PHYSICAL REVIEW B 90, 155441 (2014)

Renormalization group analysis of thermal transport in the disordered Fermi liquid
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We present a detailed study of thermal transport in the disordered Fermi liquid with short-range interactions.
At temperatures smaller than the impurity scattering rate, i.e., in the diffusive regime, thermal conductivity
acquires nonanalytic quantum corrections. When these quantum corrections become large at low temperatures,
the calculation of thermal conductivity demands a theoretical approach that treats disorder and interactions on
an equal footing. In this paper, we develop such an approach by merging Luttinger’s idea of using gravitational
potentials for the analysis of thermal phenomena with a renormalization group calculation based on the Keldysh
nonlinear sigma model. The gravitational potentials are introduced in the action as auxiliary sources that couple
to the heat density. These sources are a convenient tool for generating expressions for the heat density and
its correlation function from the partition function. Already in the absence of the gravitational potentials,
the nonlinear sigma model contains several temperature-dependent renormalization group charges. When the
gravitational potentials are introduced into the model, they acquire an independent renormalization group flow.
We show that this flow preserves the phenomenological form of the correlation function, reflecting its relation to
the specific heat and the constraints imposed by energy conservation. The main result of our analysis is that the
Wiedemann-Franz law holds down to the lowest temperatures even in the presence of disorder and interactions

and despite the quantum corrections that arise for both the electric and thermal conductivities.
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I. INTRODUCTION

Low-temperature transport in disordered conductors is
determined by the slow diffusive dynamics of electrons.
Frequent scattering of electrons on impurities is responsible
for the diffusive motion on long time scales; the existence
of gapless diffusion modes in the system is guaranteed by
conservation laws, such as the conservation of particle number,
energy, or spin. Impurity scattering, besides the electron-
electron interaction, also causes a coupling of the diffusion
modes. It is this coupling of the modes in combination
with their slow dynamics that gives rise to a nonanalytic
temperature dependence in a number of physical quantities,
including the conductivity, tunneling density of states, and
the specific heat [1-6]. The complex interplay of diffusion
modes is elegantly captured in a field theoretic approach to
disordered electron systems, the so-called nonlinear sigma
model (NLoM). For noninteracting systems, the NLoM
was introduced by Wegner [7] and further developed by a
number of authors [8§—11]. The formalism was generalized to
interacting systems by Finkel’stein [12]. When the coupling
of diffusion modes is neglected, the NLoM for interacting
systems describes transport on the level of the microscopic
Fermi liquid theory. Therefore the sigma model is a convenient
starting point for a renormalization group (RG) analysis, which
sums the logarithmic divergencies arising in two dimensions
(2d), or near the metal-insulator transition.

For interacting systems, the RG analysis results in coupled
flow equations for the diffusion constant, the frequency, and the
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interaction constants [12—15]. The calculation of correlation
functions provides a bridge between the microscopic theory
and phenomenology. It helps to identify and calculate phys-
ical quantities. For example, the density-density correlation
function can be employed for the RG analysis of electric
transport [12—14]. In this paper, following the same idea,
we develop an RG approach to thermal transport in the
disordered Fermi liquid by analyzing the heat density-heat
density correlation function. A short account of our findings
was presented in Ref. [16].

The thermal conductivity « characterizes the heat current
flowing in a sample in response to a temperature gradient

j. = —KVT. (1

In a Fermi liquid, there exists a fixed relation between electric
and thermal conductivities. This so-called Wiedemann-Franz
law [17] (WFL) reads as k = Loo T, where Lo = w2 /3€? is
the Lorenz number, e is the electron charge, o is the electric
conductivity and T is the temperature. The validity of the
WEFL in an ordinary Fermi liquid is closely connected with
the quasiparticle description [18,19]. Experimental tests of
the WFL through simultaneous measurements of electric and
thermal transport are, therefore, an important tool for the
detection of non-Fermi liquid behavior [20-24]. In this paper,
we address the question whether quantum corrections can lead
to a violation of the WFL in the disordered Fermi liquid at low
temperatures.

In order to study a possible violation of the WFL, one has
to analyze the logarithmic singularities arising in interacting
disordered systems for the electric and heat conductivities
on an equal footing. This task requires to extend the RG
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analysis to the heat transport. As concerns the theoretical
description of heat transport, one may distinguish two types of
approaches: the Kubo formalism in the framework of linear
response theory and the quantum kinetic equation. In the
kinetic equation approach one expresses the heat current or
density in terms of the nonequilibrium electron distribution
function. The distribution function itself is found as the
solution of a quantum kinetic equation, to be derived from the
microscopic model. Unfortunately, the kinetic equation is not
well-suited for the summation of the logarithmic singularities.
Instead, we will make use of the Kubo formalism to implement
the RG technique in the analysis of the thermal transport. The
calculation based on Kubo formulas typically proceeds via
the heat current-heat current or the heat density-heat density
correlation functions. It, therefore, requires microscopic ex-
pressions for the heat density or heat current as a starting
point.

In the original works on the RG analysis for electric con-
ductivity and spin susceptibility, a linear response formulation
based on the density-density [12,13] and spin density-spin
density [14,25] correlation functions was developed. The idea
is to work with electric potentials and magnetic Zeeman fields
as auxiliary source fields coupling to the charge and spin
densities in the action. The correlation function can then be
generated via a differentiation of the partition function with
respect to these fields. During the course of the RG analysis,
the renormalization of the source fields needs to be monitored
together with that of the other charges. At the end of the
procedure, the correlation function can be calculated at the
new scale, and the corresponding physical quantity can be
extracted.

A similar path can be taken for thermal transport. Following
an idea by Luttinger, we include a gravitational potential into
the theory [26-28], which couples to the heat density and
plays the role of a “mechanical” source for thermal transport.
Starting from this microscopic formulation, we then derive a
NLoM in the presence of the gravitational potentials. This
derivation is complicated by the fact that the gravitational
potential couples to the disorder term in the action, i.e., that
the heat density contains the disorder potential explicitly.
This complication was already noticed by Castellani and
coworkers [29] in their calculation of the heat density-heat
density correlation function. In their work, a diagrammatic
method was introduced in order to circumvent this problem.
However, the use of this strategy for the functional formulation
and thereby for the RG calculation based on the NLoM is not
obvious. In order to overcome the mentioned difficulties, we
devise a transformation that allows to remove the gravitational
field from the disorder term at the expense of introducing terms
nonlinear in the gravitational potentials. The resulting theory
then allows for a comprehensive RG analysis.

Unfortunately, the microscopic expression for the heat den-
sity is more complicated than its analog for electric transport,
the charge density. The quantum mechanical expression for
the heat density generically contains pieces that are quartic in
the electron creation and annihilation operators, in addition to
quadratic ones. Correspondingly, the theory does not contain
a single but several vertices originating from the microscopic
heat density operator. As a consequence, the main focus of the
RG procedure shifts towards the analysis of vertex corrections.
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The action of the extended NLoM contains several terms
hosting the gravitational potential, and one should distinguish
these potentials for the RG analysis. In this formulation of the
problem, the study of vertex corrections corresponds to the
problem of finding the flow of the gravitational potentials in
the extended sigma model.

The flow of the different renormalization group charges
and potentials in the model is not completely arbitrary. The
energy conservation law imposes an important constraint on
the form of the correlation function calculated on the basis
of the renormalized model. In addition, the static limit of the
correlation function is directly related to the specific heat.
The consistency of this result with a direct calculation of the
specific heat based on the heat density allows for an additional
cross-check.

The key result of our analysis is the validity of the
WFL in the case of short-range interactions [30]. The WFL
holds despite the strong renormalizations of the electric and
thermal conductivities as well as of the specific heat at low
temperatures. Technically, this result is a consequence of the
fact that from the very beginning the system is located at an
RG-fixed point with respect to the flow of the gravitational
potentials. As we have discussed in Ref. [16], this structure is
intimately connected with the conservation of energy.

The thermal conductivity of a disordered electron system
has been studied in the framework of the RG in Ref. [29]. Our
analysis differs in several respects; the authors of Ref. [29] did
not employ the NLo M approach, but based their work on the
Matsubara diagrammatic technique. Unlike the analysis of the
extended NLoM presented below, this type of consideration
relies on the assumption that the main building blocks of the
theory are known and it is rather difficult in this framework
to detect additional charges that can be generated during the
course of the RG (for a more detailed discussion of this point
see Sec. VIII). It is the purpose of the present work to firmly
establish the structure of the renormalized theory.

A thorough understanding of the structure of the theory is
also desirable for a second reason. The WFL turns out to be
valid in the short-range case only. Indeed, several perturbative
studies of thermal transport in the presence of long-range
Coulomb interactions [28,31-36] reported a violation of the
WEFL. It has become clear that in the presence of the Coulomb
interaction scattering processes with small energy transfers,
which are outside the RG interval, become important and
give rise to additional logarithmic corrections violating the
WFL [28,31-36]. Even though no indication of a violation
of the WFL in the absence of the Coulomb interaction was
found in these works, conclusions about its validity in the
short-range case can be drawn from them only within the
realm of perturbation theory. The point is that in the mentioned
works, corrections to the interaction amplitudes as well as the
frequency renormalization, which is of particular importance
for heat transport, were not considered. To put the validity
of the WFL in a system with short-range interactions on a
more solid ground, one has to go beyond the perturbation
theory and perform a comprehensive RG analysis of the
problem. Furthermore, this analysis is expected to consti-
tute an important building block for further extensions of
the theory to electron systems with long-range Coulomb
interactions.
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In this manuscript, the main object of interest will be
the heat density-heat density correlation function. Formal
properties of this correlation function as well as its relation to
the specific heat and to the heat conductivity will be discussed
in Sec. II. In Sec. I1I B, we introduce the so-called gravitational
potentials. These are auxiliary source fields coupled to the
heat density. We also derive the Keldysh NLoM in the
presence of the gravitational potentials. In the absence of
the gravitational potentials, the derivation of the Keldysh
NLo M together with the one-loop RG calculation have been
presented in detail in our recent paper [37]. Here, we follow
the procedure and notations introduced there. In Sec. IV, we
discuss the main building blocks for the RG analysis in the
presence of the gravitational potentials. The calculation itself
is then presented in Sec. V, it focuses around the dynamical
part of the correlation function. The final result of the RG
analysis, the occurrence of a fixed point in the RG flow of
the gravitational potentials, can be found in Sec. VD. We
proceed with an analysis of the specific heat in Sec. VI. We
check that the relation of the specific heat to the static part
of the correlation function is maintained during the course
of the RG procedure. In Sec. VII, we combine the static
and dynamical parts of the heat density correlation function
in order to find the thermal conductivity. We conclude this
section with a discussion of the validity of the WF law in the
case of short-range interactions. We summarize in Sec. VIIL
In Appendix A, we discuss an auxiliary relation between the
specific heat measured at constant particle number and that
measured at constant chemical potential. This relation is used
in Sec. II B. In Appendix B, we comment upon additional terms
that could be generated in the course of the RG procedure in
the presence of the gravitational potentials; we argue that these
terms do not appear.

II. THERMAL CONDUCTIVITY AND THE HEAT
DENSITY-HEAT DENSITY CORRELATION FUNCTION

A. Model

We introduce the Keldysh partition function Z and the
action S for a disordered Fermi liquid system as follows:

z= / DI ] exp(i STy 0D, ?)
Syt = /c d / Wlid s, — k(o). 3)

Here, ¢, = (wT(x),wi(x))T and I/f; = (Ilf%k(x),l/ff(x)) are
vectors of Grassmann fields for the spin-up 1 and spin-down
J components of the fermions, and x = (r,7). Further,

k(x) = h(x) — pn(x), )
where u is the chemical potential and the Hamiltonian density
h = ho + hiy describes a Fermi liquid in the presence of a
disorder potential ug;s. We split # into two components, the
noninteracting part s describes free propagation of particles
and hjy, specifies the interparticle interaction

ho(x) = — VYV, + ugis(mn(x), (5)

2m*

1
hin(x) = Zn(x)(F(f/v)n(x) +8OO)(Fg /v)s(x).  (6)
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Here, F}*° are the Fermi-liquid parameters for the singlet and
triplet channels, and v is the single particle density of states at
the Fermi level per spin direction. We also used the following
expressions for the number and spin densities:

n(x) = ylogy,, stx) = iyloy,. 7

For the sake of simplicity, the disorder potential will be chosen
as delta-correlated white noise,

(Ugis()ugis(r')) = 5 Sr—r), (uagis(r)) =0, (8)

VT
where t is the scattering time and the angular brackets
symbolize averaging over different realizations of the disorder
potential. It will be assumed in the following that disorder is
weak in the sense that ezt > 1, where ¢ is the Fermi energy.

In this work, we use the so-called Keldysh technique
[38—41]. The action S in Eq. (3) is defined on the Keldysh
contour C, which consists of the forward (4) and backward
(—) time paths. For the analysis of thermal transport, which is
the purpose of this paper, it is important to note that k(x) in
Egs. (3) and (4) is the heat-density. In the following section, we
will discuss the heat-density heat-density correlation function
and its connection with the thermal conductivity. One of
the advantages of the Keldysh approach is that correlation
functions are calculated directly in real time, thereby rendering
the analytical continuation unnecessary.

