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We study thermal transport at low temperatures in the disordered Fermi liquid with short-range interactions.
Gravitational potentials are used as sources for finding the heat density and its correlation function. For a
comprehensive study, we extend the renormalization group (RG) analysis developed for electric transport by
including the gravitational potentials into the RG scheme. Our analysis reveals that the Wiedemann-Franz law
remains valid even in the presence of quantum corrections caused by the interplay of diffusion modes and the
electron-electron interaction. In the present scheme this fundamental relation is closely connected with a fixed
point in the multiparametric RG flow of the gravitational potentials.
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Introduction. Thermal conductivity (k) measures the ability
of a system to conduct heat in response to an applied temper-
ature gradient. In a Fermi liquid, electric and thermal conduc-
tivity are tightly linked to each other by the Wiedemann-Franz
law (WFL), « = Loo T, where Lo = m?/3e? is the Lorenz
number, 7T is the temperature, and e is the electron charge
[1]. The validity of the WFL in an ordinary Fermi liquid is
closely connected with the quasiparticle description [2—4]. At
low temperatures, however, transport in disordered conductors
is not governed by the rare scattering of quasiparticles on
impurities, but rather by diffusive modes and their interactions.
The interplay of the slow diffusive modes gives rise to singular
quantum corrections to various physical quantities including
conductivity, thermal conductivity, specific heat, and tunneling
density of states [5,6]. The question arises about the fate of the
WFL in the presence of these strongly interacting collective
modes.

Simultaneous measurements of thermal and electric con-
ductivities at low temperatures are frequently used as a means
for testing the applicability of the quasiparticle description
[7-11]. In this context, a violation of the WFL is often
interpreted as evidence for physics beyond the Fermi-liquid
paradigm. Is the reverse statement also true? Do systems with
elements of non-Fermi-liquid behavior necessarily violate the
WEFL? Here, we address this question in the context of the
singular quantum corrections arising in a disordered Fermi
system at low temperatures, T < 1/, where 1/t is the elastic
scattering rate. The temperature dependencies of both thermal
conductivity and electric conductivity are strongly affected
by these singular corrections. As we will show, thermal
and electric transport are nevertheless tightly linked to each
other, so that the WFL remains valid even at the lowest
temperatures. The system studied in this Rapid Communi-
cation provides an example in which elements of non-Fermi-
liquid behavior are not accompanied by a violation of the
WEFL.
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A systematic treatment of quantum corrections in disor-
dered electron systems has been developed in a renormaliza-
tion group (RG) approach on the basis of a field-theoretic
description, the nonlinear sigma model (NLo M) [12]. The RG
analysis with the inclusion of electron-electron interactions
leads to coupled flow equations for the diffusion constant, the
frequency, and the interaction constants [12—15]; for a review
see [6,16—18]. Unfortunately, thermal transport has so far not
been considered in the framework of the NLoM formalism. In
this work, we study thermal transport in the disordered Fermi
liquid [19,20] by further developing the NLoM approach
to the RG analysis. The main difficulty in the theoretical
description of thermal phenomena is that the heat density
and heat current operators are more complicated than their
analogs for charge transport. For the RG analysis, we introduce
time-dependent “gravitational potentials” [21-23] as source
fields in the microscopic action. The heat density correlation
function can be found by a variation of the action with
respect to these source fields. Knowledge of the correlation
function then allows one to determine the specific heat and the
thermal conductivity. We show how the use of the gravitational
potentials can be merged with the NLo M formalism. This step
requires special care since the gravitational field couples to the
disorder term in the action, which in turn plays a crucial role
for the derivation of the sigma model.

