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Abstract. We describe a new formulation of the functional renormalization group (RG) for interacting
fermions within a Wilsonian momentum-shell approach. We show that the Luttinger-Ward functional
is invariant under the RG transformation, and derive the infinite hierarchy of flow equations satisfied
by the two-particle-irreducible (2PI) vertices. In the one-loop approximation, this hierarchy reduces to
two equations that determine the self-energy and the 2PI two-particle vertex P2 Susceptibilities are
calculated from the Bethe-Salpeter equation that relates them to #®. While the one-loop approximation
breaks down at low energy in one-dimensional systems (for reasons that we discuss), it reproduces the
exact results both in the normal and ordered phases in single-channel (i.e. mean-field) theories, as shown
on the example of BCS theory. The possibility to continue the RG flow into broken-symmetry phases is an
essential feature of the 2PI RG scheme and is due to the fact that the 2PI two-particle vertex, contrary to
its 1PI counterpart, is not singular at a phase transition. Moreover, the normal phase RG equations can
be directly used to derive the Ginzburg-Landau expansion of the thermodynamic potential near a phase
transition. We discuss the implementation of the 2PI RG scheme to interacting fermion systems beyond

the examples (one-dimensional systems and BCS superconductors) considered in this paper.

PACS. 05.10.Cc Renormalization group methods — 05.30.Fk Fermion systems and electron gas —
71.10.-w Theories and models of many-electron systems

1 Introduction

The two-particle-irreducible (2PI) formalism [1-5] was
first introduced in condensed-matter physics as a means to
systematically set up self-consistent approximations that
satisfy conservation laws. It can be cast in a variational
framework where the thermodynamic potential I" is ex-
pressed as a functional of the single-particle Green func-
tion [6]. I" is essentially determined by the Luttinger-
Ward (LW) functional ¢ [1], given by the sum of the
2PI Feynman diagrams. @ is also the generating func-
tional of the self-energy and higher-order 2PI vertices. The
so-called @-derivable approximations are based on trun-
cations of the diagrammatic expansion of @ that retain
only a finite number or a sub-series of diagrams. They
are thermodynamically consistent and satisfy conservation
laws [3,7]. While most applications of the 2PI formalism
to interacting fermion systems have been limited to the
Hartree-Fock level, recent developments, motivated by the
physics of high-temperature superconductors, have incor-
porated exchange of spin fluctuations within the Hubbard
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model [8-10]. Following general ideas put forward by
Wetterich [11], the aim of this paper is to discuss a 2PI
formulation of the renormalization group (RG) approach
to interacting fermion systems.

The RG has proven a powerful approach for study-
ing low-dimensional fermion systems, providing a sys-
tematic and unbiased method to study competing in-
stabilities in the weak-coupling limit [12-40]. One of its
main successes has been to explain how unconventional
superconductivity can occur at low temperature in sys-
tems like organic conductors [12-16] or high-temperature
superconductors [20-23,25] where the dominant electron-
electron interactions are expected to be repulsive and
favor antiferromagnetism. Although the RG can be im-
plemented in different ways, most approaches rely on the
so-called one-particle-irreducible (1PI) RG scheme or vari-
ants thereof [23,25,41]. The 1PI RG scheme is based on
an exact RG equation for the generating functional of 1PI
vertices. The existence of a Fermi surface implies that the
interaction amplitudes strongly depend on the momenta
of the interacting fermions, which leads to functional RG
equations for the 1PI vertices. For this reason, most RG
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calculations in fermion systems have been limited to one-
loop order and are thus restricted to the weak-coupling
limit. Another severe limitation of the method comes from
the difficulty to access broken-symmetry phases. Long-
range order is signaled by a diverging flow of certain 1PI
vertices and susceptibilities at a critical energy or tem-
perature scale, below which the RG equations cannot be
continued. It has been proposed to circumvent this diffi-
culty by introducing an infinitesimally small symmetry-
breaking component in the initial condition of the RG
equations [28], or combining the RG technique with a
mean-field approximation at low energy [42,43]. Alter-
natively, one can introduce a partial bosonization of the
action yielding a description in terms of both fermionic
and collective Hubbard-Stratonovich fields [11,32,38,39].
It will be interesting to further explore the applicability
of these new RG schemes in various models.