B. Heat density-heat density correlation function

We follow the strategy developed for the electric and spin
transport. For that, one may consider the density-density or the
spin density-spin density correlation functions, respectively.
To this end, it is convenient to introduce source fields coupled
to n(x) and s(x). The correlation functions can then be
generated via differentiation with respect to the corresponding
sources. Similarly, in this work, the main object of interest will
be the retarded heat density-heat density correlation function,
defined as

Xk (x1,%2) = —i0(t; — t){[k(x1),k(x2)]) 7 ©)

In this formula, k=h-— wui is the heat density operator;
h and 7 are the operators of the Hamiltonian density and
particle density, respectively. By 6(¢) we denote the Heaviside
step function. The angular brackets symbolize the grand
canonical thermal averaging, (...)r =tr[p...], and p is the
corresponding statistical operator,

e Bk

p=———7+¢, K=
tr[e=#KX]

>
>
>

H— N, (10)

where H and N are the Hamiltonian and the particle number
operator, and 8 = 1/T.

In the case of disordered systems, the average over impurity
configurations should also be included in the averaging proce-
dure. As a result, one may introduce the Fourier transform of
the correlation function as

e Ge1,x2) = / K (@) T o) ()
q.0
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Let us note the following, two important properties:
X(q = 0,0 — 0) =0, (12)
xk(q = 0,0 =0) = —¢,T. (13)

These properties are generic and independent of the details of
the model. Indeed, the first relation is a consequence of the
conservation laws for energy and particle number. It is easily
understood when noticing that k(q,?) approaches K in the limit
q — 0.Inturn, K commutes with the statistical operator. Then
the relation given in Eq. (12) follows immediately. The second
relation in Eq. (13) states that in the static limit the correlation
function is directly related to ¢, the specific heat (per unit
volume) at constant chemical potential w,
3 (k)7

T
= = ——02Q. (14)
wv 14

~

Here, (k) and 2 are the heat density and the grand canonical
potential, V is the volume. The stated relation can most
easily be confirmed in the imaginary time representation for
the correlation function. In a similar way, the static limit of
the density density and spin-density spin-density correlation
functions are also related to thermodynamic susceptibilities:
to the compressibility and the spin susceptibility, respectively.
One may distinguish ¢, from the specific heat at constant
particle number, cy. In fact, at low enough temperatures,
the difference between ¢, and cy can be neglected, see
Appendix A. In the following, we will therefore denote the
specific heat simply as c.

We will now establish a connection between the heat-
density correlation function and the main quantity of our
interest, namely thermal conductivity. All our considerations
will be restricted to linear response. Let us first introduce
the following short-hand notation for retarded correlation
functions:

((A(rst)5B(r/at/))> = _le(t - t’)([A(rvt)rB(r/rt/)])s (15)

where the time evolution is governed by K. Assume now
that a perturbation induced by the so-called gravitational
potential [26-28] is added:

SK = f k@)n(r,r)e’. (16)

Here, the infinitesimal § > 0 ensures the vanishing of the
perturbation in the distant past + — —oo. The gravitational
potential n couples to the heat-density operator.

In linear response theory, the following relation may be
established between the average heat current j;(x) and the
gravitational potential n(x):

ji(x) = f f dr' (e k) e A7)

Here, we rely on the fact that the average current vanishes in the
absence of the perturbation. Assuming translational invariance
(resulting after the averaging over disorder), one may write

1 2 - ot
Ji(q.0) = V/((jk((I),k(—(I)))(T)n(q,w)e"” i

:‘i_qz (@), kR~ (ngwe ™. (18)
q- Je
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Here, we wrote o™ = w + i8. In the second step, the continuity
equation for the heat current operator was used (this relation
may be viewed as the definition of this operator).

Making use of relation (15), a partial integration in 7
may be performed. While the boundary term vanishes due
to the presence of the damping factor exp(—4t), one should
remember to pick up a contribution from the 6 function. The
result is

. —i . R
Jr(q,0) = V—qz[—<[k(q,0),k(—q,0)])

+ w({k(q),k(—) (@)Iliqn(q,@)].  (19)

A comparison to particle transport is useful in connection with
the first term in the square brackets. Particle transport can be
studied with the help of the same formalism. To this end, the
heat current j; and heat density k should be replaced by the
particle current j and particle density n, and the gravitational
potential n by a potential ¢ coupling linearly to n. In this case,
however, the equal-time commutator of densities (the analog of
the first term in square brackets) vanishes identically, because
the density operators at different space-points commute.
This is not the case for the heat densities under study
here.

It is worth mentioning that the frequency term in
the square brackets of Eq. (19) obeys ((k(q).k(—q))} =
((I%(q),lg(—q))),w, while the equal-time term is purely real.
As a result, in the static limit, w — 0, the frequency term
determines a real contribution in the response to —Vn,
while the equal time term yields only a much smaller
imaginary contribution, in which we will not be interested in
anymore.

So far, the gravitational potential was just a theoretical
construct, allowing us to formulate a linear response theory for
the heat current. The crucial step is to establish a connection
between the response to the gravitational potential n and
the response to a temperature variation §7. As argued by
Luttinger [26] (see also the discussion in Ref. [27]), the
respective responses to 67 and 7'n may be identified, i.e.,
we may replace n — 6T/T in Eq. (19). The reasoning is
analogous to the derivation of the Einstein relation, which
connects the electric conductivity and the diffusion coefficient.
The argument is based on the idea that under equilibrium
conditions the heat flow caused by an external gravitational
potential is precisely compensated by a heat flow caused by the
induced variation of temperature §7 = —T'n. Concerning the
sign of the response, note that in equilibrium the two currents
flow in opposite directions. When considering the response
to the gravitational potential substituting the temperature
gradient, one should therefore replace n — 67 /T as stated
above. For the purpose of finding the heat conductivity from the
dynamical heat density-heat density correlation function, one
needs to extend this replacement to small but finite frequencies,
1(q.w) — 6T(q.w)/T.

The (static) heat conductivity k may now be defined as
the real part of the coefficient relating j, and —VT. In this
step, it is important that the limit ¢ — O should be taken
before w — 0. Remember in this respect that, as discussed
above, the equal-time commutator of heat densities does not
contribute to the real part. As a result, one arrives at the
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relation [29]

1 ~ ~
Kk = ——— lim lim (%Im[((k(q),k(—q)))(@])

VT o—=0g—0

1. . w
=-7 lim thHO (Flm[xkk(q,w)]) . (20
The heat conductivity k may therefore be obtained from
the heat density-heat density correlation function. This basic
formula serves as the starting point for the calculation of « in
this paper.

For heat transport in the disordered Fermi-liquid, one
expects that in the low-temperature limit 7 < 1/1,, where 7,
is the transport scattering time, the heat-density heat-density
correlation function has a diffusive form [29]:

Di¢?

_ 21
CDqu—ia) @h

Xik(q,0) = =T
Note that this form fully respects the two general constraints
displayed in Egs. (12) and (13). Decomposing xi; into a
static and a dynamical part, xe = x5t + x", one finds two
relations, which generalize the ones given in Egs. (12) and (13):
iw

AN quw) = =T (22)

CDkq2 — ia)’
Xix = lim lim y(q,0) = —Tec. (23)
q—>00—

We observe that the knowledge of the dynamical part of
the heat density-heat density correlation function alone is
sufficient for finding the heat conductivity and the specific
heat:

| w d
K = —Til_r}})clll_r)r(l) <;Im[xk,f“(q,a))]) =cDy, (24)

e = L fim lim X" (q,w). (25)
T w—0q—0 kk ’

III. DERIVATION OF THE SIGMA-MODEL IN THE
PRESENCE OF THE GRAVITATIONAL POTENTIALS

Starting from the model specified in Sec. I A, we introduce
slowly time-dependent gravitational potentials as source fields
into the action. Unfortunately, the derivation of the NLoM on
the basis of the resulting action is complicated by the fact that
the sources are also coupled to the disorder potential. Therefore
we first introduce a transformation of the fermionic fields that
removes the sources from the disorder-dependent part of the
action. This new representation allows us to obtain the NLoM
for interacting fermions in the presence of the gravitational
potentials following the standard route.

A. The fermionic action with gravitational potentials

It is convenient to separate fields on the forward path
(+) and on the backward path (—) of the Keldysh contour.
Using this notation, the action in the absence of gravitational
potentials can be written as

ﬂW@+=/ de Lty - ciwt D, 26)
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where £ = fr (wii 0, ¥y — k(x)). Introducing the heat den-
sities for each of the paths, ky = k[Y4,¥4] and k_ =
k[¥_,¥_], one may define the classical (cl) and quantum
components (q) of the heat density symmetrized over the two
paths of the contour, k./y = S(ky £k_). In the functional
integral approach, the average heat density (k(r)); can be
calculated as (k. (x)), and the retarded correlation function
can be obtained as i (x1,x2) = —2i (k¢ (x1)k,(x2)), where the
averaging (... ) is with respect to the action of Eq. (26); see,
e.g., Ref. [41], and Sec. III A of Ref. [37].

To study the heat-density correlation functions, we intro-
duce the following source term into the action:

Sy = —2f[nz(x)kcz(X) + 1m0k, (x)], 27
and generate the observable quantities as
i 62
(kei(x)) = 5 —— ; (28)
2 8m(X) |y <=0
(=t P2 29)
Xkk\X1,X2) = = ————————— )
T 2 Sy () (02) = =0

where the partition function Z in the presence of the source
fields is defined as Z = f D[yt ] exp(iS +iSy).

In order to write the action in a compact form and to
prepare the derivation of the nonlinear sigma model, we group
the fermionic fields on the forward and backward paths into
a vector ¥ = (Y4,%_)". The interaction part hi,; will be
decoupled with Hubbard-Stratonovich fields #. acting on the
four (singlet and triplet) densities for each of the paths; the
density index / counts four components, / = 0 — 3. We further
define matrices 9 and 7’ acting in the space of fields

s (9L 0 o (mtm 0

ﬁ_<0 o) =", 2,) GO
so that the action S in the presence of the source fields is
written as

NUARTA NG

=f&%&—mm—ma+m+wamﬁ

/ ! VI/_f(l—i-”)AVl/f—i-l/;}T I s

— [0k - o .

om* 1793 2.0 1+
(€29)

Here, and in the following, we write [, = [* dtand [, = [, .

The four Pauli matrices o' act in spin space (1,), while
63 is the third Pauli matrix acting in the space of forward
and backward fields. (From now on, hats denotes matrices
acting in the Keldysh space.) We grouped the interaction
potentials for the singlet and triplet channels into the matrix
f = diag(Fy ,F{,F§ ,FJ)/2v. (Note that in Ref. [37] this
amplitude has been denoted as V; there, it also incorporates
the Coulomb interaction.) In the following, the change of the
parameters of the model in response to a nonconstant local
temperature will not be considered, as the resulting corrections
can safely be neglected at low temperatures T < €f.
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Note that the zero-momentum component of the Hubbard-
Stratonovich field #/=° should be excluded from the action
S presented by Eq. (31). This rather peculiar component
is related to the corrections to the chemical potential w.
When analyzing transport, one assumes that the properties
of the equilibrium state are already known, so that one
may concentrate on the deviations induced by the external
perturbations.

Next, the Keldysh rotation can be performed [41,42]. To
this end, we introduce new fermionic fields:

V=gl G=tey, b=— (" 7. @&
bl 3 b ﬁ 1 1 9
and the so-called classical (cl) and quantum (g) components

of the bosonic fields 6/, = () £9!)/2, which are often

grouped into an eight-component vector 6 with components
6{ = 0}, and 6; = 6,. Introducing the two matrices P; = 6o,
7, = 61 in Keldysh space, one may form the matrices §' =
Ekzl’zeliﬁk and ) = =1 2mkPx. The Keldysh action after
rotation reads

NYARR)

- / B (i0, — Tugs — (1 + 1)+ 8'0")
X

- /Lv\w(u A)VkIJ—i—/ éTﬁf—lé (33)

 2m ! A EY A

The manipulations presented in this section so far are a
straightforward extension of the conventional formalism,
the only difference being the inclusion of the gravitational
potential 7. The next step in the derivation of the nonlinear
sigma model is typically the disorder average, which results
in a four-fermion term in the action. We notice, however,
that in the present formulation a serious complication arises.
Namely, when “naively” performing the disorder average
starting from the action in Eq. (33), the gravitational potential
would be present explicitly in the four-fermion term, thereby
complicating the subsequent steps in the derivation. In order
to avoid this problem, we transform the fermionic fields as
follows:

v Viw, O 9V, (34)

where A =1/(1+8)=1—=Pim — Pama +20mm + -+ -
After this transformation, the action reads as

t 7o 1 - A Rl
S[w,w'.0,n] = 2 W@EA D, —id MW

—/ U (Oin + ugis — p — 20'a" )W

+/5T(;>2i)f‘1§+ S;. (35)

In this formula, the operator of the kinetic energy Oyin =
—V?2/2m* was introduced.

Most importantly, the gravitational potentials have been
removed from the disorder part of the action. Instead, they
reappear together with the time-derivatives and also modify the
coupling of the Hubbard-Stratonovich fields to the fermions.
The term quadratic in 8 remains unaffected by the transfor-
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mation. Strictly speaking, an additional term proportional to
(Vn)? appears in the action. Since it is quadratic in 7 and local,
such a term can only be proportional to ¢, and in the limit
g — 0 it may safely be dropped.

Two comments are in order here. (i) For the calculation
of the correlation function according to Eq. (29), one needs
to consider the expansion of A up to second order in 7.
In particular, aside from the terms proportional to n; and
12, a quadratic term of the kind 1,1, is relevant. The latter
term gives a contribution to the static part of the correlation
function only. The relevance of such a term will become
transparent for the calculation of the specific heat presented in
Sec. VI A below. However, for the calculation of the dynamical
part of the correlation function, only the terms linear in 7
are required. (ii) The transformation (34) gives rise to a
Jacobian J encoded in S7. In short, its role is to remove
disconnected contributions proportional to the heat density
itself. In the following discussion, some subtle points related to
the transformation (34) are considered in more detail. Readers
who are not interested in this somewhat technical discussion
may continue directly with the derivation of the sigma-model
in Sec. III B.