The presence of the gravitational potentials in the NLoM
complicates the RG analysis. If the Hamiltonian density
h = ho + hiy, consists of N terms, then the gravitational
potentials couple to N different terms in the action. All these
terms undergo distinct RG transformations, resulting in the
necessity to distinguish the gravitational potentials depending
on the part of the Hamiltonian density they couple to. The
question arises as to what is the character of the RG flow, when
effectively several potentials are involved. The answer is that
the logarithmic corrections originating from energies in the
RG interval (T',1/7) can be absorbed into the scale-dependent
RG charges of the extended model, i.e., the model which also
includes the gravitational potentials. The calculation reveals
that once all corrections are taken into account all gravitational
potentials remain unrenormalized: there exists a fixed point in
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the multi-parametric flow of the gravitational potentials. This
implies that after performing renormalizations one may return
to the original description of the system but with renormalized
Fermi-liquid parameters determined by the current scale of the
RG procedure. This makes clear why the WFL holds during
the course of the RG procedure.

Keldysh action and the correlation function. We start
our considerations with the Keldysh partition function Z =
[ DIy, ¥ 1expiS[¥T,¥]). The action is first limited to § =
Sk, where

&w&wkiim/wm&w—mwbm> (1

is defined on the Keldysh contour C [24,25]. Here, k = h — un,
where & and n are the Hamiltonian density and particle density,
p is chemical potential, and ¥ = (Y¥4,v,), Yl = v
are vectors of Grassmann fields accounting for the fermionic
degrees of freedom with two spin components. A peculiar
feature of thermal transport is that the action Sy is determined
by the heat density k, i.e., precisely by the quantity we
study.

We are interested in the retarded heat density cor-
relation function xu(x1,x2) = —i0(t; — 02)([k(x1),k(x)]) 7,
where x = (r,1), k=h-— un is the heat density operator
and the angular brackets denote thermal averaging. Keldysh’s
contour technique is very suitable for finding correlation func-
tions of this kind: Introducing fields on the forward (+) and
backward (—) paths of the Keldysh contour, one may define the
classical (c/) and quantum components (g) of the heat density
symmetrized over the two branches of the contour, k. /, =
%(k+ =+ k_) [25]. Then, the retarded correlation function can
be obtained as yui(x1,%2) = —2i{ky(x1)ky(x2)), where the
averaging is with respect to the action Si. After introducing
the source term S, = 2 fx[nz(x)kd(x) + n1(x)k,(x)] into the
action, § = S + S, one can find x; as

i 82z
2 8m(x)dn1(x2)”

The thermal conductivity « can be found from the disorder-
averaged correlation function (yx(x1,%2))ais = Xex(X1 — X2)
as [19]

@)

Xik(X1,%2) =

1 . . w
k=-= lim ((}136 [;Im ka((l,w)i|> - (3)
This expression is typical for a transport coefficient related to
a conserved quantity.

Gravitational potentials and NLoM. The Hamiltonian
density & = hg + hiy 1s chosen to describe a Fermi liquid in a
static disorder potential

1
2m*

ho = D VYO VYL(X) + ug(tn(x), ()

Ring = j—ln(x)(u*IFO’))n(x) +s) (v F)s(x).  (5)

Here, v is the density of states per spin, Fj"’ are the Fermi-
liquid parameters, m* is the effective mass, and ug is the
disorder potential. Further, s = %Zaﬂ Yro® g is the spin
density. We anticipate that in the diffusive limit 7t < 1, which
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we will study here, only the zeroth angular harmonics will be
effective.

To proceed further, we perform the Keldysh rotation
[25,26] and decouple the interaction terms using a Hubbard-
Stratonovich field 9,ﬁ, where the index k£ = 1,2 counts the
two Keldysh components (1,2 correspond to cl,q), and the
index [ = 0-3 denotes the density and spin density interaction
channels. After this decoupling one can write the action as

s=/uﬁm—mm—ma+m+@dw
1 t A =T 3?2 —17
| —vuta+pve+ [T (6
x 2m* « 1+

From now on, W(x) and W'(x) are fields with two Keldysh
components (their spin indices are not shown); the hat symbol
indicates matrices in Keldysh space. The matrices § and
i) are defined as H =Y, , mPk ' = 3 1, , 0} Px, where
Y1 = 69, Y2 = 6, and 50,5;5 are Pauli matrices in Keldysh
space. The Pauli matrices o; in Eq. (6) act in spin space.
The matrix f = diag(Fy,F{,FJ,FJ)/2v distinguishes the
different interaction channels.

