lead to an RG contribution to the
diffusion coefficient. The relevant contribution comes from a
combination of S, and Siy 1:

(e[@ )G, (Ga(PDU 027 (PDADE) AL, Te,e (11 = £3)Tee (03 — 12)]).

(160)

For an illustration of this contribution see Fig. 6(c). The expression will be evaluated further together with the other contributions

to ASD

4. —3((StSim)
Similarly to the previously discussed terms, the dominant contribution comes from Sj, ;. The contractions can be performed

in several ways, as indicated below:

e
~5{1%5m1)

_ i(rv)* D?
16

2 [ <~ 1
> (2Tr[d>1l’VP]Tr[<I>I|3VI|’](Tr[ﬁUagPU]Tr[q)_nUmll’U])

n=0

4 ATH{® PV PTH{® PV P|(Tr(¢, U PU Tr(g, Uos PU]) + 2Tr[q>P3P]Tr[q>i>$P](Tr[¢nUa3PU]Tr[¢nUa31'>U]>).
e — — | R — | =

(161)

For the first and last terms, all frequencies of P are fixed to be slow by the presence of two @ fields. This is why terms of this
kind are irrelevant for the RG; see Fig. 9 for an illustration. Out of the three terms, the relevant one is the second which reduces

to the contribution displayed in Fig. 6(d). It gives

2
— (S} Sini)) = 2iwrvD?
n=0

> / (V= V) (Vi = V)

X a[(T )Gz, @u DU D))z Mege, (010D PL (D) e (K5, FDPL, (r)TLe (1, 12)]. (162)
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5. The correction AD

In the previous sections, expressions were obtained for the four different contributions to the RG corrections to Sp. They can
be found in Eqgs. (157), (159), (160), and (162). As is obvious from these formulas, and also from the diagrammatic representation

in Fig. 6, the following block is common to all four terms:

2

n=0

where d = uU, U = UuandV =Ty — 2I2y.

> (OEDgur),, @urU )], ) = 5 / 5 Vi, @01 = 02) Uy eg0)Yitte, ) (e, v ilhese, (1)

(163)

The gradient expansion of U and U mentioned at the beginning of the calculation is necessary for ((Siy)) and i (S} Si)) only,
since the expressions for i (S, Sin)) and —%((Sleim)) already contain two slow gradients (via ®). Since & is fast and all other
frequencies are slow, we can neglect, with the logarithmic accuracy, the slow frequencies &; compared to ¢ ¢ in the RG integrals.

Putting these remarks into effect, one finds

1
ASp = (Sind) + 1 {(S1Sine)) + 1 {(S2Sin)) —

5((51251m>>

(164)

=7 / t[{—=8e6, DVeVer — L (1)DVpr + DL ()D Vi + D(Pp e, ()03 D, (1)03)! }
r,p.&;

X (Z/_lé‘]Ss (r/)]/iusf)L 9i—jgf (p)ngf (p) (usf )/jué‘5é‘3 (r”))l ] ’l’”:l":l‘

4

€38

d

X (Ueyes 0 )yitte, ) V2 ()DP?TI (P) (e, ¥jUese, (1)) ]

where d is the dimension. An additional term, which does
not contain any gradients, was left out here. Fortunately, such
terms need to cancel once all corrections are considered, as
they would make the diffuson massive. (We have checked this
cancellation by a perturbative calculation.) In order to further
evaluate this expression, we study the quantity

REy®) = [ [ 1V, oM @) v ]' s (169

Ef

where a,b € {||, L}, m = 2,3 is the power with which the
diffusons enter the expressions, and ~Zlb(p) iS a matrix in
Keldysh space. For example, 7@“”” (p) is a diagonal matrix with
entries

R = / (B, VE + (F., = B.,)VA)Dr, (166)
&f

Rijo = [ (B, VA + (B, = £ VA,

8/"
Ef

(167)

For the RG calculation in 2d, these integrals need to be found
with logarithmic accuracy only. To this end note that for the

purpose of the RG analysis, we may set
Fe, ~ Be, ~ sign(ey). (168)

Due to the frequent occurrence of the sign factor, let us
introduce the notation

oy =sign(ey). (169)

Asa consequence,

R (p) ~ / afD;"fv;‘ff ) (170)

ef

In a similar way, one finds ﬁ’fl(p) = ﬁm(p).

——7 f tr[{8e,e, DVeVer + @, ()DVp — @ (r)DVy — DD (D] | (1)}
r.p,&

r’=r'=r’

(

Next, consider the off-diagonal matrix 7%’1 with entries

Ry (P2 = / | (Fe, B, VE + V2 (1 - F, B.,))Dr,

ef

Ry (P =/ D, V.. (171)
es

Employing again the approximations of Eq. (168), we see
that both components reduce to integrals over a product of
only retarded or only advanced functions. A similar structure,
obviously, holds for ﬁ’fu (p)- In perturbative calculations such
terms vanish after integration in frequency a discussed earlier.
In the RG procedure, it is a little bit more complicated.
After integration in momentum, such terms are odd functions
in frequency. Thus, although the integration over the fast
frequency is performed within limited intervals, the sum over
the positive and negative frequency-intervals vanishes. It is
useful in this connection to compare the expressions for the
diagonal and off-diagonal matrices R. The diagonal ones, see
Eq. (170), contain an additional factor oy which makes the ¢
integrals finite.