1. Further discussion of the transformation (34)

The approach described here is based on a functional
integral expression for the heat density correlation function, for
which the Hamiltonian density consists of a noninteracting and
an interaction parts, compare Eqgs. (5) and (6). It is instructive
to look at the problem from a different perspective. To this
end, let us go one step backwards to the level of the operator
formulation, see Eq. (9). One can use the equations of motion
for the field operators ¥, ! and rewrite the Hamiltonian
density in an alternative form. For the sake of simplicity,
let us illustrate this point for the noninteracting theory with
Hamiltonian

H= / dr (1) [Okin + ttain(®)] (). (36)

The time evolution of the operators ¥, ¢! is determined by

K, J(x) = K" (r)e *X?, and the Heisenberg equations of

motion read

—id " = [, K1 = O,
(37

i = [V,K] = O

where Oy (r) = Okin + ugis(r) — w. Using the first quuation
of motion, the heat density operator defined as k(x) =
Y i(x)Our(x) can be represented as follows:

k(x) = PO @ (x) = §r(x)id f (x). (38)

It is important to appreciate that the kinetic part of the
heat density is not determined unambiguously. Indeed, as
one may perform a partial integration in the expression
for the Hamiltonian, different representations for the heat
density are possible. Fortunately, this freedom does not
lead to an ambiguity for the transport coefficient [43]. One
could, therefore, define an alternative expression for the heat
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density as
K (x) = [O@) P (01 (x) = —i[3,9 () (x),  (39)

and introduce the symmetrized form of the heat density
operator, kgym(x) = $[k(x) + k'(x)],

1t <~ =
ksym(x) = 59" (x)[—i 9, + i 9 ¥ (x). (40)

The expression for ks, has been derived for the following
reason: from the functional integral approach we see, when
expanding A to linear order in # in the action S given in
Eq. (35), that the transformation (34) essentially implements
the equations of motion which correspond to the symmetrized
form of the heat density. [In the case under study, the
generalization of the last representation given in Eq. (40) to
include the interactions is relevant. The equations of motion
can also be used in the interacting case. For example, one may
derive an expression for the heat density that involves only
time derivatives and the interacting part of the Hamiltonian
density. Alternatively, one may use time derivatives and
the noninteracting part of the Hamiltonian density only,
even in the interacting case, see Ref. [29]. A representa-
tion with time-derivatives only, as utilized in Ref. [28], is
incomplete [44].]

Let us further discuss the role of the Jacobian and of the
nonlinear terms in ) as they arise from an expansion in A after
the transformation (34). To this end, it is instructive to inspect
the equation of motion for the Green’s functions,

(—Okin + 1 + ugis) GR/A (e 1,1
=8r—r)8( —1)—id, GMAx,r 1.t), (41)

which follows directly from the Heisenberg equations of
motion for the field operators, Eq. (37). For the sake of
simplicity, we focus on the noninteracting case. By expressing
the heat-density heat-density correlation function in terms of
Green’s functions, it can be seen that the appearance of both
the Jacobian and of the nonlinear terms in 7 is directly related
to the §-function part appearing in Eq. (41). In particular, the
Jacobian ensures that the disconnected part of the correlation
function disappears when working with the transformed fields.
[Recall in this respect that due to the presence of the
commutator, one may replace k by k — (k)7 in the definition of
the correlation function, Eq. (9), without changing the result.
In a diagrammatic language, this means that no disconnected
diagrams appear, in the sense that the relevant diagrams for
the correlation function cannot be cut into two parts without
cutting a fermionic Green’s function.] The Jacobian depends
on 7, but is otherwise featureless. Each time when the Jacobian
is involved in taking derivatives with respect to 7, see Eq. (29),
it generates terms that correspond to disconnected parts of the
correlation function. While we will keep in mind the existence
of the Jacobian, we will from now on drop the S 7-part from
the action given in Eq. (35), and not write the disconnected
part of the correlation function explicitly.

B. Derivation of the NLoM

In the absence of the gravitational potentials, the derivation
of the Keldysh NLoM for interacting systems was first
described in Refs. [45-47]. Here, we will adopt the notation
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introduced in our recent work, Ref. [37], and mainly stress the
modifications related to the presence of 7.

The first step is the disorder average, which pro-
duces a four-fermion term Sgs = (i/4mvt) [ ([, Uig, )2
in the action. This term can subsequently be decou-
pled with the help of a Hermitian matrix O(r,t,1).
As a consequence, the following combination of terms
appears in the action, 6S=2’;rfr’m, @I’,Q(r,t,t’)‘imr+

% fmt/ tr[Q(r,t,t’)Q(r,t’,t)]. The saddle point equation for

>

in the absence of interactions is solved by the matrix

o(r,t,t) = A,_,, where

A= (é Z_fl) = 0,65, ity = (3 7 81) @)
and F, = tanh( %) is the fermionic equilibrium distribution
function; note that 4, = ii;'. The physics of disordered
systems at low temperatures is dominated by the slow diffusive
motion of electrons at long times and distances. This can be
accounted for by considering gapless fluctuations around the
saddle point solution that respect the condition (0o Q),q p =
3(t — t'), where the symbol o denotes a convolution in time.
Restricting ourselves to this manifold of low-lying excitations,
a convenient parametrization is [41,47]

>

>

QO=i0Qoi, 0=Uoc630U. (43)
Here, U = Ut,t/(r), and (U o ﬁ),,,r = §(¢t — t). After inserting
this parametrization into the action of Eq. (35), the fermionic
fields may be integrated and, at the same time, a gradient
expansion for the slow modes may be performed. The
result is

0 Vi Ao (1 . a1\ oA
Sto =~ Tr| DV +4i (5.4} + 760" ) 50

+ /éTm[f—‘ +2v16

~ 2o [0+ Tao [ (44)

Here 0,80 = O — A, % and § are matrices in the Keldysh and
spin space as well as in the frequency domain. In particular,
()A»r)ggr = )A»m,gr, and the same for 8, while QSS/ generally
depends on both frequency arguments. The operator & acts
as &, = €12md(g; — &7) in frequency space. Tr covers all
degrees of freedom and includes integration over coordinates.
The reason for the appearance of §Q instead of O will be
specified further below. The two terms in the last line describe
the contributions to the heat density and the static part of the
heat-density heat-density correlation function originating from
fermionic degrees of freedom (i.e., without participation of the
diffusion modes). As has already been explained in Sec. II B,
see Eq. (13), the two quantities ky and ¢, are related to each
other: ¢g = drky = 2m2vT/3.

The derivation of this action closely resembles that in the
absence of the gravitational potentials. It is, however, worth to
add a few comments. In a theoretical description in terms
of Green’s functions, the diffusion modes as well as the
coupling of these modes to each other originate from certain
diagrammatic blocks. These blocks contain both advanced and
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retarded Green’s functions. By contrast, the diagonal matrix 2v
appearing in the 62 term and also the factor T'co = T d7kg in the
last term originate from diagrammatic blocks containing only
retarded or only advanced Green’s functions. For these terms,
which are determined by fermionic states with high energies,
disorder does not induce singular corrections, and they can
approximately be calculated using the fermionic language. As
an example, in the absence of the gravitational potentials, the
density of states 2v entering the 62 term may be obtained
as the static limit of the retarded density-density correlation
function at zero temperature. Further on, in the presence of
the gravitational potentials, one has to expand the action to
second order in 6 and simultaneously up to second order in
the gravitational potentials 7. It turns out that the result of this
expansion is controlled by the same coefficient, namely 2v.
This is why, in the second line of Eq. (44), the dependence
on 7 has been wrapped up into A. The Keldysh formalism is
well suited for these considerations, as the terms of relevance
here, namely those involving only retarded or only advanced
Green’s functions, are easily identified. [The calculation is
further simplified by the fact that only the low-temperature
limit needs to be considered. We found it convenient to work
with the representation of the fermionic action of Eq. (33), i.e.,
before the transformation (34), as the results are independent
of this choice.]

It remains to understand why amplitudes containing more
than two Green’s functions of the same analyticity can be
relevant. It is worth comparing to the case of scalar potentials
¢ which play a similar role for the calculation of the
density- or spin-density response functions as the gravitational
potentials do for the heat-density response function. For
the scalar potentials ¢, an expansion up to second order
in the combination (6 4 ¢) is sufficient. This is so since
the coefficients of higher order terms are small. Indeed,
while the second order coefficient is 2v = 9,,n (calculated for
noninteracting electrons), the higher orders induce a smallness
e/, where ¢ is the typical energy of the excitations. This
is a typical situation when more than two Green’s functions
of the same analyticity are involved. As it follows from
formula (27), this is not true for the terms involving 7,
because each 7j-vertex comes with the Hamiltonian itself and
this may, therefore, compensate for the additional Green’s
function.

We next comment on the appearance of § Q in the first line
of Eq. (44). We introduced § Q instead of Q because the terms
for which Q is replaced by A, and which are removed from
the first line in this way, would mimic the constants explicitly
introduced in the third line. Finally, it is worth commenting
on the absence of a linear coupling of 7 to 8. The coefficient
of this term in the action is proportional to the static limit
of the retarded density-heat density correlation function, i.e.,
proportional to T d7n, which is proportional to 72 at small
temperatures and therefore negligible compared to the terms
of interest here.

Returning to the derivation of the NLoM, one may
integrate out the Hubbard-Stratonovich field 6. The

contractions are (ler w@;”r,yfw,) = ﬁ(Fg/2))72ij8r_r/2n8w_w/,

of freedom (0% 67, )=

irw”jr,—w

Then, the model

and for spin degrees

(TG /2094 8e 4278y Bup-
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reads as
0 T Vi A PN
S =~ TD(VOY +2i(2.7)50]
w2 A pe e A
- T (tr[)LVi(SQé‘]Sz]yz 1ﬂ(] tr[ijQ8384]
r,&
+tr{29108 ey, 195 TG P08 Do, ey .0

2% / () + T / 7 9o, (45)

where we abbreviated ;. = 278(e — ¢’). The amplitudes
I'y? are related to the Fermi liquid amplitudes as follows:
Iy =F)/(1+F))and I'§ = F§ /(1 + FJ). The renormal-
ization of the interaction amplitudes I'” and I'? by the diffusion
modes starts from these initial values.

C. Generalized model for the RG analysis of heat transport

As a preparation for the RG analysis presented below in
Sec. V, we introduce a prefactor z in front of € in order to allow
for a scale-dependence of the frequency term in the action.
As is well known, this parameter plays a crucial role for the
renormalization of the model in the absence of the gravitational
potentials. It will be assumed that during the course of the RG
procedure, the frequency and the interaction terms preserve
their structure in the presence of the gravitational potentials.
We will comment below upon this nontrivial assumption.
Taken together, the described changes lead to a NLoM model
in the form

Ss0 = So.5 + Sine.i T S (46)

where

Vi Ao s o Ao A
S5 = TTr[D(VQ) +2iz{&,A}8 0], 47

7%y
Sinl,i = - 4 861*82764*83
I,

X (tr[A7:8 Q1,175 TP1[;8 e, )

+ (371680, 195 TOt[9;68 Qe 1), (48)
Sy = —2(ko +kdm)/ n2(x)

+ KT co) f 1’ P (49)
X

Here, in addition to the parameter z in the frequency term, we
also introduced a factor y} in S,,. The initial conditions for
the additional “charges” are z = y* = 1. While the necessity
of the frequency charge z is well known in the presence of
interactions, [12] the factor y.k is new. This factor describes
renormalization of the static part of the heat-density correlation
function. It is therefore similar to y/°, which describe
renormalizations of the static parts of the density and spin-
density correlation functions, respectively; compare Eq. (63)
in Ref. [37]. Finally, in the first term in S,,,, which is linear in
n, we added k9™ to k in order to describe the accumulation
of heat density originating from the diffusion modes that are
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activated by the interactions. Obviously, S, does not provide
any contribution to the renormalization of the other terms,
but its second term participates in the calculation of the heat
density-heat density correlation function.

It will be useful to present the interaction term, Sy, ;, in
a modified form. Instead of the amplitudes I', and I',, it is
convenient to introduce two new interaction amplitudes. These
are I';, which describes small angle scattering, and I";, which
describes large angle scattering, I'y = %(Fp —TIy),and I', =
—TI',. This transformation of the action relies on the identity
04805 = 284508, — Supdys. The described changes lead to
the following form of the interaction term:

72

S. =

mt,): = 4 881782,64783

r,&
X (r[29:8 Querser 0175 T1tr[ P8 Q ppreses]

_tr[i?i(s Qaﬁ;a.ez]f)zij FZU'[)’)j(s Qﬁa;£354])~ (50)

A priori, it is not clear that the action S5 given in the form
of Egs. (47), (48) [or (50)] and (49) will be sufficient for the
RG analysis of heat transport. There are several reasons for
this reservation. When performing the transformation (34) we
had to pay a price. Namely, while originally, in Eq. (27), the
source 7 entered linearly in the action, in the NLoM described
above the coupling of the gravitational potentials to the slow
modes is nonlinear. It is not obvious from the outset, that
the coefficients of all four relevant terms arising as a result of
the expansion of h=1- V1M — Y202 + 29211, renormalize
in the same way and, in particular, for both the interaction
term and the frequency term, as assumed in Eqs. (47)
and (48). In addition, the gravitational potentials might enter
the kinetic term D(V Q)2 upon renormalization. Indeed, since
the renormalization of the kinetic term necessarily involves
Sine.4» individual contributions to the renormalization of the
kinetic term will necessarily involve 7.