The disadvantage of the representation in Eq. (6) is that
the gravitational potentials couple to the disorder potential
U gis, thereby complicating the derivation of the NLo M. In the
following manipulations we exploit the structural similarity
between the source term and the k term in the action. We use
this fact to devise a transformation that releases the disorder
term from the explicit dependence on the gravitational fields
[27]. After that, the 0 model can be derived following the
conventional scheme. The mentioned transformation reads
as U — VAv, U — WiVA, where & = 1/(1 +#). (The
arising Jacobian is featureless; its only function is to remove
disconnected contributions proportional to the heat density
itself.) Since the gravitational potentials can be considered
as arbitrarily slow, a term proportional to (V#)? emerging
from this transformation may be ignored. As a result, the
gravitational potentials are removed from hy — un at the
expense of introducing source fields into the time-derivative
term and a change in the structure of the interaction part

1 fos R + fAL
SZE WIGAd, —id MV — Ul(ugs — u — A0'c")¥

1 . -
- /—vquur/eT()?zx)f—le. (7
X 2m* X

Most importantly, the disorder part of the action does not
contain the gravitational potentials anymore. From here on,
the NLoM can be derived along the standard lines [6,28-32];
it may be written as S = Sqm + S,;, Where

Vi A0 . A
Sam = TTr[D(VQ) +2iz{&,A}8 Q).
- %(nv)%Tr[XélaIQ]Tr[ékaka. ®)

Here, Q, SQ, )AL, and O are matrices in Keldysh and spin
space as well as in the frequency domain. In particular,
(Xr)ggr = )A\m,gr and the same for §, while Qag/ generally
depends on both frequency arguments. The structure of §Q
will be specified further below. Tr covers all degrees of
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freedom including spin as well as integration over coordinates.
The brackets symbolize the contractions (67, .07y _.) =

(T /2)y5 8¢—v2780—y and for spin degrees of free-
dom (6%, oFf ) = £(To/2)y3! 8e—r 2780w Sap, Where

kr,w’ly,—o
T, =F)/1+ F}), T, = FJ /(1 + FJ). Finally, note the pa-
rameter z in the frequency term anticipating its renormalization
in the presence of the electron-electron interaction [12]; the
initial value is z = 1. The charge z plays a central role for
thermal transport [19], and at the metal-insulator transition
[33-35]. The abandoned term S, is quadratic in the source
fields, and accounts for the contribution of fermions to the
static part X,f}{‘o. It is disconnected from the diffusion modes,
which are described by Sgp.

The matrix Q can be parametrized as Q =0 63(7 , where
U0 = 1; the deviations §Q = O — &3 describe diffusive
degrees with energies <1/t. For 8§0(ee") = u8Qpeuty the
temperature of electrons enters through the distribution func-
tion encoded in i:

4, = ((1) i) . F. —=tanh (%) . ©)

The (retarded) diffusive propagation is described by D(q,w) =
1/(Dq2 — izw), the so-called diffuson.

Specific heat. In order to illustrate the use of the gravita-
tional potentials, we start our discussion with the calculation of
the specific heat c. It comprises a trivial electronic part ¢ and
a contribution of diffusion modes ¢4™, which we are interested
in. Note that the diffusion modes give rise to the heat density
ka™(x1) = (i /2)8 Z4™ /802 (x1)y,=0, where Z9™ is determined
by Sam of Eq. (8). To find kfﬁ“, we have to expand =1- n —
n2(1 — 2n1)y, in Eq. (8). Taking the derivative with respect
to n, results in two terms determining the heat density of
the diffusion modes; one term originating from the frequency
part and the other one from the interaction part of the action.
The specific heat can be found directly by differentiating the
heat density with respect to temperature in the absence of the