Therefore we need to keep only the ||| and L L components.
Coming back to ASp as given in Eq. (164), one obtains

/ (Z/_[81657/1'M€f)l Vij&fngf (”tsSy/’z’{g.r‘@S)l
E5,8¢

= > [ Ry, u,,,

a,b=1]

= U'U" + U U, / oD YR (172)

Erlef?
er ‘
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where in the second line we denoted L' =||, ||'=_L for a’ and
b', and used the obvious fact that the off-diagonal part of the
product C = ABis givenby C*+ = Zazj_’ | A“Bgy. Asonly the
parallel component of the total matrix considered in Eq. (172)
enters the trace in Eq. (164), we may effectively replace

UaHU' @y + UHaeHU ") - O@)HUE").  (173)
It was used that the matrices u cancel. Let us further introduce
the notation

Ry = /ﬁﬁ“(P) Z/ Ung/ (p)VSIi ().
p P&y

R = / Dp*R;j,(p) = / o Dp*D; (PVE(p). (174)
Y P.&f

The expression for the renormalization of the diffusion
constant reads

ASp = — xR, Tt[-DVUVU — DVU DU
+DUD'VU + D[(®")? — (@H)?]]

4 _ _
—7”R3Tr[DVUVU 4+ DVUS'T
—DUD'VU — Dolol

4 L2
= 7R3Tr[D(<I> ). (175)
We see that the two-diffuson contributions cancel out (as
it may be expected from general arguments [3,6]), and the

remaining term comes from the three-diffuson term only.
Using Tr[(®1)?] = — Tr[(V Q,)*], one finds

T 2
ASp = —Z/tr[D(VQs) ]

X/ o DP*D; ([T (p.e5) — 2T 4(p.e )],
p.ey
(176)

This leads to the following result for the correction to the
diffusion coefficient

4iD
AD = —~ / o DP*D; ()T (p.e) — 21 (. 1)].
p.&y

(177)

The factor d in the denominator results from an averaging over
the direction of momentum. The logarithmic integral will be
evaluated in Sec. IV F below.

Finally, the situation with the abandoned terms, where all
frequencies were forced to be slow, is worth commenting. See
Fig. 9 as an example. Such terms have a hybrid structure, as
they resemble at the same time the Sp term and the interaction
term of the action: they contain gradients and mix frequencies.
The remaining momentum integrals are not logarithmic,
and are determined by the lower cutoff At~! of the RG
interval. Compared to the electron-electron interaction terms,
the discussed terms contain a small parameter p Dk*/(At 1),
which is not compensated by a large logarithm. Here, the small
parameter p is the only small parameter introduced for the RG

PHYSICAL REVIEW B 89, 075437 (2014)

analysis:

1
~ @npevD’
It has the meaning of the sheet resistance measured in

dimensional units; note an extra factor 7w as compared to the
quantum resistance.

P (178)

D. Renormalization of z

There are two corrections to S,
ASZ =i «Sasint» + <Sint) .

Below we present some details of the calculation. As it turns
out, the dominant contributions arise from those terms for
which Siy is replaced by Siy. ;-

(179)

1. l«Se Sint,l»

After evaluating the relevant contractions in the P matrices,
one obtains the expression

2
i(5:Suma) =2v Y [
n=0 "

x ([ (Ur)garDUX)03);, oo, (13 — 12)
x Mgy, (r3 = r)(U(r2)ga (1)U (1)),
x (U(r3)ze;Ur3)] , ]).

The frequencies ¢; and &3 are bound to be slow due to presence
of &, while ¢, is fast. This observation directly leads to the
result

,E,

(180)

[{(Se Sine,1)) = —wiRTrlze; Os]. (181)

The corresponding diagram is displayed in Fig. 10.

2. (Sint,1)

This term is somewhat special, as it contains a contribution
from the boundaries of the frequency integration interval.
Starting point is formula (157), see also Fig. 11, where (unlike
previously) r; may directly be set equal to r;, but an expansion
in slow frequencies is performed. In order to see how it works,
it is convenient to first perform the average in ¢:

<Sint, 1 ) ~ —JTTI‘[(UEI esVi ngf )J_ ﬁsf—s] (P)Véé—e/ (P)
X (ME/ Vjusssl)l]' (182)

An expansion in slow frequencies could be either in ¢5 or in
€1. When expanding in &1, the matrices U/, U cancel following

FIG. 10. Diagrammatic representation for i ({ S, Sin.1)). This term
contributes to Az.
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FIG. 11. The average (Sin.1) as relevant for the calculation of Az.
Expansion in the slow frequency is needed to be performed.

the previous arguments. Therefore one should consider an
expansion in g5 and study

R, (pres) = / [vitee,]" [Ves—e, @) = Ve, (@]”

ef
x I, (Pue, v;1°, a.be{L, |}

Only the L1 and ||| components give a logarithmic contri-
bution. Further, it should be noted that an expansion of the
distribution function in ¢5 is not necessary since such terms
would be exponentially suppressed in the RG regime. Defining

(183)

Ri= % / . oD, (P2, VA (p), (184)
one obtains
R, ~ —RiL ~ —zesRy03, (185)
and further on
(Sine1) & —TRITr [z Q] . (186)

The integral R| may be rearranged with the use of a partial
integration in & y:

— iR,

bound

(187)

1
=— [ o/D(p)VE
Ri=5— fp osD(P)Ve, (p)

where the index bound indicates that expression should
be evaluated at the boundaries of the frequency integration
interval.