In the remaining sections, we will perform explicit calcula-
tions to check that the form presented by S; is the correct one.
First, in Sec. V we will consider A in the linear approximation
and calculate vertex corrections for the 7n;y; vertex. Most
crucially, it will be shown that in this linear approximation
the gravitational field does not enter the kinetic term and that
all remaining corrections can be absorbed into z, I'; » and the
corresponding gravitational potentials in such a way that the
structure of A; &~ 1 — 1, remains intact. In short, the terms
with gravitational potentials follow their “host” terms during
the course of the RG procedure, i.e., the potentials do not have
an independent flow.

Secondly, we will calculate the specific heat that can be
obtained within the same model from the average heat density
according to the relation ¢ = 97 (K)7. Then, we will calculate
the renormalization parameter y.k , and confirm its relation to
the specific heat. Finally, we consider the heat density-heat
density correlation function. These calculations directly relate
linear and quadratic terms in the expansion of 4; taken together,
they provide a strong argument in favor of the validity of the
action Ssq.
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IV. PREPARATION OF THE RENORMALIZATION
GROUP CALCULATION

The RG approach for the disordered electron liquid was
pioneered in Ref. [12]. Our treatment in this paper will be
based on the implementation within the Keldysh formalism
described in Ref. [37]. The action under study is displayed
below in Eq. (51), where each term in the NLoM comes with
its own gravitational potential ¢;.

The structure of the RG corrections can be classified ac-
cording to the number of independent momentum integrations.
Each such integration results in an additional factor of the
dimensionless resistance (per square) p = 1/(27)*vD. This
is the small parameter of the RG calculation. We will derive
the RG corrections at the one-loop level, i.e., to first order in
p. By contrast, the interaction amplitudes are accounted for
to all orders. The basic diagrams for the one-loop calculation
in the absence of the gravitational potentials are known. They
may be taken as a starting point for the RG analysis in the
case under study here, but need to be modified as to allow for
the gravitational potentials. This procedure is complicated not
only by the fact that each term in the NLoM comes with its
own gravitational potential ;, more importantly, the presence
of the gravitational potentials leads to a nontrivial change in the
matrix structure, once the separation of fast and slow modes
is introduced in the action.

In this section, we will first describe the basics of the
general RG procedure for interacting disordered systems,
including the “dressing” of the interaction amplitudes, which is
a necessary step towards including the interaction amplitudes
to arbitrary orders. Then, we will discuss the renormalization
of the different terms in the action in the presence of the
gravitational potentials. We will limit ourselves to the p; term
in A.

A. Generalities

The RG procedure will be based on the following represen-
tation of the model:

Vi A2 R )
S¢ = =3~ THD( + £p)(V 0)* + 2iz(8,1 4+ £:}60)

77,'21)

4 Jre
x (tr[(1 + Cl"l))?i(s Qaa;slsz]yzijFltr[?jaéﬂﬁ;agm]

—te[(1 + £0,)9i8 Qupier e 1V Tatt[ P18 Qs ). (51)

881 —&2,84—E3

The initial conditions for the RG flow are obtained from
a comparison with Eqgs. (47) and (48). Focusing on the
gravitational potentials, they read
e=¢r,=¢r,=—-m, &tp=0. (52)
It is worth to point out from the very beginning that ¢; and ¢;
are not equal due to the time dependence of ¢;. B
In order to write the interaction part in a more com-

pact form, weAintroduce two Hubbard—StratorAlovich fields:
the real field ¢1(x) and the Hermitian field ¢, ,5(x), with
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correlations

(¢ 0] () = —r18<x —x"py, (53)

(05,05 ()3.,,5()) = —2—F25 wdpy 80 =X (54)

Using this definition, the interaction part of the action in
Eq. (51) can be written in a compact form:

i(v)?

int =

2
> (Teler, g8 QITH$,801).  (55)

n=1

As a first step of the RG procedure, the field O is presented
as

0=U000U, Qo= Uy63U,,

A

OoUo=0U = 1. (56)

Here, the fields Uo, ﬁo represent the fast degrees of freedom,

while U and U are slow. The main idea is to integrate out the
fast fields in order to find a new action that contains only the
slow matrix,

0,= 06U, 0>=1. (57)

The resulting action depends on renormalized parameters
(charges), for which appropriate RG equations can be found.
These renormalized parameters may then be used to calculate
thermodynamic properties or transport coefficients of the
disordered system.

The elimination of the fast fields can only be imple-
mented perturbatively. To this end we choose the exponential
parametrization UO = exp(—l3 /2). The condition {63,}3} =0
eliminates redundant degrees of freedom, it follows that
Qo =03 exp(ﬁ). Here, the generator [41]

D _ 0 dcl;ss’(r)
Pse’(r) - (dq;aa’(r) 0 ) (58)

is a matrix in Keldysh space and d.;;, are two Hermitian
matrices both in the frequency domain and in spin space,

[dcl/q aa’] dﬁo/tq eler

Let us briefly recall the specifics of the RG procedure for
the interacting system: (i) frequencies in the interval At~! <
le] < t~!, and momenta in the shell A\t~ < Dk?/z < v~ are
fast; 0 < A < 1. (ii) If the slow matrix US has at least one fast
frequency index, it needs to be set equal to 1. (iii) The fast
variables ﬁssr must carry at least one fast frequency index,
otherwise they vanish.

In the absence of sources, the RG charges in the sigma
model are D, z, and the interaction amplitudes I';. The
knowledge of these parameters, however, is not sufficient for
the calculation of correlation functions, as they do not describe
external vertices. These vertices may acquire logarithmic
corrections themselves during the RG procedure, so-called
vertex corrections. Source fields can be a convenient means to
account for these vertex corrections. Once introduced into the
action, corrections to these source fields can be calculated in a
similar way as corrections to the other charges. It is instructive
to compare the calculation for the heat density-heat density
correlation function presented in this paper to those performed
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for the density-density and spin density-spin density correla-
tion function (see Sec. III in Ref. [37]). For the calculation of
the latter correlation functions, one should introduce source
terms of the form tr[¢ Q] and tr[lg’zaZ Q] into the action, and

study the scale dependence of the source fields ¢ and B.. As it
turns out, the vertex corrections for the density vertex cancel in
total. For the spin correlation function, however, they are finite
and play a crucial role in establishing the conservation law for
the spin in the system (see, e.g., Refs. [14] and [25]). Notice
that only a single source field is sufficient for the calculation
of the density and spin density correlation functions. For the
heat transport, we are dealing with several sources instead. The
main part of this section will be concerned with the problem
of finding the vertex corrections related to the gravitational
potentials.

B. Basic building blocks of the RG procedure

For the one-loop calculation, an expansion of Qg up to
second order in the generators P is sufficient, Q¢ ~ 65(1 +
P+ P2 /2). To leading order, for Qo = 03, the original action
is reproduced with the replacement O — Q. It will be useful
to name the different terms with and without gravitational
potentials,

Sp = ”‘;Di TV O, 71, (59)

S, = —mvzTr[2 O], (60)

2

n=1

and

D P A \2
0w = Tr[En(VOs)71, (62)

S;. =~ THl(2. 16 0.1, (63)

. 2

i A A A A
Sqp = 5(Tv)’ ;‘ Tr[lr, pu8 O, 1Tr[Bu8 051, (64)
Next, we turn to the terms in which fast modes are present.

We start from the noninteracting part of the action and list
those terms that do not contain source fields:

Spo= _%Tr[z)(vﬁ)2 —2ief 76587, (69)
TV N
Si =~ TD[P.VP]), (66)
mvi 52 & A )2 A BEN2
$: = - TDP(®6,7 + D@ PHPL. (67)
Sp = —%Tr[zéslj@ﬁzﬁ]. (68)

Here, fast and slow frequencies, el and &, are frequencies
within and outside the RG integration interval, respectively.
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& denotes an important combination of the slow matrices:

&=UvU =-VUU. S, contains two terms, S, and S,,. In
Sop, all frequencies of the P matrices are forced to be slow due
to the presence of ®, and this makes this term ineffective for
the RG.

Additional terms arise in the presence of source fields (all
of them are denoted as §5):

5Sf'0 = 5Sf’D + SSf,z’ (69)

imv A .
8Ssp = —TTr[DY@(VP)Z], (70)

TV A N
88y, = —TTr[{zéf )63 P, (71)

and
imvD o N A oA A
58, = t[A,,VPP — B, PVP
+63Y,65[POVP — VPO P, (72)
irvD A A A B A AA2A
88 = t[C,, P? + 63Y,63PD*P
+ 7, [(963P) + (65 P D)1, (73)
v A A An B
88p = ——Til{z8°.3.}U 65 P*U] (74)
Here, we introduced the matrices
Y, =UpU, (75)
A, = 1Y, + ¥, &4, (76)
B, =Y, @ + &7, (77)
G, = o7, & — 7, &t + Doy,

+ ¥, &l — LY, — ¥, D, (78)

where we denote &' = (& — 63943)/2, and P! = (P +
63963)/2, so that & = &Il + &L, Below, we will employ
the matrices M~ and M using the same notation: M/ is the
diagonal part of M in Keldysh space, and M is its off-diagonal
part; [M!,65] = 0, {M*,63} = 0.

The interaction part of the action Sj, gives rise to the
following ¢-independent and ¢ -dependent terms:

A

. 2
Sin.1 = %(m)2 > (Tt{§,U63 PUITr{$, U 63 PUY).

(79)
n=1
i 2 -~
Sin2 = 5 ()’ ;m[@ 0,1Tr(¢, UG5 P*UY),  (80)
i 2 . .
asim,l=§(m)2Z<Tr[@LU&3PU r[¢.U63PUY), (81)

n=1
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Sint,Z

FIG. 1. These are the main building blocks of the one-loop RG
calculation in the absence of he gravitational potentials. Open ends
imply P. Closed sleeves correspond to U or U. When separated by an
angle, a gradient acts on one of them; this corresponds to ®. A slow
frequency &, stands in the vertex marked by a dot. The element labeled
as S, represents the second term in Eq. (67), and is only listed for
completeness. A shaded square implies one of the amplitudes I'; 5.
Indices of these amplitudes have nothing in common with the way of
labeling the interaction terms S, and & Siy;.

A A

. 2
asm,2=§<nv>2n21j<Tr&>2 50,1Teld, 063 P201).  (82)

As the reader may have noticed, linear terms in P have not
been included. They do not contribute to the one-loop RG
calculation. Note that the labeling of the interaction terms Sy
and §Si¢ has nothing in common with that of the interaction
amplitudes I'} . Instead, for Sj,, and §Siy, the labels 1 and 2
refer to the order of the expansion of Qg in P.

In Figs. 1-5, we display the main building blocks of the RG
calculation in a diagrammatic form. The Gaussian action of
the fast modes will be discussed further in the next section.

C. Gaussian action and elementary contractions

The Gaussian action forms the basis of the perturbation
theory. It consists of Syo together with the part of the
interaction term Sy, 1, Which contains P modes with two fast
frequency indices. The fast frequency part of Siy enters the

Gaussian action, because in this case the fields U and U need
to be set equal to 1 in the expression given by Eq. (79). By
inverting the corresponding quadratic form, one obtains the
correlation functions describing diffusion of the particle-hole
pairs together with the rescattering induced by the interaction

155441-11
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NN ZLXNNZ

S
NN ZNN\NZL

\\Z
ZAX

FIG. 2. Diagrammatic representation of 4S;. The diagrams la-
beled as SSfl) represent the two terms in the first line of Eq. (72),
and the diagram labeled as 6552) represents the second line. A dot
with a wiggly line represents the source ¢{p. The diagrammatic
representation of IAQD also contains two closed sleeves.

55

amplitudes:
op
<d€l:£1 & (Q)d;f; &4 (_q))
2
:__5056 55 888 ED s
7_“)[ 80By Oey,e49¢,83 (q.@)

+ 80((385}/80),84—831.7[ Asl,szp(q’w)FZDZ((La))
— 808y s0w.es—es 17 Aey £, Da(q, @) 1(@)D1(q, )], (83)

where w=¢e1—¢6, Ageg=F—Fy, and Jqq =
(2m)¥8(q — q;). The appearing diffusion propagators
are

D(q,0) = » Dip(qo) = (84

D@? —izw D@? —izjr0°
where zj =z -2+ Ty =z—-Tp,and zp =z 4+ T =2 —
I';. As one may see, the interaction amplitudes I', and T’
determine the diffusive propagation in the singlet and triplet
channels, respectively. The corresponding propagators are D,
and D,.

NZS\NZ SN2
N\ZSNZ SN2
55
N\VZS\Z SN2
AN V@ZERN Vg4 55’(2)
—ZAN 2
NZS\Z
NN (3)
5S4
N\VZ_SN\Z
/2 \—

FIG. 3. Diagrammatic representation of §S,. The diagrams la-
beled as 6551) represent the first term in Eq. (73), those labeled as
85;2) represent the second term, and the diagrams labeled as 85;3)
represents the second line in Eq. (73).
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N\\Z

FIG. 4. Diagrammatic representation of §Sg, Eq. (74). Here a
dot together with a wiggly line symbolizes the source ¢, that stands
together with ze,.