classical gravitational potential 1y, i.e., from kg’ﬁo. Calculating
m

the two terms for kfy‘ ;, in the Gaussian approximation, we find

1
Ky =~ / <wB,[D — D, +3(D — Dy)]
q,w

1
- 5/ wB,(T, Dy + 3T, D). (10)
q,w

Here, we introduced propagators for diffusion in the
singlet and triplet spin channel, D;, = 1/(Dq? — iz120),
where z;=z—-T,, 22=z-T4; B, =cot(w/2T) is
the bosonic distribution function. Further manipulations
allow us to present the heat density in the form kggo =
%fq’w wB,Dq*[z1D\ D, + 322D,D, — 4zDD]. According to
this formula, the heat density of diffusions is determined by the
energy weighted with the distribution function and multiplied
by the spectral function of the diffusion modes. Differentiation
with respect to temperature gives ¢™ = 87k320. The integrals
obtained after differentiation 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. The contribution of fermions stays
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inert in the present discussion. Analysis of the fermionic
and the diffusion mode parts of the specific heat leads to the
conclusion [36] that in the disordered Fermi liquid as a result
of renormalizations ¢ = zcg, where cg, = 2720 T /3.

Generally, we are interested in the correlation function y
which can be decomposed into a static and a dynamical part,
Xek = X + xi2". As we shall see below, the static part is
directly related to the specific heat as x;; = —cT . For finding
the thermal conductivity «, in turn, it will be sufficient to know
Im i (q,0) = Im X,fkyn(q,w). Our study of y(q,w) will be
based on an RG treatment in the presence of the gravitational
potentials, keeping in mind their dependence on q and w.

RG analysis in the presence of the gravitational potentials.
For the discussion of the dynamical part of the correlation
function it is sufficient to expand A ~ 1 — # in the action. We
study here the renormalization of the sources generated by
ny. It will be preferable to use the interaction amplitudes in
the form %(Fpaa(g%y + Fgoagaﬁy) = FISO,,;S,;;V — F28ay8ﬂ5,
where I'| = %(Fp —TIy) and I', = —TI',. To this end, one
should consider the following action:

i A AN2 o FASO
S¢ = =~ TDA + Ep)(VO) +2iz{e, 1 + £18 0]

. 2
+ %(nv)z Z (Te[ (1 + &r,)$u8 O] Tl $,8 01), (11)

n=1

where Z‘X(r,e 4+ ®,8) = leruwP1U:Lx (T, ®) for Xe
{D,z,T',I,}. In the following we shall also use notations ¢;
and X; with i = 1...4. The contractions for the fields ¢,,
n = 1,2 generate the proper interaction terms with I'; and I',.
The initial conditions are obtained from a comparison with
Eq. ®), ¢ =¢r,=¢r,=-m, &¢p=0. The field ¢{p
was introduced to account for the possibility that the sources
migrate to the kinetic term during the RG procedure.

The general structure of the RG corrections is determined
by the number of independent integrations over momenta.
Each integration leads to an additional power in the inverse
dimensionless conductance, which is the small parameter of
the RG expansion. At a given order of the RG expansion, the
dependence on the interaction amplitudes can be accounted
for to all orders once the described dressing of the interaction
amplitudes is included [12,18]. Therefore, in order to remain
within a given order, it is sufficient to extract the ¢x terms
from the established RG diagrams. The procedure is relatively
simple if one deals with potentials {x(e,&’) carrying two fast
frequency arguments, since then it is sufficient for the RG
to approximate E_x(a,s’) ~ x(e — ¢') and at the same time
matrices U or U with arguments & and &’ may be set equal to 1.
As aresult, the extraction of potentials ¢, and ¢ is essentially
realized by a differentiation of the diffusion propagators as
DopD or zd,;D. In a similar way, the extraction of {r, may be
implemented by a differentiation with respect to I',,.

Unfortunately, if the frequency arguments of {x(e,&’) are
slow one has to perform a tedious calculation complicated

by the fact that in products of the form U ix U the matrices

ﬁ and U remain intact: 17 ix U #* ix. Still, the above remarks
allow one to understand why the final result of the RG analysis
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acquires a very compact form:
! 9
AXiybiy) = Zlgjxja—xj(Ax,-o), (12)
j=

where AX symbolizes a logarithmic correction to X. The
result, which holds for all X € {D,z,I"{,I'»}, bears a certain
resemblance with the multiplicative RG [37].