3. The correction Az

When combining the two contributions, Eqs. (181) and
(186), a partial cancellation occurs and only the boundary
terms remain. For the total correction to z, one reads off

(188)

1
Az=-— / o De, (P)VE (P)
p - f &
2y p ! bound

It is important to note that once the integrand is evaluated
at the two boundaries, i.e., the upper and lower limits of the
frequency integral, the momentum integral is convergent and
yields a logarithmic correction.

E. Renormalization of the interaction amplitudes

The interaction term Sp contains three interaction ampli-
tudes, I'o(q), I'1, and I',. The amplitude I'; differs by the
spin structure from the other two and, therefore, corrections to
either of these two classes are easily identified. The amplitudes
I'o(q) and T"; have the same spin structure, but they differ
in another aspect. Recall that I'y(q) is the statically screened

PHYSICAL REVIEW B 89, 075437 (2014)

long-range Coulomb interaction, while I'; is short-range as it is
directly related to the Fermi liquid amplitudes. A correction to
I'p(q) could arise only from diagrams, for which the Coulomb
interaction is not part of the logarithmic integration. Such type
of diagrams can be generated with the help of S, » and closely
resemble vertex corrections for a scalar vertex. Importantly,
such corrections, although they arise from individual diagrams,
eventually cancel, once all contributions are summed up.
Indeed, it turns out that the cancellation occurs between certain
pairs of diagrams. The calculation will, therefore, be organized
in such a way that these pair diagrams are treated together. As
already indicated, the cancellation of the corrections to I'g(q)
also reflects itself in the fact that the scalar triangular vertex y2
remains unrenormalized. This will be demonstrated explicitly
below in Secs. V A and V B. In contrast, the correction to the
amplitude I'j, which is short-range in character, is finite.

Generally, the RG equations at the one-loop level sum the
series of logarithmic corrections of the kind (pInl/Tt)",
where p, the small parameter of the RG expansion, has been in-
troduced in Eq. (178). Corrections to the interaction amplitude
may contain a product of several interaction amplitudes, with
some of them being dressed. Even on the level of the one-loop
approximation, it is a priori not clear whether the number of
diagrams that needs to be considered in order to derive such a
system of equations is finite. As has first been demonstrated by
Finkel’stein in Ref. [7], it is fortunately the case and the product
of at most four (dressed and undressed) interaction amplitudes
isinvolved in the calculation. The main guiding rule here is that
the order of the RG equation is determined by the number of
momentum integrations: each integration generates the small
parameter p. There cannot be too many dressed amplitudes,
because otherwise it is impossible to arrange them without an
additional momentum integration.

In order to structure the calculation, we will present the
correction to Sr as the sum of 6 individual contributions.
Apart from the first one, all of them consist of pairs of
diagrams. These pairs arise as a result of a different choice of
the fast frequency for the logarithmic integration. The above
mentioned cancellation of corrections to I'g(q) takes place
between the two partner diagrams forming a pair [whenever
such correction appears]. For the corrections to I'y and I',
the cancellation is not complete, and these corrections remain
finite. We write

5
ASr =) (ASr);,

(189)
i=0
where
(ASt)o = (Sine,1)» (190)
(ASP = 5{(S2)) (191)
(ASr)2 = i {(Sint,1 Sint,2))s (192)
1
(ASr)s = =2 {[Sie Sne2)) (193)
1
(ASP)s = =2 {[Simc1 S 2)) (194)
(ASp)s = —:—1 ((S2,152,,). (195)
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FIG. 12. (Si.1) as relevant for the renormalization of the inter-
action amplitudes. In this case, all frequencies involved are slow, the
logarithmic correction arises from an integration over fast momenta .

We will present details of the calculation of the first two
contributions, the other ones can be considered in a similar
way, but we will only state the results and display the corre-
sponding diagrams. As already mentioned, the calculation of
vertex corrections presented in Secs. V A and V B have a close
similarity to some of the diagrams that are important here.
The interested reader may find additional information there, in
particular about the cancelations for pair diagrams.