0SE

D. Extraction of the gravitational fields from
the dressed interaction

As mentioned before, the only small parameter of the RG
calculation is the inverse dimensionless conductance. At the
same time, the interaction amplitudes should be accounted
for to all orders. A necessary ingredient in this procedure is
the replacement of interaction amplitudes by their “dressed”
counterparts, which describe the interplay of interaction-
induced rescattering and ordinary diffusive motion. In the
absence of the gravitational potentials, this can be done with
the help of the following replacements:

Moy =0 22 o, =22 (85)
1 1,d — ID(z)a 2 2,d — 2D0~

Technically, the dressing parallels the derivation of those
terms in Eq. (83) which describe re-scattering induced by
the interactions. The origin of the above replacement also
lies in the interaction term containing P modes with two fast
frequencies.

The gravitational potentials also participate in the dressing
as they enter the quadratic form via 65y and the fast part
of §Sin..1. Fortunately, in this case the procedure of extracting
the gravitational potentials is relatively simple since one deals
with potentials Cx (¢,&”) carrying two fast frequency arguments.

For fast variables, it is sufficient to approximate Ex(e,s’) ~

Cx(e — €'), 1.e., the matrix structure in Keldysh space becomes
irrelevant. As a result, the extraction of the potentials can be
implemented via differentiations. To be more explicit, when
the dressed interaction amplitude is involved, the combination
iy Flf should be modified according to the replacement

2
3 3 3
iR > r,Tu—r — D— |Tk |
Gy, — [nl er, T +§zZaZ +¢p 3D:| io,d

(86)

where the index iy € {1,2} is kept fixed. In practice, the
described procedure can be performed in two steps. One may
first calculate a certain RG correction involving §Siy,; or

‘ %( 0Sint 2

FIG. 5. Diagrammatic representation of the interaction terms
8Sin,1 and 8Sin2, Eqs. (81) and (82). The dot with wiggly line
represents {r, , .

0Sint 1
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M=+« CEC T 1+ -
IR - (8] + BT + LT+ O

+ L Lls] + ST [l

pal T I ST 1 I

FIG. 6. Schematic illustration of the dressing of the interaction
according to Eq. (85) (upper part) and the extraction of the gravita-
tional fields from the dressed interaction according to Eq. (86) (lower
part). For I'; 4, both interaction amplitudes Iy and I'; are involved, for
I', 4 only I'>-type interactions contribute. The gravitational potentials
¢p and ¢, are extracted from the diffusons, the potentials ¢, and ¢r,
from the respective interaction amplitudes.

8 Sint2 without dressing [but allowing for a finite frequency
transfer and the corresponding Keldysh matrix structure], and
subsequently include dressing of the interaction amplitudes
and the related extraction of the gravitational potentials by the
replacement in Eq. (86).

In order to formulate the replacement rule in a more
compact form, let us introduce the following notation:

=%, HL=4¢,
X1=D, X,=z,

& =<y,
X3 =T,

4 = Cry3 &7
X4 =T (88)

Then, we can write the replacement (86) as
! d
{,-Ol"ilj —> Z;Xlﬁrllz*d (89)
i=1 !

The dressing and modification of the gravitational potentials
is illustrated in Fig. 6.

The discussed example gives a first idea of the calculations
detailed below: we will use the RG calculations in the absence
of the gravitational potentials as a starting point and modify
them in order to obtain the renormalization of the gravitational
potentials.

V. RENORMALIZATION GROUP CALCULATION
A. RG for the kinetic term S,

In this section, we describe the calculation of the one-loop
correction to Sg,. It is instructive to first recall the related
set of diagrams for the kinetic term Sp, from which the
renormalization of the diffusion coefficient can be obtained
(see Fig. 7):

ASp = (Sin,1)0 + 1 {(S1Sing, 100 + 1 {(S2Sing, 100
= 5{(S7 Sine1))o- (90)

In this formula and below, the index O indicates that the
average is to be taken with respect to the bare action without
gravitational field.

For the calculation of AS;,, it is necessary to include
logarithmic corrections that involve (a) two gradients of the

PHYSICAL REVIEW B 90, 155441 (2014)

FIG. 7. The standard set of diagrams for the renormalization of
the diffusion coefficient.

slow modes and (b) one of the gravitational potentials {; with
i =1—4. Recall that although the bare value of ¢p =0,
we explore all possibilities that may generate it. One way
to generate the term AS;, is by replacing Si, S», or Siy
in Eq. (90) by the corresponding terms 6S;, 652, and 8 Sy 1
that involve the gravitational potentials. (Note that in the case
of the interaction term, there is a possibility to extract the
gravitational potentials from the dressed interaction lines as it
has been discussed in Sec. IV D.) Another way to extract the
gravitational potentials is to employ 85,0, compare Eq. (69).
This corresponds to a perturbative expansion of the diffusion
propagators in the gravitational potentials ¢p or ¢, . It turns out
that after summing all these contributions the structure of S;,
can be reproduced, and therefore the one-loop correction to
the gravitational potential {p may be obtained.

In the following, we implement the procedure indicated
above. To this end we write the total correction AS;, as the
sum of four distinct terms

4
(ASy,) =Y (AS,). CIY)
i=1

The individual contributions (AS;,); are defined as follows.
(1) AS;, is obtained by replacing Sin;, 1 by 8Sin;,1 in Eq. (90)
and subsequent extraction of the gravitational potentials from
the dressed interaction amplitudes according to the procedure
described in Sec. IV D. Thus the first step, (/), is to determine

(ASe,)" = (8Simc1)o + i (518 Sime1 Do
+ (828 Sint, 1 Do — 3{(ST8Sinc.1)),- (92)

The correction (AS;,); is then obtained by substituting

4

8
R R

&Ik, — ;g,-xja—xjrn,d (93)

in the expression for (AS;, )(1[).
(2) (AS;,), is obtained by replacing S; and S, by 85 and
85, in Eq. (90), respectively,
(AS¢,)2 = i{8S81Sing,1 0o + 1 {(852Sin, 100 — {65181 Sint,1)0-
%94)
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(3) As described above, the gravitational potentials {p and
¢, may be introduced via §Syo. We separate the corrections
originating from the extraction from the kinetic term 65y p,
which will be referred to as (AS;, )3, and from the frequency
term 65 -, which we will denote as (A S, )4:

(AS,); = i (Sin18S 1000 — (S1Sin 1857000

— {(S$28int,18S£,p)o — %((Slzsim,135f,0>)o (95)

(AS:,), = i (Sin.18Sr.2 00 — (S1 818872 )o

— (S2Sm188 00 = 5 ((S2Sm18S7))y - 96)

As we will see, the model under discussion is renormalizable
even in the presence of the gravitational potentials. This means
in particular that the calculation of all four terms listed above
should result in a correction to the slow action in the form

Vi )
AS;, = TTI[A(DE_D)(VQS) 1. (Ch)

Let us now discuss the four terms one by one. To simplify the
notation, we will no longer indicate Keldysh matrices by the
hat symbol.

L (ASg))

The corresponding diagrams are obtained straightforwardly
from those of Fig. 7; see Fig. 8.

Following the two-step procedure described before, we start
from the expression (AS;D)(,I) . With the use of the expression
for ASp obtained in Ref. [37], see Eq. (176) there, we first get

2
(A8e,)" = =23 TelDEr, (VO]
n=1

x / o;Dp*D*s, Tk, (98)
P.éy

In this formula, we introduced the symbol oy = sign(ey)
and suppressed the momentum and frequency arguments
of the diffusion propagators D = D(p,er) and interaction

FIG. 8. The diagrams contributing to (AS,,);: renormalization
of S;, using the extraction of the gravitational potentials from the
dressed amplitudes.

PHYSICAL REVIEW B 90, 155441 (2014)

FIG. 9. i{(65)Sin,1))0 contributing to (AS;, ),.

amplitudes I'X ; = T'X ,(p.& ) in order to lighten the notation.

We also introduced the symbols s; = 1 and s, = —2. Finally,
the extraction from the dressed interaction amplitudes gives

4
(A8;,), = =7 2 THDG(V Q)]
i=1
2

4/ 2.3 0 R
X — orDpD’X; — s. Uy g (99)
d p.ey f 0X; ; 4

2. (ASep)

For an illustration of the respective terms, see Figs. 9-11.
Note that in all diagrams presented in these figures (as well as
those in Figs. 7 and 8) the internal line of the loops carries a
fast frequency. Because of that, in the terms containing § 552)
(last diagram in Fig. 9 and the last two diagrams in Fig. 11)
and § Séz) (last diagram in Fig. 10) the combination IAQD reduces
to ED. In the term ((6.S| Sint,1))0, one has to perform a gradient
expansion of the slow fields U and U. As one can see from
Fig. 9, this term contains only one slow momentum (spatial
gradient) explicitly. A similar expansion was needed for the
diagrams presented in the upper lines of Fig. 7 and Fig. 8. This
kind of expansion has already been discussed in Sec. IV C of
Ref. [37]. Putting these remarks into effect, one finds

i D
P{(6S1Sine,1)o = TTY[(A!D + Bél'ln)q)”
+ol{y,, @} Imi,
(881 )0 = —%Tr[(@z)” Ye, + Cl 1Mo,
— (35151 Sm b0 = T T[22y,

+ol(al + B} )M;. (100)

FIG. 10. i {8S52Sin,1))0 contributing to (A Sy, ),.
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FIG. 11. — (85,8, Sin.1 ) contributing to (AS,, ).

The integrals M; have the common structure

2
M,':/ Ofm; anl",fd.
P&y

n=1

(101)

The factors m; encode the contributions from diffusion modes,

4
m, = D?> — EDp2D3, (102)
my = D?, (103)

4 213
ms = EDp D3, (104)

Adding the three corrections listed above, one finds the
result

(AS,), = wD Tr¥) @M,
D
+ ”TTr[YgD{q%,@”}][Mz ~ M. (105)

We see that this term alone cannot be expressed in terms of
matrices Q; only. In order to recover the correct form of S;,
as given in Eq. (97), additional corrections need to be included
into the consideration.

3. (ASy)s

For an illustration of the respective terms, see Figs. 12—15.
Notice that {p can be extracted from the diffusons in the
diagrams of Eq. (95) in two different ways. If the gravitational
potential ¢ comes in combination with an electronic Green’s
function with fast frequency ¢, the extraction is straightfor-
ward. If, however, the gravitational potential is extracted from
a Green’s function with slow frequency, one needs to account
for the presence of matrices U, U in Y, in the expression
for S, p, compare Eq. (70). This is already clearly visible in
the simple diagrams displayed in Fig. 12. The somewhat more
complicated corrections related to Figs. 13—15 follow the same

FIG. 12. i{(Sin,16Ss,p))o contributing to (AS;,)3.

rules. As a result one finds

i (Sin 1857 p)o = —%Tr[(Y; +2Y) ) DO Ms,
—{(81Sin.18S . p)o = (27 Tr[ Yy, D(®")?]
+ 21{¥,, Do 04 Ms,
— (828188 . p)o = —T Tt D(®ADPA) Y, [ Mo,

(106)

5 (S} Sum188 )}, = —wTI[D@)?¥, ] M.

In these formulas, the integrals M; have the structure indicated
in Eq. (101). The expressions m; originating from the diffusion
modes are

ms =1+ Di D — iDp2D3 (107)
N aD d ’
9 4
ms = DE [DZ - EDp2D3i| , (108)
0 2
9 4
=(1-bD—||-Dp*D’ 110
my ( BD) |:d p ] ( )

FIG. 13. —{(SiSin,18S£,p)o contributing to (A S, )3.
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FIG. 14. —((S>Sim.185/.p))o contributing to (A S, ).

In order to formulate the total result, it is convenient to also
include (AS;,),. One finds

(ASe))2 + (ASg, ) = = THDER(V Q)]

2
0
X of E snF,fd (1 + D—)
,/pqgf oD

n=1

7]

x | =D’Dp~|. (111)
d

It should be noted that AS,, contains the correction to the
product of the diffusion coefficient and the gravitational po-
tential, A(D¢p) = AD¢p 4+ DA¢p. Clearly, the appearance
of the derivatives with respect to the diffusion coefficient
D is related to the extraction of the gravitational poten-
tial ¢p from the corrections to the diffusion coefficient,
while the “1” appearing in round brackets can be identified
as DA¢p.

4. (AS;)s

For an illustration of the relevant terms, see Figs. 16—19.
The simplest diagram, Fig. 16, already reveals the general
structure of the contributions subsumed into (A S;, )4. Namely,
unlike for (AS;,)s, the gravitational potential may only be
extracted from Green’s functions with fast frequency &;.

FIG. 15. —%((SlemuSSf,D))o contributing to (AS;,)s.

PHYSICAL REVIEW B 90, 155441 (2014)

FIG. 16. i{(Sin,16S,;))o contributing to (AS;, )4.