One can show, using the known RG equations for the
charges X;, that the initial values for the sources do not change
as a result of renormalization. Indeed, the RG equations in
the absence of sources have a rigid structure dictated by the
NLoM:

dG/dé = BIG;wr,wi], dY;/dE = zB;[G;wa,wi], (13)

where Y; € {z,['1,[2}, G =4nvD, and w; =TI;/z. Then,
it follows immediately from Eqs. (12) and (13) that the
parameters ¢y do not flow, provided that £, = 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 obtained a fixed point in the multiparametric RG
flow, which is a rather nontrivial result for a multiparametric
flow.

Static part of xr. In analogy to ¢, we decompose the static
correlation function x2 into two parts: x5t = x50 + xSbd™,
where x; is the trivial electronic part, while xfy ™ (x,x,) =

Skf‘]‘]“(xl)/ém(xg)|,,,=0 originates from the diffusion modes.

We may use kf‘;‘o as a starting point for the calculation of

X,f,t{’dm. The terms originating from the expansion of A up

to 211127, obviously, yield —ZkSZO. The remaining terms
can be obtained according to the following reasoning. One
needs to restore the dependence on the field n; in k9™
and extract n; from any part of the diffusons contributing
to kg?‘. Since the differentiation with respect to n; can be
written as a differentiation with respect to the charges z
and T';, one can apply the operator O}, = —zd, — Cpor, —
I';dr, which acts only on the diffusons D,D;,. Here
we exploit the previously mentioned fact that during the
course of the RG procedure, the parameters Y; follow their
“host” amplitudes and that {p = 0. The final result can be
written as

K" = (0p =2k, (14)

Using the fact that in the diffusons z and I'; stand together with
frequency w, one may replace 07, — 2 by w(wd,, + 2), where
the differentiation is still restricted to the diffusons. Next,
we make use of the relations w(wd,, + 2) f (w) = 9, [w? f(w)]
and wd, f(w/2T) = —Tdr f(w/2T) in order to find that
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x]f,tc’d = —TBTkgzo. It means that together with the contribu-
tion from electrons we indeed have x;; = —Tc.

Heat conductivity: After all renormalizations, the dynam-
ical part X:,Z“ can be found by averaging the product of the
n1-, na-frequency terms in the ladder approximation. This last
averaging generates a diffuson D(q,w),

d i 5 A R N
Xk]iln = - g(n V) [y <5772tr[{8’ 772)/2}8 Q](Sm tI'[{E,m}S Q])
izw
D@ —izow’
In the last line we used that, as we have shown, the renormal-
ization of the n; vertex is given by z,, = z. The calculation of
2y, 1s beyond the scope of this Rapid Communication. Instead
we rely on the fact that for a conserved quantity the sum
of the static and dynamical parts of the correlation function
vanishes in the limit ¢ — 0. As we have demonstrated above,

X&x = —TzcrL. Then, we come to the known structure of the
correlation function [19]:

= —cpLTzy, (15)

Diq?
C————,
Dkq2 —iw

Xk (@0) = =T (16)
where Dy = D/z is the heat diffusion coefficient. It fol-
lows for the thermal conductivity that k = ¢Dy = cp.D. In
combination with the RG results for the conductivity of the
disordered Fermi liquid, o = 2¢2v D, this yields the WFL:
k/o = 2T /3e%.

The use of the ladder approximation in Eq. (15) amounts
to a restriction to collisionless kinetics. While the full NLo M
of Eq. (8), in fact, incorporates collisions, it can been checked
that the inclusion of collisions does not lead to additional
logarithmic corrections in the model of fermions with a short-
range interaction.

Conclusion. By incorporating Luttinger’s gravitational po-
tentials into the NLo M formalism, we developed a consistent
theory of thermal transport for the disordered Fermi liquid
[38]. The obtained results imply that in the studied system the
WFL remains valid despite the multitude of singular quantum
corrections arising at low temperatures. This example clearly
demonstrates that the observation of the WFL by itself does not
guarantee the applicability of the conventional Fermi-liquid
description.