L. (Sint,1)

This term has been considered before and we may use
formula (156) for (Siy,1) as our starting point. In the present
context, we consider the case that the two frequency arguments
&1 and g; are slow, while the momentum entering IT is fast, see
Fig. 12. Therefore we can approximate it by just I1(p,0), i.e.,
for the range of momenta p that are of interest, the frequency
dependence may be neglected. In this approximation.
I1(p,0) ~ D(p,0) = D(p) becomes proportional to the unit
matrix in Keldysh space and additionally the summation in &
and &, may be performed. As no expansion in slow momenta
is required, we may put r, — r; for the arguments of the slow
modes:

2
(Sinc.1) = imv Y / (trl(U (1) (U (1))
n=0 rr’

x (U (1) (YU (¢ )y ) D(r — 1)

. 2
- % > / tr[n (1) (')
n=0vrr

— 05N, (1) Qs (1), (r)]D(r — 1'). (196)

The first term in the last equation is just a constant and can be
dropped. After performing the average in ¢, one obtains

T
(Sint,1) = 7

/ Tr[Qs,aﬂ;e;sl Yi Q.v,ﬂot;£4.£3 J/j]

&i

X fﬁij(p)p(p)881—64,82—83

r

T
- Z / tr[Qs,aa;szsl Vi Qs,ﬁﬂ;m,a; yj]

X / P DP)Se, —ey6rc5- (197)

r
As the frequency arguments of I', I', are slow (while the
momenta are fast), no dressing of the interaction line was
included, and the static amplitudes can be used. As was already
noted before, in such a case [ and f‘2 are off-diagonal matrices
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in Keldysh space and take the simple form

~ (0 T A (0 I
=k o) m=(n )

We can use the relation (recall that y; is the unit matrix)
Tr[Q1 Q211 + TH{ Q17205 ]
= TH[Q\ITty» Q5] + Trly> Q11Tr[ 0],

where all appearing Q matrices have fixed frequency argu-
ments and spin indices. The result is

(198)

(199)

T ij
(Sinl,1> = - / tr[yi Qs,zxﬂ;52£1 (r)] yzj
4 Jee

2Ci

x trly; Qy,,fsa;g4,53(r)]551—54,52—53/F(p)D(p)
p

b4 ij
- / tl‘[)/,' Qs,aa;azel(r)]yz
4 I, -

ST, Os peses (D150, —ereres / 0,D(p).  (200)

P
Comparing to the original interaction term, Eq. (56), one finds
that the structure of the I'; and I'; terms are reproduced, leading
to the resulting corrections from (A St)o:

1
(AT ) = —FZ/D(P), (201)
v "),

1
(AT)o = — / LC'(p)D(p). (202)
/Y p

2. Pairs of diagrams

As we have already mentioned, pairs of diagrams arise as
a result of a different choice of the fast frequency & for the
logarithmic integration. These pairs of diagrams are displayed
as two columns in Fig. 13. As an illustration, we discuss in
detail one a pair of diagrams, labeled as 1(a) and 1(b). This
pair gives rise to the correction (ASr);, and originates from

st = -

X (Tr[¢_£UU3PU]TT[ﬁU@Pﬁ])%))'

i(rv)?*

((Trl¢oU o3 PUITx[¢pU a3 PU])g,
(203)

Note that ¢} has the same correlation as ¢,. (As it will become
clear later, only the ¢,-contractions have to be considered in
all diagrams presented in Fig. 13. Otherwise, the contributions
are canceled out within each of the pairs.)

We perform the contractions, and introduce a symmetry
factor two:

X (t[(UaU), ., (rD)eye, (1 — 1)U U, (4)]

X (UG U, (03) ey (15 — 1)U U )z, (02)]) gy -
(204)
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FIG. 13. The pairs of diagrams related to (ASr);, i = 1-5.
Diagrams labeled as (a) give rise to the corrections (AI'}); and
diagrams labeled as (b) to the corrections (AI;);. Only those
contributions remain, for which all interaction amplitudes are of
the I"; type. All other contributions, which contain the amplitudes
I’y or I'; at least once, cancel between the two diagrams forming
a pair. An important consequence is that the amplitude Iy remains
unrenormalized.

The different ways in which the occurring frequencies can
be chosen as being fast are as follows: (a) (&3,&3) fast or
equivalently (g1,&4) fast — (AI'1); and (b) (e2,e4) fast or
equivalently (g1,¢&3) fast > (AI2);.

These two possibilities lead to the diagrams displayed in
Figs. 13 as 1(a) and 1(b), respectively. For case (a), a correction
to I'y arises; for case (b), a correction to I',.

(a) Let (¢2,€3) be fast. We account for the equivalent choices
by a factor of two, neglect slow frequencies in the diffusion
propagators, and take the slow U modes at coinciding points.
In this way, one obtains

—i(mwv)?
2

AS = [ @0 00 s )

— (@3 (r)P2(r1))e,e, ey (11 — 1))
x tr[(5(r3) Q(r2)¢2(r2)03)ese, My (12 — 13)

— (@5(r3)$2(r2))e;, e, (12 — 13)]). (205)
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The term of interest is the one containing two Q’s and for this
term one obtains
2 .
T i &l
AS = 3 FlZJ;d(p’S.f)FZ;d(p’ - ‘9f)881—52,84—83
rp,&i

X tr[(VkAaf E(P)%‘ ) Qaa;sl & (r)]

Xt[(Yi A e, T, (P)V) Q. ppieses (D] (206)

where we remind that A, = u.o3u. and we defined I1, =
u.I.u.. After a somewhat tedious but straightforward calcu-
lation, one may show that the following expression emerges:

—im?