The main purpose of this paper is to show that broken-
symmetry phases can be studied with a RG scheme where
the basic quantities are the 2PI vertices rather than
their 1PI counterparts. To understand this issue in sim-
ple terms, let us consider the 1PI two-particle vertex
in the spin singlet particle-particle channel obtained by
summing the bubble diagrams (random-phase approxima-
tion (RPA)),

7o

L (1)
where | ~ In(Ap/A) comes from the non-interacting
particle-particle propagator. Ay is a high-energy cutoff
(e.g. the bandwidth), A an infrared cutoff which can be
identified with the temperature, and 7o the bare (dimen-
sionless) interaction. In the RG framework, - can be inter-
preted either as the 1PI vertex of a theory with infrared
cutoff A or as the effective interaction of the Wilsonian ac-
tion with ultraviolet cutoff A [44]. Equation (1) becomes
a differential equation (see e.g. Ref. [45]),

dry 2
—_— = — . 2
7 ¥ (2)

For an attractive interaction vy < 0, a divergence occurs at
the energy (or temperature) scale A, = Agexp(1/70), sig-
naling the formation of Cooper pairs and the appearance
of long-range superconducting order. In the BCS (mean-
field) theory, this divergence is cured below A. by the
presence of a finite gap in the fermion excitation spec-
trum. However, in the 1PI RG scheme, it prevents the flow
to be straightforwardly [28] continued into the broken-
symmetry phase.

Let us now reconsider equation (1) from a different
point of view. This equation can be seen as a Bethe-
Salpeter equation in the particle-particle channel with the
bare interaction vy as the 2PT vertex &) (the reason for
this notation will become clear in Sect. 2). Only the non-
interacting particle-particle propagator ~ I ~ In(A/Ap) is
scale dependent in equation (1), while the 2PI vertex ®(2)
is invariant under the RG transformation,

Ao
- 0. (3)
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Within the BCS theory, the 2PI vertex $() is therefore
not sensitive to the transition into the superconducting
phase. The appearance of long-range order is expected to
induce an anomalous (i.e. symmetry violating) self-energy
below A.. In more complicated cases, where several types
of fluctuations may compete together, we cannot exclude
the appearance of singularities in the 2PI vertices. For
instance, in a conductor close to an antiferromagnetic in-
stability, singularities in the particle-particle channel (i.e.
in the particle-particle component of 45(2)) may be induced
by nearly divergent spin fluctuations. We shall discuss this
point in the concluding section and explain how these sin-
gularities can be controlled by a proper parameterization
of the vertex. All these considerations suggest to use a
RG scheme where the basic objects are the 2PI vertices.