Acknowledgments. The authors gratefully acknowledge
the support by the Alexander von Humboldt Foundation.
A.F. thanks the members of the Institut fiir Theorie der
Kondensierten Materie at KIT for their kind hospitality. A.F.
is supported by the National Science Foundation Grant No.
NSF-DMR-1006752.

[1] A = kg = ¢ = 1 throughout.

[2] G. V. Chester and A. Thellung, Proc. Phys. Soc. 77, 1005 (1961).

[3] J. S. Langer, Phys. Rev. 128, 110 (1962).

[4] H. Kontani, Phys. Rev. B 67, 014408 (2003).

[5] B. L. Altshuler and A. G. Aronov, Electron-Electron Interaction
in Disordered Conductors, Modern Problems in Condensed
Matter Sciences Vol. 10 (North-Holland, Amsterdam, 1985),
pp. 1-153.

[6] A. M. Finkel’stein, in Soviet Scientific Review, edited by 1. M.
Khalatnikov (Harwood Academic Publisher GmbH, Moscow,
1990), Vol. 14, part 2.

[7] M. A. Tanatar, J. Paglione, C. Petrovic, and L. Taillefer, Science
316, 1320 (2007).

[8] R. P. Smith, M. Sutherland, G. G. Lonzarich, S. S. Saxena,
N. Kimura, S. Takashima, M. Nohara, and H. Takagi, Nature
(London) 455, 1220 (2008).

060201-4


http://dx.doi.org/10.1088/0370-1328/77/5/309
http://dx.doi.org/10.1088/0370-1328/77/5/309
http://dx.doi.org/10.1088/0370-1328/77/5/309
http://dx.doi.org/10.1088/0370-1328/77/5/309
http://dx.doi.org/10.1103/PhysRev.128.110
http://dx.doi.org/10.1103/PhysRev.128.110
http://dx.doi.org/10.1103/PhysRev.128.110
http://dx.doi.org/10.1103/PhysRev.128.110
http://dx.doi.org/10.1103/PhysRevB.67.014408
http://dx.doi.org/10.1103/PhysRevB.67.014408
http://dx.doi.org/10.1103/PhysRevB.67.014408
http://dx.doi.org/10.1103/PhysRevB.67.014408
http://dx.doi.org/10.1126/science.1140762
http://dx.doi.org/10.1126/science.1140762
http://dx.doi.org/10.1126/science.1140762
http://dx.doi.org/10.1126/science.1140762
http://dx.doi.org/10.1038/nature07401
http://dx.doi.org/10.1038/nature07401
http://dx.doi.org/10.1038/nature07401
http://dx.doi.org/10.1038/nature07401

THERMAL TRANSPORT AND WIEDEMANN-FRANZ LAW IN ...

[9] H. Pfau, S. Hartmann, U. Stockert, P. Sun, S. Lausberg,
M. Brando, S. Friedemann, C. Krellner, C. Geibel, S. Wirth
et al., Nature 484, 493 (2012).

[10] R. Mahajan, M. Barkeshli, and S. A. Hartnoll, Phys. Rev. B 88,
125107 (2013).

[11] J. K. Dong, Y. Tokiwa, S. L. Bud’ko, P. C. Canfield, and
P. Gegenwart, Phys. Rev. Lett. 110, 176402 (2013).

[12] A. M. Finkel’stein, Zh. Eksp. Teor. Fiz. 84, 168 (1983) [Sov.
Phys. JETP 57, 97 (1983)].

[13] C. Castellani, C. Di Castro, P. A. Lee, and M. Ma, Phys. Rev. B
30, 527 (1984).

[14] A. M. Finkel’stein, Zeit. Phys. B 56, 189 (1984).

[15] M. A. Baranov, A. M. M. Pruisken, and B. Skori¢, Phys. Rev. B
60, 16821 (1999).

[16] D. Belitz and T. R. Kirkpatrick, Rev. Mod. Phys. 66, 261
(1994).