AS = — / o/ [P @I fa(.e )
p.ey

X / tr[y Qaa;slsz ()]tr[y» Qﬂﬂ;sg&; (r)]8£] —E5,64—E3 "
r,g;

(207)

We see that the typical structure of the I'|-type interaction term
is reproduced.

(b) Now, let (¢;,£4) be fast. In a similar way, we find that
we should evaluate the following expression:

—i(mv)?
2
X tr[(2(r2) Q(r2)¢5(r3)o3)ee, e, (13 — 12)1) 5,5,
(208)

After performing the averaging with respect to ¢ and ¢’, one
obtains

AS = /(tr[(fﬁi(m)Q(l‘l)@(1’1)03)82521_152(1'1 —r1y)]

w2

AS=— | T ,peplm —ep)
4 r,p.&;

xtr[(y; Asf Hsf ¥i) Qe er0]

X tr[(yl ASf Hsf yk) Q8354;ﬂa]8£1 —8),64—E3+ (209)

The origin of the additional factor 2 compared to formula (206)
is the spin degree of freedom. Further evaluation gives

‘ 2
AS = 1712/ Of[Df, (M3 )]
P&y

/ tr[7/1 Qaﬂ;el & (l’)]tr[)/z Qﬂa;83e4 (r)]881 —87,84—E3*
(210)

Here, the structure of the I'>-type interaction term is
reproduced.

The result for the corrections to I'; and I'; from the first
pair of diagrams can easily be found by comparing the obtained
results to St,

@arpi=t [ oPserfeef. e
P.éy

3
@ry =2 [ o[t ertmen]. @)
pes

Now let us clarify the cancellation within each pair when a
contraction is not of the ¢, type. If one or both of the H-S fields
¢, and ¢} are replaced by ¢g (¢) or ¢ (¢]), then the overall
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spin structure of both types of terms corresponding to diagrams
(a) and (b) coincide as well as their spin factors. However, the
relative sign apparent from formulas (207) and (210) remains,
and thus those terms cancel. Therefore the only contribution
that remains is the one shown above with two amplitudes I".

The remaining pairs of diagrams can be treated in a similar
way. The diagrams are displayed in Fig. 13. Each pair is formed
by the two diagrams labeled as (a) and (b).

The results are

@rp == [ o) D@, 1)
arvs = 21 [ lerd .20, @) 214)
@re==213 [ efrmepi . @)
(AT))s = —%rﬁ / lerle T3 46 )D; (). (216)

The previously explained relation holds for all five pairs of
diagrams:

(AT,); = 2(AT));, i =1-5. 217)

Note that the amplitudes, which appear in connection with the
external legs of the diagrams, are not dressed. As encountered
already for the first pair of diagrams, a cancellation takes place
if at least one of the amplitudes I'; is replaced by 'y or I';.

F. Logarithmic integrals

Here, we present a list of logarithmic integrals that appear
as a result of the RG transformations. As shown above, the
NLoM preserves its original form during the course of this
procedure. This implies that the obtained corrections can
be rewritten in the form of RG equations for the flowing
(i.e., scale-dependent) parameters of the model. As we have
already mentioned, the only small parameter needed for the
RG analysis is p, which has the meaning of the sheet resistance
determined at a given scale and measured in dimensional units.

1

~ (2m)2etvD

We concentrate on the long-range Coulomb interaction. In
this limit, the effective interaction in the singlet channel is
controlled by the inverse of the polarization operator. Even
despite the screening, the resulting correction to D differs
substantially from the case of the short-range interaction due
the frequency dependence of the polarization operator, as given
by Eq. (108), which cannot be ignored. One has to start with
Eq. (177), and to write inside the integral

1. p

i / o DP’D} (p) [T5(p.es) — 205 (p.e )] (218)
p.&s

all dressed amplitudes in the explicit form:

D (p) [T (p.es) — 205 4 (p.g )]

= T[yDyDyD; + I/ DD Ds — 2TD*Ds.  (219)
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For brevity, we omitted the arguments p, ¢ s in the second line.
At a given ¢, the integral over p is convergent for each of the
three terms, both in the limits of large and small momenta. One
can, therefore, safely perform the integration over p; the result
is real and inversely proportional to ¢ ;. The last fact is clear,
if one takes a look at the dimension of the integrands. Next,
owing to o s, the remaining integral over & ; is twice the integral
over the positive frequencies only. To present the integral in
a form suitable for the RG treatment, it remains to integrate
within the energy shell AA; < &7 < Ay, where A < 1and A,
is the current scale in the RG procedure. The upper cutoff of
the scaling process is A; ~ 1/t; the lower one is discussed
below. We will present all corrections as proportional to

A
/ dﬁ =Inx""
AN, EF

Performing the integrations described above, one gets the
result

(220)

80 L+
el e LSRR

—2F2f2(Z,Z,Z2)} Ina~!, (221)
where
a
fi(a,b) = 3 In 5 (222)
2b 2¢
fZ(a’bsc) = b fl(asb) - fl(asc)’ (223)
—c b—c

together with the definition fi(a,a) = 1/a. The terms in
Eq. (221) arise from the I'y, I'; and I'; contributions as given
in the second line of the expression (219). Obviously, for a
short-range interaction, the Iy term should be excluded.