The reason is that an extraction from Green’s functions
with slow frequencies would lead to factors of &, appearing
in the final answer. Considering terms that contain slow
momenta and slow frequencies simultaneously, however, is
beyond the accuracy of the sigma-model approach. Let
us list now the different contributions corresponding to
Figs. 16-19:

i {(Sin, 1885, 0o = —HTF[Y;—D@Z]MS’
— (8181887200 = wTr[ Y, D{®!, @} Mo,

—{(828in.18S 12 No = —w Tr[ Y, D(@!)?
— Y, D(®)* [ M,

i
-3 ((STSine18Sy.2)), = wTe[ Y D@ My, (112)
Here, we denoted Y;, = Uz U and
d 4
mg =mg = z— | D* — —=Dp*D? |, (113)
9z d
0 2
myp = z—D", (114)
9z
3[4
=z— |-Dp*D?|. 115
mi = 2o [d p :| (115)

Summing up the four different contributions, one obtains
the total correction

(A8;,), = —FTrDE(V Q)]

2
a4
x/ afzsnr,ﬁdza— [2D3Dp2i|. (116)
P.&y =1 <

FIG. 17. —{(SiSin,18S 12 ))o contributing to (A S, )s.
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FIG. 18. —{(S28in,18S 12 ))o contributing to (AS;, )s.
5. Summary-AS;,

First note that the result for the partial sum of the second,
third, and fourth terms can be written as

4 Vi
> (ASg,), = =~ Trl(AD)p(VQ,)]

i=2
P 2
+ ;Trwg(vgx) ]
4i 2 9
x— oy ;snrﬁdxja—xjwpzﬁ],
(117)
where
AD = %)/pg of isnFﬁde2D3. (118)
Now, adding (AS;, )1, we obtain A(D¢p) = AD¢p + DALp
in the following compact form:
: d
A(D{D)zjgl;‘ija—XjAD. (119)

The correction to the source ¢p, in turn, can be found as

4iD a
AQ‘D—_Z;]/ UfX T[Dpngzsnrfd}
p.£s

n=1

(120)

InSec. V D, we show that ¢ does not phange, if the ¢; coincide
with their initial values, i.e., {; = ¢;™" as given by Eq. (52).

B. RG for the frequency term S,

As in the calculation of AS; , we start here with the
diagrams required for the renormalization of the frequency
term in the absence of the gravitational potentials. They are

FIG. 19. —%((Sleim_leSf,z))o contributing to (AS;, )s.

FIG. 20. Standard diagrams for the renormalization of z.

presented in Fig. 20, and correspond to

AS: = (Sin1)o + 1 {SESine.1)o- (121)
The resulting correction to z is
Az=-— o,Dan ndb, (122)

where the integration is over momenta only, while the label
b indicates that the expression needs to be evaluated at the
boundary of the frequency interval relevant for the current RG
step.

Using this result as a starting point, let us now discuss the
different contributions to AS; . The general strategy resembles
the one outlined for the correction to S, in the previous
section. Namely, we write

4
AS; = (ASe)i. (123)

i=1
The contributions (AS; ); are obtained as follows.

(1) As afirst step, (I), §Sine,1 can be used instead of Sy | in
Eq. (121):

(AS:)" = (8Sin1)0 + i (SESSin, 1o

Subsequently, interaction amplitudes should be dressed and
the gravitational potentials may be extracted from it following
the discussion in Sec. IV D. This can be done with the help
of the replacement rule stated in Eq. (89). The result of this
two-step procedure is (AS; )1, see Fig. 21.

(2) 6 S can be used instead of Sg in the second contribution
of Eq. (121):

(124)

(AS..), = i (8SE S Do

(3) The gravitational field can be introduced via Sy,
namely via §Syp and 85y . It means that the gravitational
field is extracted from the momentum and frequency parts of

(125)

FIG. 21. The diagrams contributing to (AS,, );: renormalization
of S, using the extraction of the gravitational potentials from the
dressed amplitudes.
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the diffusons. We write

(AS¢Z)3 =1{Sin, 165,000 — (SESint,16Ss,pNo,  (126)

(ASe.), = i((Sin,18S 1 No — (S Sin 187,z o-

We discuss now the different contributions.

(127)

1. (AS; )

The first of the two indicated steps gives for the two terms
contributing to (ASCZ)(’)’

2
1
(8Sint,1)0 = =72 E ETF[{&CF,,}Q‘Y]
n=1

1
x -/ oD, [saTRy].  (128)
Z Jpey ’

2
1
i{(SESSin,1)o = —7z E ETT[{&{F,I}QS]
n=1

xi/ oD [s,TF,]- (129)
p.&f

Next, we perform the replacement required for the second step,

amn,

4
1
3Sm)!D = — 7z le 5 Trlle, ¢} 0]
f

2
1 0
X — orDo,, | X;— sa,TR 1,

(130)

4
1
i(Se8Sm )10 = =7z Y S Trlleg;) 0.
j=1

2
d
X i/ crfD2 |:Xj3X< § Snr‘,fd:|,
P.es J =1

(131)

Following a partial integration for the first term, one observes
that there is a partial cancellation with i (S8 S, )" and only
the boundary term remains. As a consequence, one may infer
the relation

4 2
1 0
AL = — ;/afp Xi— ) siI'f,
: va; J p JE)XjZ

2. (AS.), and (AS;.)s

The calculation of (AS;, ), is a straightforward generaliza-
tion of that for i (S Sint.1))0, see Fig. 22.
The result is

. 2
A(z8) = l(z‘?) / o;D? Zs,,f‘,’f,d. (133)
p.és n=1

PHYSICAL REVIEW B 90, 155441 (2014)

FIG. 22. i (8 Sin.1))o contributing to A(zZ,)s.

(AS;,)3 is also evaluated straightforwardly, see Figs. 23 and 24
for illustration, with the result

2
9
A(zg)3 = ;T—Dv/af [DED} anr,ﬁd (134)
P n=1

b

3. (ASy)

The calculation follows the general scheme; see figures
Figs. 25 and 26 for illustration. Nevertheless, a comment is
in order here. As ¢, is extracted from the diffuson, a factor of
& arises under the integral. Therefore the partial integration
performed for i {(Sin, 18512 ))o produces an additional term. Let
us display the intermediate results

. inz
i {(Sint 1S 0o = — TTr[{&C_z} 0Oyl
2
X / |sf|D2angsnr,ﬁd (135)
p.ef n=1 '
—{(SESindSyNo = wzTrl{e, £} Os]
2
x / 2lef DY " suTR, (136)
p.es n=1

As already mentioned, a partial integration performed for
i {{Sint,168 7,2 ))o produces an additional term that does not arise
for the corrections discussed before. Taking into consideration
a partial cancellation between the two contributions, the total
result can be formulated as

2
g, / 0 R
A — % _D E T
(Zgz)4 v pOf [Z 37 2 Spl oy g

i(z¢2) 2

z 2 R
- == DY sk,
v /P’Ef

n=1

b

(137)

FIG. 23. i{(Sin,16Ss,0))0 contributing to A(zZ,)s.

155441-18



RENORMALIZATION GROUP ANALYSIS OF THERMAL ...

FIG. 24. —{(SEgSin.18S¢,p))o contributing to A(z¢.)s.

4. Summary-AZ¢,

We immediately observe a cancellation between A(z¢;)
and A(z¢;)4. One may sum the remaining terms to give

A(ZCZ)—%Zé‘]/Uf X’E)X [Dzsnrfd:|

n=1

(138)

Remembering the expression for Az, Eq. (122), we can
formulate the final result in the following compact way:

! 5

= X ——Az.
2.6 Tox; T
j=1

The result assumes that the definition of the boundary does not
depend on any of the X;.

A(z8¢;) (139)

C. RG for the interaction term

The term we consider is
2

SGro) Y (Teler, ¢, 0] Trlg, Q)

n=1

SCr

72y
= —T/ (Tr[v1¢r, Quaenes T1TE[ 12 O ppocres |
&i

- TI'[)/] &, Qup ey ]FZTr[VZ Qﬁa,s4£3])881 —£2,64—63+
(140)

FIG. 25. i {(Sin.18Sy.;))o contributing to A(z¢, ).

PHYSICAL REVIEW B 90, 155441 (2014)

FIG. 26. —{(SESin;, 185, ))o contributing to A(zZ,)4.

The corrections to S;. are closely related to those to Siy.
Therefore let us first list all the contributions to A Siy:

ASi = (Sudo+ 5 {(Shu 1)y + {(Sm1 Szl

1

_5 ((Sizm,lsintl»o
i

_Z ((Sl2nt lslznt,z»o .
Apart from the first contribution, each term gives rise to
a pair of diagrams renormalizing I'; and I'», respectively.
The corrections listed in Eq. (141) have been discussed in
Ref. [37], where they were referred to as (A Sin)o — (ASing)s-
For the convenience of the reader, we reproduce these “bare”
diagrams in Fig. 27. Returning to the renormalization in
the presence of the gravitational potentials, we will use the
corresponding diagrams as the basis for our discussion, and
label the corrections as (AS;)o — (AS;.)s. Let us first note
that for each diagram the gravitational potentials can be
extracted in different ways. First, {r, may be extracted from
the interaction vertices, which amounts to the replacement
Sint = 8 Sine. Then, the gravitational potentials can be extracted
from the dressed interaction lines with the use of the well
known substitution (89). Further, for each term, we may insert
8Ss,p and 88 . inside the average.

It is worth mentioning that the insertion of S p and 65 ;
into the expressions for AS;y, Eq. (141), gives not only rise
to corrections to S, but this procedure also generates terms
containing either only a single O matrix or three Q matrices.
It will be argued in Appendix B, however, that these terms are
eventually not important for the RG analysis.

In the following, we will discuss the corrections (AS;.)o
and (AS;.); in detail. The other corrections can be obtained
along the same lines.

1
-3 ((Sine.1 Siznt,Z»()

(141)

1. (AS;)o

Here, we have the following contributions:

(ASy)y = (8Sindo +i(SimdSs.0No-

This case is special in the sense that the expected term
i{(SintdS¥,2)o is absent. This is so, because for this correction
all appearing frequencies are fixed to be small since they are
arguments of the slow matrices U, U, while §S .. contains
only fast frequencies.

The calculation for (§Si)o closely resembles that for
(Sint)o. For an illustration, see Fig. 28, only § S, | contributes.

(142)
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FIG. 29. i {(SindS;.p))o contributing to (AS,, ).

No dressing of the interaction is required here because all
frequencies are fixed to be slow, while momenta are fast. It
will be convenient to present this result in the form

4
b
((SSint)O = EZ/ 861782,64783/D(ps0)
j=1 & P

d
XTY[V1§j Qaﬂ,szsl ]Tr[VZ Qﬂa,84£3]

X —
19X
9
Xj—
X

Iy

- TI'[)/] gj Qaa,ezsl]Tr[VZ Qﬂﬁ,€4£3] .

(144)

For the second term,

4
. g d
i {(SineSypho = 3 ]ZI/S 58,92,84831_‘1)(1'87]_/7)([),0)

X (TI'[)/] Cj Qaﬂ,szsl]Tr[VZQﬁa,s4£3] I

- Tf[)/152j Qaa,szal ]Tr[VZ Qﬁﬁ,54£3] FZ)
(145)

For an illustration, see Fig. 29.
From Egs. (144) and (145), we find

FIG. 27. The diagrams describing corrections to I'; and I'; listed | 4 5
in Eq. (141). (ACier))o=— &X;— [szD(p,O):| . (146)
Ty 80X p

One obtains

4
1 8
b4 A(T = — Xi— |1 | Dp,0)|. (147
(8Sim)o = 5/ 8oy —e.60—t1 /D(p,O) (A(T2¢r,))o p— 2_: X 5X, [ 1 /p (p )] (147)
& P -
X TY[J/l ry Qaﬂ,szsl]Tr[)Q Qﬂa,8453]rl 2. (ASgh
- Tr[y1 r, Qua.ere, ]Tr[yz 0 ﬁﬁ,g4g3]f‘2. (143) We have the following contributions:
(ASg), = i (S 18Sim1 0o = 5((Sin1850)o
— 5 (85188 7.2)), - (148)
€] Denoting the corrections on the right-hand side of Eq. (148)
as C; to C3 in the order of appearance, the results have the
following common structure:
P ;
Ck == _7 Z/ 88]782,64753 I]{
j=17%
FIG. 28. (6Sin,1)0 contributing to (AS,.)o. No dressing of the X (Tr[y] ¢ Qaa,szel]Tr[)Q Qﬁﬁ,&ws]
interaction is required here, since all frequencies are fixed to be slow,
while momenta are fast. - 2Tr[)/1 Cj Qaﬂ,szsl ]Tr[VZ Q}Sa,8483]) , (149)
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FIG. 30. i {(Sint,18Sin,1))0 contributing to (A S,.);. Note that there
are additional symmetry-related diagrams.

where the integrals I]f read

. 9 )
7 =/ oy [Xjﬁ(rﬁd) }Dz, (150)
p.&s J
2
7] = /pgf or(T5,) Da—DD2, (151)
= [ op(rhy o502 (152)
p.£; d
This is illustrated in Figs. 30-32.
The total result can conveniently be formulated as
i < 5 >
(AT = ;ZQX/K/ or(T)” D%
j=1 J JP.Ef
2i & 8 2
(A28 = ;Zg X / or(T5y) D> (153)
=1 J Jp.gr

3. Summary - Alr,

The remaining 2-5 terms can be obtained from the
corresponding parent diagrams in Fig. 27 in a similar way.
It turns out that we can write the results in a compact and
intuitive form as follows:

! 5
A(Fn;“,l):ZngngFn, n=12. (154
j=1 !

FIG. 31. —1((S2,,8S.p))o contributing to (AS.);.

FIG. 32. —%({S2 88 . )o contributing to (AS;;);.

int, 1

D. Fixed point in the RG flow of the gravitational potentials

After a rather tedious calculation, complicated by the fact
that in products of the form U {_X(e,s/)U matrices U and U
remain intact, we find that the final result of the RG analysis

acquires a very compact form:

4
a
AKiGiy) = Y& Xj 5~ (AXiy). (155)
j=1 J

Remarkably, the result holds for all X; € {D,z,I'|,I'2}. The
RG corrections may acquire this characteristic form owing to
the fact that the source terms enter the action S, in combination
with their charges in a multiplicative way. The result bears a
certain resemblance with the multiplicative RG. [48].