[17] C. Di Castro and R. Raimondi, in Proceedings of the Interna-
tional School of Physics “Enrico Fermi”, Varenna, Italy, 2003,
edited by G. F. Giuliani and G. Vignale (IOS Press, Amsterdam,
2004), pp. 259-333.

[18] A. M. Finkel’stein, in 50 Years of Anderson Localization, edited
by E. Abrahams (World Scientific, Singapore, 2010), Chap. 18,
p- 385; Int. J. Mod. Phys. B 24, 1855 (2010).

[19] C. Castellani, C. Di Castro, G. Kotliar, P. A. Lee, and G. Strinati,
Phys. Rev. Lett. 59, 477 (1987).

[20] G. Catelani and I. L. Aleiner, Zh. Eksp. Teor. Fiz. 127, 327
(2005) [Sov. Phys. JETP 100, 331 (2005)].

[21] J. M. Luttinger, Phys. Rev. 135, A1505 (1964).

[22] B. S. Shastry, Rep. Prog. Phys. 72, 016501 (2009).

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 90, 060201(R) (2014)

[23] K. Michaeli and A. M. Finkel’stein, Phys. Rev. B 80, 115111
(2009).

[24] L. V. Keldysh, Zh. Eksp. Teor. Fiz. 47, 1515 (1964) [Sov. Phys.
JETP 20, 1018 (1965)].

[25] A. Kamenev, Non-Equilibrium Systems (Cambridge University
Press, Cambridge, 2011).

[26] A. L. Larkin and Yu. N. Ovchinnikov, Zh. Eksp. Teor. Fiz. 68,
1915 (1975) [Sov. Phys. JETP 41, 960 (1975)].

[27] A somewhat related transformation was used in Ref. [23].

[28] F. Wegner, Z. Phys. B 35, 207 (1979).

[29] K. B. Efetov, A. L. Larkin, and D. E. Khmelnitskii, Zh. Eksp.
Teor. Fiz. 79, 1120 (1980) [Sov. Phys. JETP 52, 568 (1980)].

[30] A. Kamenev and A. Andreev, Phys. Rev. B 60, 2218 (1999).

[31] C. Chamon, A. W. W. Ludwig, and C. Nayak, Phys. Rev. B 60,
2239 (1999).

[32] G. Schwiete and A. M. Finkel’stein, Phys. Rev. B 89, 075437
(2014).

[33] A. M. Finkel’stein, Pis’ma Zh. Eksp. Teor. Fiz. 37, 436 (1983)
[JETP Lett. 37, 517 (1983)].

[34] A. M. Finkel’stein, Zh. Eksp. Teor. Fiz 86, 367 (1984) [Sov.
Phys. JETP 59, 212 (1984)].

[35] A. Punnoose and A. M. Finkel’stein, Science 310, 289
(2005).

[36] C. Castellani and C. Di Castro, Phys. Rev. B 34, 5935 (1986).

[37] N. N. Bogoliubov and D. V. Shirkov, Introduction to the Theory
of Quantized Fields (Interscience, New York, 1959).

[38] The case of the long-range Coulomb interaction will be
considered elsewhere; G. Schwiete and A. M. Finkel’stein
(unpublished).