2.z

The most natural way to get the RG equation for z is to
rewrite Eq. (188) as follows:

1 R
Ar= o /p o De, (P)VE (p) (224)

Aq
AN,
The integral in p becomes convergent once the upper and
lower limits are considered together. Then, the straightforward
integration yields

Az = -+ 2r2} mA~t. (225)

1
P [ 201+ F)
In the case of a short-range interaction, the first term should
be abandoned. Note that another way to perform the RG
procedure is to introduce a momentum cutoff besides the one
in frequency.

3. TyandT,

After uncovering the dressed amplitudes, and performing
the necessary integrations, one gets

(AT)y =T, plnar~! (226)
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and
2

r
(ATy); = ——2 plna™,
2

(ATy)y = 2I3 fi(z2,2) pInr~",
3

I*\
(AT)); = _72 £(z,2,22) pln 7", (227)
2

F3
(AT = ?2 £(22.22,2) pln ™",

r;
(z — 22)?

Remarkably, the sum of the five terms i = 1-5 reduces to a
very simple combination

5 Fz
> (ar) =2 pha .
| Z

(ATy)s = (l + Zl — 2f1(z,22)) plnr~!.
2

Z

(228)

For I'», we have

(AT,)o = [ + rl} plnr™t, (229)

2(1+ Fy)
and (AI‘Z), = Z(AF]), fori = 1-5.

The corrections (AT'}) and (AT;) can be summarized as
follows:

FZ
(AT)) = [rz + —2] plna~, (230)
Z
1'*2
(AT,) = m+r1+272 plna”t.  (231)
0

4. z1=z-2I'+1I,

It follows from the above results that z;, which determines
the dynamics in the p channel (e.g., in the polarization
operator), remains unchanged during the RG transformations.
Indeed, by comparing Eq. (225) with Egs. (230) and (231),
one immediately observes that

Az; =0. (232)

The initial values stated in Eq. (66) in Sec. II B, therefore allow
to determine the value of this unrenormalized combination:

1

=z-2I'+IHh=—.
21 < 1 2 l—f—F(;)

(233)
This Ward identity [5-7,9] is important for finding the correct
form of X,‘;(q,a)) and also for establishing the universal form
of the RG equations in the case of the screened long-range
Coulomb interaction. Indeed, in view of Eq. (55), where the
interaction amplitude in the o clhannel for small momenta has

been defined, fp(q - 0) = e + 2I'y — I',, one can read
0

the obtained relation (233) as

f‘p(q — 0)=1z. (234)

Thus the renormalized interaction amplitude and the parameter
describing the renormalization of the frequency term in the
case of the screened long-range interaction coincide, and do
not depend on the nonuniversal Fermi liquid amplitudes. This
is the reason why the RG equations in this case acquire a
universal form.
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5. Final form of the RG equations

We will write now the RG equations for the case of
the screened Coulomb interaction. To make the equations

universal, we exclude the combination m + I'1 using
0

identity (233) discussed above. As a result, on can rewrite
Eq. (221) in the form

A r r
=0 [1 -3 <Z+—2 miti2 1>] il (235)
P I 4
where the two terms in the square brackets represent contribu-
tions of the p (singlet) and o (triplet) channels, respectively.
Note that the factor 3 is typical for the triplet channel, and that
these two contributions have opposite signs. With the help of
Eq. (233), the equation describing the renormalization of I',
acquires the following form:
r r?
(AT =[S+ 2422 pina".
22 Z
Finally, the equation for Az simplifies, and takes a form
in which the contribution of the two channels becomes
immediately recognizable,

Az = i[-z 43Tl plna~'.

(236)

(237)

The corresponding RG equations can be obtained by taking
derivatives with respect to In A~ L, with all the coefficients
understood as flowing parameters. These three (instead of
four) equations constitute a complete set of RG equations
describing the disordered electron liquid in the presence of
the long-range Coulomb interaction. The long-range character
of the Coulomb interaction, i.e., the infinite amplitude in the
limit ¢ — 0, leads to a universal form of the RG equations.
Moreover, one may introduce a new variable w, = I»/z,
which allows to decouple the equations for p and the
interaction in the ¢ channel (represented now by w,) from
the equation for z:

1 dlnp 14wy
_ =4-3 In(1 , 238
o dIni-] s n(l + w») (238)
1 dU)2 (1 + U)2)2
1 _ , 239
odlni! 2 239
and
1 d 3wy — 1
1_dz 20wl (240)
odlni-! 2

Although these equations were derived in the one-loop (first
order in p) approximation, the observed decoupling of the
equation for z from the equations describing the other two RG
charges (as well as the possibility of presenting the equations
in terms of the ratio I'/z) reflects the general structure of
the NLoM [3,6,40]. This fact is important for the analysis of
the metal-insulator transition [14]. The fixed point existing
in the phase plane p — w, determines the equation for z,
which, in turn, controls the critical behavior (as a function
of temperature) at the metal-insulator transition.