Now, we show that the point {}“it that describes the initial
conditions for the RG flow of the gravitation potentials, see
Eq. (52), is in fact its fixed point. Let us first consider the
flow of {p described by Eq. (120), starting from ¢; = {}“it. A
central fact here is that after integration over frequency, the
amplitudes I';, and z enter A¢p only via the ratios I'; »/z.
Then, a special feature of the initial point is that when ¢, =
{r,,, the contributions provided by Xr,, and X, cancel out.
(Indeed, quite generally, [a% + b%] f(a/b) = 0.) It remains
only ¢p itself, but it cannot start flowing because its initial
value is zero.

One can show next, using the known RG equations for the
charges X;, that none of the sources ¢; change, if renormaliza-
tion starts from the initial point (in the multiparametric space
of source fields) as given by Eq. (52). Indeed, the RG equations
in the absence of sources have a rigid structure dictated by the

NLoM:
d,O i . F2 F]
dln)»il - IO’ z k] z El

Y _ (2D
dln)»il _Zl ,0, z ’ z ’

where Y; € {z,T1,I2}, p = (27)?vD)"! and A < 1 deter-
mines the width of the energy interval at the RG integration.
Then, it follows immediately from Eqgs. (155) and (157) that
the parameters ¢y do not flow, provided that {p = 0 holds
initially and all remaining ¢y are equal. Note the important
fact that ¢p cannot be generated by other sources if they are
equal.

Thus, we observe the existence of a fixed point, which is
a rather nontrivial result for a multi-parametric flow. In the
discussed problem, it is connected with the conservation of
energy in the interacting NLo M.

(156)

(157)
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VI. HEAT DENSITY, SPECIFIC HEAT AND THE STATIC
PART OF THE CORRELATION FUNCTION

In this section, we calculate the collective mode contribu-
tion to the specific heat. The specific heat can be obtained
in different ways. It can be obtained from the temperature-
dependent part of the (average) heat density. Indeed, it follows
from the relation (k) = —%8,3 In Z,, where Z, symbolizes the
grand canonical partition function and 8 = 1/ T, that

T .,
c= —VZ)TQ:Z)T (k)1 (158)
On the other hand, the specific heat can also be obtained from
the static limit of the correlation function, compare Eq. (23),

1

c= —?Xii, Xk = xk(@ = 0,0 =0).  (159)

In the following, we will demonstrate that both mentioned
approaches indeed lead to the same result.

A. Heat density of the diffusion modes and the specific heat

We start with the expression for the heat density of
the diffusion modes k™(x) = (i/2)82/8n,(x) putting the
classical component of the gravitational field n; to zero.
According to Egs. (47) and (48),

kdm(x) —

Tviz N
- 4 tr[92(0; — 0)p=18 Q1 ()]

2 2 3
— T2 20 Y wlhio 80 0Ml7i0" 80, ()]
i=1 [=0

Xdiag(rp7FU7F09Fa)ll~ (160)

The collective mode contributions originate from the expan-
sion of 6 Q in Eq. (160). We define

TViZ
k" =——g “ulpa@, — 063 PLM). (161
k" = _2 ii tr{P; 0163 Py (0)1tr[ ;0163 Py (1)]
r 1 e i 3Lt i tt
X dlag(l“p,l“g,l“a,l“a)kk. (162)

For a diagrammatic representation, see Fig. 33.

O

FIG. 33. The two contributions to the heat density. Rectangles
symbolize the scattering amplitudes; rescattering is either in the
singlet channel with amplitudes I',, or in the triplet channel with
amplitudes I',,.
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The expressions in Egs. (161) and (162) can be averaged
with the help of the contraction rule (83). The following
identities are useful:

1= FepoFos = Bo(Fers — Feoo), (163)
| - F2 =2TF, (164)
/(.7:54_% — Fes) = ; (165)

where B, = coth 5%
function. One obtains

is the bosonic equilibrium distribution

= -2 / wB,(D =Dy +3(D - D), (166)
q,w

1
kim = —5/ B, (T,Dy + 3T, Dy). (167)
q.w

For the frequency part, the relation Dl’é —D!'=jwl,, has
been employed. After symmetrization, one finds for the total
collective mode contribution to the heat density,

1
kO™ = gdm 4 gl = 3 / wB,Dq*
q,

x (z1D1Dy — zDD + 3z,D,D, — 3zDD).  (168)

This formula is rather intuitive. The collective mode contribu-
tion to the heat density is determined by the energy weighted
with the distribution function and multiplied by the spectral
function of the diffusion modes. [In Ref. [35] a similar formula
was obtained (for z = 1, i.e., without renormalization). In the
formalism presented in that paper, the terms with the product
DD are attributed to separate degrees of freedom, termed ghost
fields. The presence of these terms insures that the collective
mode contribution vanishes in the limit I'; — 0.]

The collective mode contribution to the specific heat can
be obtained by differentiation with respect to temperature,
Cam = O7k9™. The integrals obtained after differentiating the
expression given in Eq. (168) are logarithmic and depend on
parameters which are themselves determined by the RG flow.
The analysis of such quantities has to be performed in the
framework of the RG. It works as follows: differentiating
B, in Eq. (168) with respect to temperature constrains the
frequency w to be of order 7', which is the lowest scale in the
RG procedure. Then, neglecting frequencies in all diffusion
propagators D and D; in the expression for k™, one may
recollect the coefficient z; + 3z, — 4z = 2(2I'; — I'y) for the
remaining logarithmic integral in the momentum q. As aresult,
one obtains the RG equation for the specific heat cqy,, which, as
it turns out, coincides with the RG equation for z first obtained
in Ref. [12],

dCdm dz
cod I p(2T, —T'y)

dIn ! (169)
The contribution of fermions, which stayed inert in the
discussion so far, provides the starting point for the RG
calculation. Finally, adding the fermionic contribution and the
contribution of diffusion modes to the specific heat, one finds
that in the disordered Fermi liquid,

¢ = co+ Ccam = 2Co (170)
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as aresult of renormalizations induced by the diffusion modes.
This result was first obtained in Ref. [49].

A further comment is in order here. In this paper, we
consistently express physical quantities in terms of the Keldysh
component of the Green’s function. This is what is obtained
when taking the derivative with respect to the quantum
source field. Correspondingly, the distribution functions F
and B enter the integrals. Strictly speaking, one should work
with the Fermi-distributionn p(¢) = (exp(¢/T) + 1)~ and the
Planck distribution np(e) = (exp(e/T) — 1)~! instead (they
are related as F = 1 —2np and B = 1 + 2np). These would
automatically be obtained when using the so-called lesser
components of the Green’s function G< = (GX — G® +
G*)/2 instead of the Keldysh component. For the temperature
dependence of thermodynamic quantities or for the correlation
functions either formulation may be used. However, for the
constant part of thermodynamic quantities, as encountered
here, one should be more careful and replace B by 2np in
Eq. (168). The advantage of using the Keldysh component is
that it is more convenient to work with.

B. Static limit of the correlation function

We now turn to the calculation of the specific heat based
on its relation to the static part of the correlation function,
X,f}(, see Eq. (23). In view of Eq. (29), one can obtain y
by differenting the heat density k,(x) = (i /2)6 Z/6n2(x) with
respect to the classical component of the gravitational potential
n1. Therefore, unlike k%™ in Eq. (160), the quantity k,(x) has to
be obtained in the presence of n;. Starting again from Egs. (47)
and (48), one obtains

ky(x) = — "‘;’Ztrwz(af — 980 (1 — 211(x)

72y

2 3
— = > ulpi0'80um]lfi0' 80, (1)]

1 i=1 =0
X diag(r‘p7royrasro)ll(l - 27’}1()6))

— Y T drkom(x) + &, (171)

where the heat density £ is related to the specific heat ¢ = zcy
as drk = c.

For the calculation of the collective mode contribution to
the heat density, we expand the expression for &, up to second
order in the generators P. For the calculation of !, besides the
explicit dependence on the classical gravitational potential 7,
in Eq. (171), an implicit dependence arises due to the averaging
with respect to the n;-dependent action. For obtaining the
static part X/fi’ it is further sufficient to work with a constant,
i.e., x-independent gravitational potential 7, according to the
formula x;; = 0k, /9.

We write the static part as the sum of three terms,

st,0 st,e st,I"

Xik = Xk T Xeg T Xk - (172)

For the first contribution, ka , We take the one originating
from the fermionic degrees, x;;* = —co7 . Further renormal-
izations due to the diffusion modes give rise to the parameter
vk, which we have to determine now.
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m

ste |
Xkk

m

st,e

FIG. 34. Diagrams contributing to x.,~ in the static correlation
function. Only topologically different diagrams displayed.

The contributions originating from the diffusion mode
terms are

ste _ _TVIZ

Xk = T(

2 3
72y .
6 == le gdlag(rp,rmra,mkk
1= =

= 2)tr[y2(0; — 9y )z’_zUS (r)]

x (3, — 2)tr[Pi0x63 Py (0)]te[ P50 63 Py (0)]. (173)

For a diagrammatic representation of these two contributions
see Figs. 34 and 35.

The calculation of x;;° and x;;' is obviously related to
that of k4™ and k™. However, as has already been argued
above, for the static part of the correlation function we need
to account for the 7n; dependence of the action. In order to
calculate the contributions arising from the differentiation 9,,,,
it is instructive to note that for n, = 0, as relevant here, 1,
enters the action only through the combinations z(1 — ;) and
I';(1 — ny). This allows us to replace

Oy, —2) > Oy = (=20, = T,0r, — Todr, —2) (174)
in Eq. (173). The advantage of this replacement is that one can
find the static limit of the correlation function directly from
the expressions for the heat density, which have already been

st
Xkk

FIG. 35. Diagrams contributing to X,f;r in the static correlation
function. Only topologically different diagrams displayed.
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obtained previously, see Eqgs. (166) and (167),

|
il = =520, | @By(D—Di+3(D —Dy)).
qo

1
X;SQSt =—— |:1"p(’),7/ wB,D, + 3T O,
qo

5 waD2:| .

qo
(175)

After straightforward transformations, we can write the sum
as

1
X+ = - (@19, + 2)[
qw

3
— EZz(Zzaz2 +2)/

qo

waDqZDIZ_Dl
waDq2D2§2

1 _ _
+ Ez(zaz +2) | wB,Dq*(DD + 3DD),
qo
(176)
and further as

e,st Iist

1
Xik Tt Xix _5/ 0B, D@*(®d,, + 2)
qo

x [21D1D) + 32D, D, — 4zDD].  (177)

Next, we use the relation w(wd, + 2) f(w) = d,(w? f(®))
and perform a partial integration in w, keeping in mind our
previous discussion concerning the replacement B — 2ng,
the boundary term may be discarded. Further, we may use
the identity wd,, B, = —T drB,,. The result is

X+ ™ = =Tk, (178)

where k9™ is given in formula (168).

Taking into consideration the arguments that lead us to
Eq. (170), we find that renormalizations induced by the
diffusion modes yield y.k =z,

Xi = —VETdrko = —zcoT. (179)

Thus, by a direct calculation, we checked the general relation
connecting the specific heat and the static part of the correlation
function in the presence of the RG corrections. This calculation
involves, in particular, the quadratic part in the expansion of
X, which gives an additional support for the form stated in
Eqs. (47)—-(49).

VII. SUMMARY: HEAT DENSITY
CORRELATION FUNCTION

Here, we calculate the heat-density correlation function in
the ladder approximation assuming that all integrations over
fast diffusion modes have already been performed. As usual,
the correlation function is presented as a sum of two parts, the
static part and the dynamical one.

The static part has already been found above, we now
turn to the dynamical part of the correlation function. In the
ladder approximation, only those contributions are selected,
which do not include an integration over slow momenta
and frequencies of the slow diffusion modes. In particular,
this excludes those terms, which originate from gravitational
potentials entering the interaction terms. It means that the
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relevant contribution originates only from the sources entering
the frequency part (provided that the kinetic part does not
acquire gravitational sources as a result of renormalizations;
the absence of such terms has already been checked above). In
order to facilitate a comparison with the density-density and
spin density-spin-density correlation functions and to stress
the constraints imposed by the conservation laws, we write the
relevant term of the action as

Seno = AmvyiTr[{8,7}8 Q).

Here, the dimensionless coefficient yZ, with initial value
y5 =1, has been introduced in order to allow for vertex
corrections of the frequency vertex. Consistency with the
claimed form of the action, Eq. (47), would require y5 = z.
Indeed, we have already obtained this relation for the n; term
as a result of lengthy calculation in Sec. VB, y5(n)) = z.
Here, the argument 7, indicates that we refer to the coefficient
associated with the n; vertex. As we will see momentarily,
precisely the same relation is imposed for the 7, term by the
energy conservation law, y5(n,) = z.
One obtains with the use of (58) that

(180)

d .
Xk (X1,%2) = 2i (V) ya(m)y<(12) €' Al g

e’ ww'

cl q —itiw+iho'
X (d0;8182 (rl)do;s/zs’l (r2)>e : s

(181)

where g1 =+ 5,6, =¢+£ “’7 Only the singlet channel
contributes. Using the contraction rule (83) for the evaluation,
we find that rescattering is not effective, since otherwise two
independent frequency integrations of the type fs eNg e, =0
arise. Without rescattering, one immediately finds

XM (q,0) = — 210y L (n1)y5(10)i D(g, )

X /52(f8+% —}"4_%)

_—, 182
Dq? —izw (182)

~yLm)yS(mdeT
where the relation fs &2, F, = nT? /3 has been used. For an
illustration, see Fig. 36.
Combining the static and the dynamical parts, Eqs. (179)
and (182), we find the heat density correlation function in the
following form:

_ J/il(m))/i](nz))

Dq* —iw(z o7 (183)

5 = —coT k
Xie(q, @) = —coTy, D — iz

Energy  conservation requires that the relation
lim,, ¢ limg_0 Xk (q,w) = 0 is fulfilled. This requirement

% D V4

FIG. 36. The dynamical heat density correlation function in
the ladder approximation. Sequence of dotted lines symbolizes the
diffusion D. Rescattering generated by the interaction amplitudes is
not effective: otherwise, two independent frequency integrations arise
and such terms vanish. Vertices are equal to z.
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leads to an important relation that connects all the amplitudes
determining the renormalizations arising in the heat density
correlation function:

Z Z
L= Vq(’?l)]qu(nz)' (184)
I
It has already been shown that y5(n;) = ¥ = z. Then, it
follows from the above relation that yZ(n,) = z must also
hold as expected from the general form of the NLoM. In
a similar situation, the corresponding relations have been
checked explicitly in Ref. [37] for vertices relevant for the
density-density correlation function and the spin-density spin-
density correlation functions. It is also instructive to note
that with only rather small modifications one may perform
the same analysis within the Replica nonlinear sigma-model
based on the Matsubara formalism, in which only one type
of vertex appears from the very beginning. (Recall that the
calculations presented in the present paper involve both the
linear and quadratic terms in the expansion of A, which gives
an additional support for the renormalized form of the NLoM
in the presence of the gravitational potentials.)
Employing the relation presented in Eq. (184), we come to
the known structure of the correlation function

Diq?