The outline of the paper is as follows. In Section 2.1,
we briefly recapitulate the 2PI formalism. By means of a
Legendre transformation, we express the thermodynamic
potential (grand potential) as a functional I'[G] of the
Green function; we then define the LW functional ¢[G]
and the 2PI vertices (™). In Section 2.2, we describe the
RG procedure. We derive the differential equation satis-
fied by the thermodynamic potential and show that the
LW functional is invariant under the RG transformation.
We then deduce the infinite hierarchy of flow equations
satisfied by the 2PI vertices. A one-loop approximation is
then introduced by truncating this hierarchy and approx-
imating the 2PI three-particle vertex in terms of the 2PI
two-particle vertex &) (Sect. 2.3). We discuss the con-
nection between the one-loop equations and their coun-
terparts in the 1PI RG scheme. In Sections 2.4 and 2.5,
we give explicit expressions of the one-loop flow equations
in the normal phase and discuss the calculation of response
functions. Some of the general results of Sections 2.1-2.5
have been previously obtained by Wetterich [11], some-
times in a slightly different formulation, with a few im-
portant differences that we shall mention. In Section 2.6,
we show how the normal phase RG equations can be used
to derived the Ginzburg-Landau expansion of the ther-
modynamic potential in the vicinity of a phase transition.
This is achieved by considering the Legendre transform
F[X] of the LW functional ¢[G], which allows one to ex-
press the thermodynamic potential as a functional of the
self-energy. The latter is then split into a normal part and
an anomalous (i.e. symmetry violating) part which is to be
determined by minimizing the thermodynamic potential.
The last two sections are devoted to the application of the
2PI RG formalism to two different models. In Section 3,
we consider a three-dimensional fermion system with an
attractive interaction. From the one-loop approximation
restricted to the particle-particle channel, we rederive the
main results of the BCS theory (gap equation, thermody-
namic potential, and collective modes), thus showing the
ability of the 2PI RG scheme to access broken-symmetry
phases. We find that the 2PI two-particle vertex () is in-
variant under the RG transformation, while the flow equa-
tion for the self-energy yields the BCS gap equation. In
Section 4, we study one-dimensional (1D) systems within
the g-ology framework. At one-loop order, the 2PI scheme
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compares favorably to the RG scheme at high energy, but
deteriorates at lower energy and eventually breaks down.
We identify the reason for this failure and argue that
the 2PI RG scheme can nevertheless be applied to real-
istic quasi-1D systems like the organic conductors of the
Bechgaard salt family. The conclusion is devoted to a dis-
cussion of the implementation of the 2PI RG formalism
beyond the examples considered in Sections 3 and 4.

RG approaches in the 2PI formalism have also been
discussed in high-energy physics in a field-theoretical
framework (see, for instance, Refs. [46-49]).

2 2P1 RG formalism
2.1 Luttinger-Ward functional and 2PI vertices

We consider the partition function of a spin—% fermion
system in the presence of external sources,

1
2101 = [ Diwlexe{ sl + 3670}, @
where the action S = Sy + Siynt is defined by

Solt] = 5 3 vaCalts
a,B

Swlil =3 Y

a1,002,03,004

Va1a2a3a4wa1 wcm wa:s wau (5)

with C,g the free propagator and Vi, asa5q, the to-
tally antisymmetrized interaction vertex. %wTJd) =
%Zaﬁ VaJaptpg describes the coupling to the external
bosonic sources J,3. The 1,’s are Grassmann variables
and the collective index o = (r,7,0,c¢) labels the posi-
tion, imaginary time and spin projection along a given
axis, as well as other possible internal degrees of freedom.
Yo = foﬁ dr [d%y", . where 3 = 1/T is the inverse
temperature and d the space dimension. ¢ = + is a charge
index such that

_ wo( ) )f =
S T ©

Since the 1)’s anticommute, both C,3 and J,g can be

chosen to be antisymmetric functions: Cp,g = —Cpgo and
Jap = —Jga. In the following, we denote by

v = {8} (7)
bosonic indices obtained from two fermionic indices «
and (.

The single-particle Green function is given by the func-
tional derivative of W[J] = In Z[.J],

SWJ]
o (®)

G’Y = <¢al/fﬁ> =
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Note that the definition of G differs by a minus sign
from the usual definition in condensed-matter physics.
The Legendre transform of W[J] is defined by

riG = —w - %Tr(JG), ()

where J = J[G] is obtained by inverting equation (8).
To keep the notations simple, we shall denote J[G] by J
in the following. Tr denotes the trace with respect to the
fermionic indices, i.e. Tr(JG) = 3_, 5 JapGpa- I'[G] sat-
isfies the “equation of motion”

3I[G)

56,

(10)

as can be easily verified by a direct calculation [50]. It is
customary to write I'[G] as

(11)

where the LW functional @[G] is the sum of 2PI vacuum
fluctuation diagrams (or vacuum fluctuation skeleton di-
agrams), i.e. diagrams that cannot be separated into two
disconnected pieces by cutting two lines.