6. Lowest cutoff

Finally, let us comment on the lowest cutoff for the RG
procedure. In the replica NLo M the lower cutoff appears from
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the discreteness of the Matsubara frequencies, which are used
to describe electron interactions at finite temperatures. In the
Keldysh technique, it happens differently. The matrix Q = i o

U 0 &3 0 U o i1, which is the main object of study in theory of
interacting electrons, contains a superposition of two kinds of
rotations. Matrices U,U describe fluctuations that correspond
to diffusons, while matrices u establish the connection of the
diffusion modes with temperature. The latter matrices limit
rotations of U at energies smaller than 7', and this is the way
how the low-energy cutoff enters the RG scheme. Technically,
the cutoff enters due to the smoothening of the function o at
gr ~ T. The whole RG procedure can be reformulated as a
process of gradual sharpening of o, starting from 1/7 and up
toT.

V. CORRELATION FUNCTIONS AND CONDUCTIVITY

We now combine the analysis presented in Secs. IIT and IV
the RG equations derived above will be connected with
the observable quantities, such as the correlation functions
and electric conductivity. As it will be shown below, there
is an important difference between the static part of the
density-density correlation function 3%, and the static part
of the spin-density spin-density correlation function Xjf;,»R.
Namely, xR = —2vy¢ = —2v/(1 + F}) remains unrenor-
malized, whereas X;’;,R becomes scale-dependent. The reason
for the particular behavior of x:® lies in the well known
Ward identity: x3® = —dn/d . It has been argued [3] that
the cancellation of corrections to dn/du is related to the
fact that it is the much smaller quantity 1/t and not u
that determines the ultraviolet cutoff for the logarithmic
singularities originating from the diffusive regime. As a
consequence, the dependence of the density n on the chemical
potential u cannot be modified by the discussed logarithmic
corrections and, therefore, dn/du remains unchanged. (We
shall demonstrate below that, technically, it is due to the
cancellation of the logarithmic corrections.) No protection of
this type exists for the spin susceptibility that is determined
by the static part of the spin-density spin-density correlation
function and, indeed, the spin susceptibility is renormalized.
Finally, we use the density-density correlation function to
obtain the Einstein relation for interacting electrons, and to
relate the electric conductivity to the scaling parameter p.

plo

A. Corrections to y,’" and the spin susceptibility

The static parts of the correlation functions are determined
by y£/?; compare the discussion in Sec. III, in particular,
Eq. (94). We now show how these quantities are modified by
the RG corrections. One needs to find

1 i
ASpy = =5 (87 2Sim1)) — 2 ((S7.2S1) -

5 (241)

The corresponding diagrams are closely related to those
presented in Fig. 13, in particular to contributions 4 and 5 for
the renormalization of the interaction amplitudes. In a similar
way, when calculating the corrections to y//%, one also deals
with pairs of diagrams, see Fig. 14.
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FIG. 14. These diagrams give rise to the corrections to y/°. They
are organized into two pairs, in close analogy to the corresponding
diagrams in Fig. 13 with the same labels.

We present some details for the first term in Eq. (241). As
mentioned, the correction consists of two parts,

I
—3 (7. 2Sm1)) = A+ B,

corresponding to the diagrams labeled as 4(a) and 4(b) in
Fig. 14, respectively. A and B take the form
2

A= —lg(nv)4z

n=0

(242)

x («Tr[zosPf')]Tr[asnaaP]tr[«pnoaP]tr[QosP1'>]>>¢
L — 1 — 1

+ ((TY[Q@IIJP]Tr[¢n03P]tr[(ﬁnasp]trm@fI’P]»¢>
L — 1 - |
-2 f B0y Bpar) / &I (p,e D} (p)
P p,!;‘f

+2 / B0 )y D g (x) / le 17X (p.£ D}, (p)
X p.&,
' (243)

and
2

B= —%(m)“z

n=0

x <<Tr[203]|’P]Tr[¢,,o3P]tr[¢,,a3P]tr[QogPII’]>>
[ T T P
- 2/55/3@);/25,3“@)

x / eI [T4(p.es) =205 4 (p.e )] DL (D). (244)
p.&f

In these expressions, we abbreviated ¥ = yZ¢ + v39o.
Summing contributions A and B, one gets

~5 (152 251

= 805" [ 6T mp [ lesIr el
X p,Ef

(245)
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Two remarks are in order here. First, we see that the am-
plitude I disappears from the final result due to a cancellation
between A and B. Second, a logarithmic correction exists only
for the triplet component, the singlet part remains untouched.
These two observations carry over to the calculation of the
other contribution to AS,,,, which is also organized into a pair
of diagrams; see diagrams 5(a) and 5(b) in Fig. 14. The total
result can conveniently be written in the form

gy

ASyy =
v¢ F%

> (ar) / 9" ()12p(x).  (246)

i=4,5 X

Comparing with S,,, and using the relations for (AT"); stated
in Eq. (226), one finds

P o 2F2 o\2 -1
Ayl =0, Ay) =—w2) glhr™". (247)
122

The correction to y;] depends on the vertices yJ. In
Sec. VB, we will show that the RG equations generalize the
Fermi-liquid relations for yg and . as follows:

ya=vs =z+Ths. (248)
As aresult, we observe that the renormalization of the electron-
electron interaction in the triplet channel leads to the scale-
dependent spin susceptibility [40,48]

X% = @+ T2)Xfees (249)
where x{.. = 1/2(gLu )V is the unrenormalized spin sus-
ceptibility of the free electron gas.