_ 185
CDqu —iw ( )

Xk (q,w) = =T

where D;, = D/zis the heat diffusion coefficient. It follows for
the thermal conductivity that k = ¢ Dy = coD. In combination
with the RG results for the conductivity of the disordered Fermi
liquid, 0 = 2¢?v D, this yields the WFL « /o = m2T /3.
Why does the WFL hold for low-temperature transport in
the disordered Fermi liquid despite the strong renormalizations
of various physical quantities including the specific heat,
the electric and the thermal conductivities? Tracing back the
derivation of the WFL law we note the following key ingre-
dients. (i) The theory is renormalizable, i.e., all logarithmic
renormalizations originating from the energy interval between
temperature 7 and the inverse scattering rate 1/t can be
absorbed into the RG charges of the theory, D, z, I'j, and I';.
(i1) The frequency renormalization is related to the specific heat
as z = c¢/cyp. (iii) The heat density correlation function may
be calculated in the ladder approximation on the basis of the
renormalized theory. Points (i) and (ii) were discussed at length
in this manuscript. It is worth, however, to further comment
on point (iii). Here, we silently assume that all logarithmic
corrections indeed originate from the RG interval, i.e., from
energies exceeding the temperature. Note in this context that
the use of the ladder approximation in Eq. (182) immediately
implies a restriction to collisionless kinetics. One may in fact
study collision processes on the basis of the renormalized
sigma-model as given in Eq. (45) or (46) when the restriction
to the ladder approximation is lifted. Such a calculation shows
that the inclusion of collisions into the calculation does not lead
to additional logarithmic corrections for the disordered Fermi
liquid with short-range interactions. The case of the long-range
Coulomb interactions, however, is different [28,31-36].
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VIII. SUMMARY AND CONCLUSION

In this paper, we developed a renormalization group
approach to the calculation of thermal conductivity in the
disordered Fermi liquid. The goal was to study the nonanalytic
(e.g., logarithmic) corrections arising for the heat conductivity
in an interacting disordered system. Since the kinetic equation
approach is not well-suited for the summation of the logarith-
mic singularities, we used the Kubo formalism to implement
the RG technique for the analysis of thermal transport.
More specifically, we studied the heat density-heat density
correlation function. When complemented with the continuity
equation for the heat density, this correlation function allows
finding the heat conductivity.

Following Luttinger, we introduced a gravitational po-
tential [26-28] coupled to the heat density. The correlation
function could then be generated via a differentiation of the
partition function with respect to this “thermal source.” During
the course of the RG analysis, the renormalization of the source
needed to be monitored simultaneously with that of the other
terms in the action. As a result of this procedure the correlation
function could be calculated at the new RG scale, allowing for
the extraction of the heat conductivity and the specific heat.

The RG analysis of a disordered fermionic system is
conveniently performed with the help of a NLoM. With
this aim in mind, we derived a NLoM in the presence of
the gravitational potentials, starting from the microscopic
formulation in real time and using the Keldysh contour for the
time integration. Unfortunately, the microscopic expression for
the heat density contains pieces that are quartic in the electron
creation and annihilation operators, in addition to quadratic
ones. As a consequence, the action of the extended nonlinear
sigma model contains several terms hosting the gravitational
potential. Furthermore, when determining the RG flow one
should distinguish the gravitational potentials for different
terms, i.e., allow for the possibility that the potentials in the
extended sigma model transform in different ways. Note in
this connection, that although we illustrated the procedure by
a large number of diagrams, the calculations were performed
using the field-theoretical technique of the NLo M.

The derivation of the NLoM has been complicated by the
fact that the gravitational potential couples to the disorder term
in the action, because the heat density contains the disorder
potential explicitly. In order to overcome this difficulty and
follow the standard route for the derivation of the NLoM, we
devised a transformation of the fermionic fields that allowed us
to remove the gravitational field from the disorder-dependent
part of the action. Unfortunately, this could be done only at
the expense of introducing terms nonlinear in the gravitational
potentials. For the calculation of the dynamical part of the heat
density-heat density correlation function, which determines
the thermal conductivity in linear response, it is sufficient to
keep terms linear in the gravitational potential. In order to find
the static part of the correlation function, however, one has to
use both linear and quadratic terms. The knowledge of both
the dynamical and static parts of the heat density-heat density
correlation function allows checking its intimate connection
with the energy conservation law. This check provides strong
support for the validity of the NLoM extended by the
gravitational potentials. In addition, the static limit of the
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correlation function is directly related to the specific heat.
The consistency of the static part with a direct calculation of
the specific heat based on differentiating the heat density with
respect to temperature allows for an additional cross-check.

The most striking feature of the developed theory is
that in spite of its complicated structure the gravitational
potentials exhibit an RG fixed point. This is a rather nontrivial
observation because the RG flows of all the potentials are
controlled by different equations. Moreover, it turns out that
from the very beginning the system is located at this fixed point
and as a result, there is no flow of the gravitational potentials.
The absence of this flow eventually ensures the vanishing of the
heat-density heat-density correlation function when one takes
the limit q — 0 keeping the frequency finite, a manifestation
of the energy conservation law.

The analysis performed in this paper leads us to the
conclusion that the appropriate generalized NLoM for the
description of thermal transport in the Fermi liquid with short
range interactions reads as

S = nTwTr[D(VQ)Z +2iz{e. 1) 0]

2y

4 I,
X (tl'[j\\ )71‘ ) Qoza;s. 82]),/\2” 1_‘ltr[),/\js Qﬁﬂ;5384]

- tl'[i )/)i ) Qaﬂ;sl 82] ),/\zlj I‘Ztrl:f/\j(S Qﬁa;s384])

881 —E€2,64—E3

— 2k / ma(x) + 2(T o) / 0’ Pai. (186)
X X

where the heat density k and the specific heat ¢ = z¢y (with
co = 2m?vT/3) are related as 97k = c. All logarithmic singu-
larities originating from the interaction of diffusion modes with
energies in the RG interval between temperature and scattering
rate are fully accounted for by the temperature-dependent RG
parameters D, z, I'j, and I';. The gravitational potential 7
enters the action through the auxiliary quantity A = 1/(1 + #).
Finally, note that the use of the gravitational potentials for
linear response calculations is not restricted to the Keldysh
technique. Indeed, for the purpose of the RG calculations
presented in this paper, the replica sigma model in a suitably
extended form could be used as well.

A study of the heat conductivity based on the heat-density
heat-density correlation function has first been performed in
Refs. [29] and [50]. However, this study did not employ the
extended NLoM but used a diagrammatic technique. The
direct calculation of the heat-density heat-density correlation
function also provides information about the renormalization
of vertices. Still, following this route it is difficult to trace the
renormalization of terms that are absent in the initial model.
This is precisely the case for the diffusive term that contains ¢p.
Correspondingly, calculations equivalent to those in Sec. V A
were not performed. Fortunately, for the case of short-range
electron-electron interactions, the results obtained in Refs. [29]
and [50] remain valid. This happens because the bare theory
places the gravitational potentials at a fixed point of the RG
flow.

Let us discuss the WFL at different tempera-
tures [19,29,35,51]. At temperatures much larger than the
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scattering rate, of the order of the Fermi energy, inelastic pro-
cesses can lead to a strong violation of the Wiedemann-Franz
law. At temperatures larger than the scattering rate, yet much
smaller than the Fermi energy so that the inelastic scattering
becomes less important [35], the WFL is a generic property
of the Fermi liquid: charge and energy are transferred by the
same quasiparticles. For temperatures less, but still comparable
with 1/7, these quasiparticles move diffusively because of the
frequent scattering on the impurity potential. Still, a connection
with the Fermi liquid origin is preserved, because scattering is
elastic. Finally, the RG calculation demonstrates that at much
lower temperatures, despite the various nonanalytic correction
induced by the nonlinear interaction of diffusion modes, the
WFL still holds. This happens in a situation when it is a
formidable task to directly trace the connection of the WFL
with the original Fermi liquid.
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APPENDIX A: SPECIFIC HEAT

In this Appendix, we derive an auxiliary relation between
the specific heat at constant chemical potential,

) 3S
Co=—-TRQ=T —| ,

(A1)
T |,y

compare Eq. (14), and the specific heat at constant particle
number,

(A2)

Here, S is the thermodynamic entropy.
First, note the thermodynamic relation (from now on the
volume V is taken as constant)

0S8 a8 ON| aS| ou
— = —=| - —| —| — . (A3)
oT |y BTM BTHB,uTaNT
Further, one can make use of the Maxwell relation
0S8 Q2 oN
— == — . (Ad)
o |y ouoT aT |,

In this way, one arrives at the result

on as| )’

aT I o |
Cn=C,—T—r—"—=C, —T—7—. (AS)
IN IN
| 3“‘T

As the entropy vanishes for 7 — 0, we find from the second
relation that at low temperatures we do not need to distinguish
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the two quantities Cy and C,,, compare also Ref. [52]. This
fact was used in Sec. II B, where we found it more convenient
to work with the normalized quantities ¢, = C,,/V and cy =
Cy/V.

APPENDIX B: ADDITIONAL TERMS

Here, we discuss a number of terms that appear in
intermediate stages of the RG procedure described in Sec. V,
but have not been discussed so far. The terms in question are
related to the renormalization of the interaction amplitudes, but
have a form that is different from the original interaction terms.
Fortunately, they vanish once the relation ¢p = 0 is used. Note
in this respect that it is legitimate to enforce this condition right
from the beginning since the terms under discussion are not
present in the original model, i.e., they cannot give a feedback
for the renormalization of the kinetic term and therefore do
not affect the conclusion that {p = 0 holds during the RG
procedure.

The general problem arises for the contributions
originating from i {(SindSyp), —%((Sizm’léSf,D)), and

_%«Siznt’lSmLQBSf’D». As an illustration, we study the
2

case —%((Sim’ISS r.p). The relevant diagrams have already
been presented in Fig. 31. They consist of two generalized
polarization operators, one drawn on the left and one on
the right, connected by interaction lines. The desired result
should contain two Q-fields, one originating from the left
polarization operator, and one from the right. Due to the
presence of Y, in 85 p, however, there appear also terms
containing three Q matrices, for example. This is the case for
the two lower diagrams in Fig. 31. For one of these diagrams,
Fig. 37 illustrates how the three Q matrices can arise. The
expression for —%((Sizm’ 188, p)) contains further terms with
only a single Q (while the remaining factors of U and U
cancel). As mentioned above, the additional terms described
here eventually vanish due to the condition §¢p = 0.

One may ask whether a similar problem also exists when
substituting the kinetic term § S, p by the frequency term 65 ;
in the above expressions. This is not the case. The reason
has already been pointed out in Sec. V A4. The frequency
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FIG. 37. This diagram illustrates how an interaction term with
three Q matrices can arise from — % ((Sﬁmts St.p),1.e., in the presence
of §Y;,. Such terms vanish, however, once the relation {p = 0 is
used. For more details see the discussion in Appendix B.

originating from Sy, can only be fast, since otherwise the
slow frequency e; would appear in the final answer and this
would overstep the accuracy of the approach (remember that
we are considering corrections to the interaction terms here).
Returning to our example, now with 5 p replaced by 65 .,
the relevant diagrams can be found in Fig. 32. It is immediately
obvious that no terms with three Q matrices can arise.

Finally, one might be worried to find terms with only one
pair of matrices U and U from the mentioned expressions.
In principle, this can happen if the other matrices U and U
cancel each other as a consequence of the identity UU = 1.
Such terms would be problematic unless they take the form
of S; or S;,, i.e., unless they are accompanied by a slow
frequency or slow momenta. Let us again consider the average
—%((SizmyﬁS r.2)) as an example. The main point here is that
when the cancellation of U and U takes place, we obtain
diagrams that have already been considered in the main text
in connection with the renormalization of ¢, or {p. Namely,
these are the terms i ({S;,6Sy,.)) with dressed interaction (in
case U and U disappear from the right polarization operator
in Fig. 32), and (Sj,) with the extraction of the gravitational
potential from the dressed interaction for the average (Siy) (in
case U and U disappear from the right polarization operator
in Fig. 32). These terms have already been accounted for and
thus no new terms are generated.
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