060201-5


http://dx.doi.org/10.1038/nature11072
http://dx.doi.org/10.1038/nature11072
http://dx.doi.org/10.1038/nature11072
http://dx.doi.org/10.1038/nature11072
http://dx.doi.org/10.1103/PhysRevB.88.125107
http://dx.doi.org/10.1103/PhysRevB.88.125107
http://dx.doi.org/10.1103/PhysRevB.88.125107
http://dx.doi.org/10.1103/PhysRevB.88.125107
http://dx.doi.org/10.1103/PhysRevLett.110.176402
http://dx.doi.org/10.1103/PhysRevLett.110.176402
http://dx.doi.org/10.1103/PhysRevLett.110.176402
http://dx.doi.org/10.1103/PhysRevLett.110.176402
http://dx.doi.org/10.1103/PhysRevB.30.527
http://dx.doi.org/10.1103/PhysRevB.30.527
http://dx.doi.org/10.1103/PhysRevB.30.527
http://dx.doi.org/10.1103/PhysRevB.30.527
http://dx.doi.org/10.1007/BF01304171
http://dx.doi.org/10.1007/BF01304171
http://dx.doi.org/10.1007/BF01304171
http://dx.doi.org/10.1007/BF01304171
http://dx.doi.org/10.1103/PhysRevB.60.16821
http://dx.doi.org/10.1103/PhysRevB.60.16821
http://dx.doi.org/10.1103/PhysRevB.60.16821
http://dx.doi.org/10.1103/PhysRevB.60.16821
http://dx.doi.org/10.1103/RevModPhys.66.261
http://dx.doi.org/10.1103/RevModPhys.66.261
http://dx.doi.org/10.1103/RevModPhys.66.261
http://dx.doi.org/10.1103/RevModPhys.66.261
http://dx.doi.org/10.1142/S0217979210064642
http://dx.doi.org/10.1142/S0217979210064642
http://dx.doi.org/10.1142/S0217979210064642
http://dx.doi.org/10.1142/S0217979210064642
http://dx.doi.org/10.1103/PhysRevLett.59.477
http://dx.doi.org/10.1103/PhysRevLett.59.477
http://dx.doi.org/10.1103/PhysRevLett.59.477
http://dx.doi.org/10.1103/PhysRevLett.59.477
http://dx.doi.org/10.1134/1.1884675
http://dx.doi.org/10.1134/1.1884675
http://dx.doi.org/10.1134/1.1884675
http://dx.doi.org/10.1134/1.1884675
http://dx.doi.org/10.1103/PhysRev.135.A1505
http://dx.doi.org/10.1103/PhysRev.135.A1505
http://dx.doi.org/10.1103/PhysRev.135.A1505
http://dx.doi.org/10.1103/PhysRev.135.A1505
http://dx.doi.org/10.1088/0034-4885/72/1/016501
http://dx.doi.org/10.1088/0034-4885/72/1/016501
http://dx.doi.org/10.1088/0034-4885/72/1/016501
http://dx.doi.org/10.1088/0034-4885/72/1/016501
http://dx.doi.org/10.1103/PhysRevB.80.115111
http://dx.doi.org/10.1103/PhysRevB.80.115111
http://dx.doi.org/10.1103/PhysRevB.80.115111
http://dx.doi.org/10.1103/PhysRevB.80.115111
http://dx.doi.org/10.1007/BF01319839
http://dx.doi.org/10.1007/BF01319839
http://dx.doi.org/10.1007/BF01319839
http://dx.doi.org/10.1007/BF01319839
http://dx.doi.org/10.1103/PhysRevB.60.2218
http://dx.doi.org/10.1103/PhysRevB.60.2218
http://dx.doi.org/10.1103/PhysRevB.60.2218
http://dx.doi.org/10.1103/PhysRevB.60.2218
http://dx.doi.org/10.1103/PhysRevB.60.2239
http://dx.doi.org/10.1103/PhysRevB.60.2239
http://dx.doi.org/10.1103/PhysRevB.60.2239
http://dx.doi.org/10.1103/PhysRevB.60.2239
http://dx.doi.org/10.1103/PhysRevB.89.075437
http://dx.doi.org/10.1103/PhysRevB.89.075437
http://dx.doi.org/10.1103/PhysRevB.89.075437
http://dx.doi.org/10.1103/PhysRevB.89.075437
http://dx.doi.org/10.1126/science.1115660
http://dx.doi.org/10.1126/science.1115660
http://dx.doi.org/10.1126/science.1115660
http://dx.doi.org/10.1126/science.1115660
http://dx.doi.org/10.1103/PhysRevB.34.5935
http://dx.doi.org/10.1103/PhysRevB.34.5935
http://dx.doi.org/10.1103/PhysRevB.34.5935
http://dx.doi.org/10.1103/PhysRevB.34.5935