B. Vertex corrections

As we have seen in Eq. (247), the knowledge of the
triangular vertices yJ is crucial for finding the static vertex y.

In addition, yf]/ 7 also determines the dynamical correlation
functions, see Egs. (96) and (97). We will discuss the
renormalization of the vertices in this section.

First of all, it is important to stress that 72/ has been chosen
as the common charge for two vertices: the one associated with
the quantum source and the one associated with the classical
one. It is crucial for the overall structure of the theory that
both of them are renormalized in the same way. As will be
seen below, it is indeed the case.

In order to find the vertex corrections, one needs to find
corrections to the term S, defined in Eq. (62):

. 1
ASy0 = i{{Sp.28mt1)) — 3 <<S<p,25i2m,1)) — ((Sp,28int,1Sint,2))

—:—‘ ((Sp252, 1 Sinca)) (250)
Due to the structural similarity between S, and Siy >, the
calculation is very similar to the one performed for the
renormalization of the interaction amplitudes, compare the
corrections (ASr),—s in Egs. (192)—(195).

Again, the diagrams come in pairs, see Fig. 15, which is
structured in analogy to Fig. 13. Here, we merely state the
result, which can be expressed in terms of the corrections to
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2(b)

FIG. 15. The four pairs of diagrams relevant for the vertex
corrections.

the interaction amplitudes stated in Eq. (226):

1 N (AT, o (AT
AS,o = 2mvTr[yS o Q] |:§ Z (AT'y) i Z (AT'y) ] .
i=4

= 2 I
(251)
It turns out that the final result is very simple:
14 o 2F2 o —1
Ayg =0, Ayi=—vyghi". (252)
b4

It is instructive to compare Ay g with the correction to z5,

2r
Azr=Az+ ATy = =27, glna~". (253)
z
Since initially zo = yg =1/(1 + Fy), as it follows from
Egs. (64) and (66), we may conclude that the relation

vi=12 (254)

holds also for the renormalized quantities. With this informa-
tion at hand, one may return to the calculation of Ay?, and
finds
. 2In .

Ayl = Tzz glnA™" = Az, (255)
Since initially y7 = 1+ I';, one obtains that y2 = y] =z
as it was already stated in Eq. (107). Besides, the above
calculations confirm that Ayf = Ay? = 0.

Importantly, these results imply that the relations (105)
are indeed fulfilled. These relations make sure that the
conservation laws hold at any stage of the renormalization
procedure. Let us note that for the triplet channel not only
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the ratio (y2 )}/yS equals z, but, besides, each of the
quantities y{ and yJ separately. For the singlet channel,
the statement Ay = Ay? = 0 should be supplemented with
the observation that Az; = 0. This is sufficient for the relation
71 = (y£)?/y? to hold unchanged.

C. Electric conductivity

Combination of the continuity equation and the
Kubo formula allows to extract the electric conductivity
from the retarded density-density correlation function as
follows:

o = —2 lim lim I:%Imxfn(q,a))} . (256)
0—>09—>0| q
Formula (108) can be conveniently written as
_ dn  DpLq?
A (qw) = R (257)
wDpLq” —iw
where
Dp. = D(1+ FJ). (258)
As aresult, Eq. (256) leads to the Einstein relation
0
201 (259)

0 = *— Dp, = 2ve’D.
o

One can see that the Fermi liquid correction 1+ F)
cancels between Dp. and dn/dpu = 2v/(1 + F}), so that the
renormalized diffusion coefficient D in the NLoM yields
directly the electric conductivity with minimal dimensional
coefficients [7].
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VI. CONCLUSION

We, thus, rederived using the Keldysh technique the
main results of the RG theory of the disordered electron
liquid [3,5,6]. Besides the set of the RG equations, the
discussed items include: (i) the derivation of the Einstein
relation which allows to connect the electric conductivity to
the scale-dependent diffusion coefficient D in the NLoM, (ii)
the expression for the renormalized spin susceptibility, (iii) a
number of relations between the vertices and the interaction
parameters, which in essence are the Ward identities. For
understanding the overall structure of the Keldysh NLo M, it
was crucial to observe that the two vertices, the one associated
with the quantum source and the one associated with the
classical one, are both renormalized in the same way. The
validity of the theory has been confirmed experimentally by
measuring resistance along with in-plane magnetoresistance in
Si-MOSFETs at various temperatures and densities [15,16,49].

We concentrated here mainly on the peculiarities induced
by the matrix structure of the NLoM in the Keldysh technique.
We conclude, that apart from differences related to working
with Keldysh matrices instead of replicas, the RG procedure
in both schemes are rather similar. In subsequent papers, we
apply the developed technique for the calculation of the heat
density-heat density correlation function, which allows us to
analyze heat transport at low temperatures.
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