By differentiating equation (10) with respect to the
source J and using equation (8) [50], we obtain

I'G] = %TrlnG - %ﬂ(ac—l - 1)+ 9G],

1
2 2 — 2 2
(F( )W( ))7172 = 5 Zp’gl’)}’iiw'g’d'))’?
3
= 50&1,062631752 - 50&17325ﬁ1,a2
= I’Yl’Y2 (12)
where
pm__0WIIG]
e 5G'Yl e 5G'Yn ’
SMWIJ]
W(n) = 13
Y1 Un 5J71"'5<]'yn ( )

are functionals of G. Equation (12) defines a matrix mul-
tiplication with respect to the bosonic indices with I the
unit matrix. Further relations between {W ()} and {I(™}
can be obtained by taking higher-order derivatives of the
equation of motion (10).

The 2PI vertices are defined by

Rk Ie]

6G, -

o = o
’Yn

(14)

To order V™, &™) is represented by all 2PI diagrams
with n external (bosonic) legs ; and 2m —n internal lines.
These diagrams cannot be separated into two disconnected
pieces by cutting two internal lines (considering every ex-
ternal leg v; = {ay,3;} as a connected piece). The 2PI
vertices satisfy the symmetry properties

(n) _ (n)
é')’l"'{amﬁm}'“’}’n - _é’yl"'{/@iaal}”"%ﬂ/’
é’(}’rll)’)’z')’] Y T é’()’yll)’}’g')’z’)’n . (15)
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The equation of motion (10) can be rewritten as a Dyson
equation

Gl=Cit U, + X, (16)
with X, = @%1) the self-energy. Note that the diagram-
matic interpretation of @[G] as the sum of 2PI vacuum
fluctuation diagrams follows from equation (16) (see, for
instance, Ref. [51]). Similarly, the equation AW ®) =T
can be recast in the form

W'§12'yz - Galﬁz Gﬁw@ - GaloQGﬁlﬁQ
1
+§ Z Go‘l‘)‘l"Gﬁlm@’(Yi)’MW’g’)m (17)
V3,74

Equation (17) is a Bethe-Salpeter equation relating the
two-particle Green function W to the 2PI vertex &(2).

Equilibrium quantities are obtained for vanishing ex-
ternal sources (J = 0). The equilibrium Green function G
is determined by the stationary condition

Iatel
3G s

—0. (18)

It can be expressed in terms of the self-energy ¥ = ¥|s =
M)

Gl=Cr1+ 2, (19)
The thermodynamic potential is given by 2 =
—B~tInZ[J = 0] = 871 I'[G].

2.2 2PI RG equations

We now take the free propagator C' to depend on an in-

frared cutoff A which suppresses the low-energy degrees of
freedom (|&k| < A),

Ok
Ok, iwy) = —— 2K 20
() = = 2 (20)
C(k,iwy,) is the Fourier transform of C(r, 7, —;r/, 7/, +),

which we assume to be spin-rotation invariant. {x = ex —
is the dispersion of the free fermions (with u the chemical
potential), and w,, a fermionic Matsubara frequency. Oy is
a cutoff function such that Ox|s=o = 1 and Ox|s=4, =0,
where Ay = maxy |€k|. Physical quantities are obtained
for A = 0, when all degrees of freedom are included in the
partition function. W[J] and its Legendre transform I'[G]
now depend on A and satisfy flow equations as the cutoff A
is varied between Ay and 0.
From the definition of I'[G] (Eq. (9)), we deduce

d_. . 0 dJ, sW[J) 1. (dJ
gl =—5"Wll-3 2.~ =7, r (WG)
)
= S W) (21)

where [ can be either A or a function of A, e.g. [ =
In(Ag/A). Recall that J depends on G via equation (8)
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and is therefore a function of I. 9W[.J]/Jl denotes the vari-

ation of W[J] = In Z[J] which follows from the explicit A
dependence of the propagator C,
ZWUI = 5 [ Dlul (—guT¢t) emstiviena
ol Z1J]
1 o
= 75 Z Caﬁl <T/)a¢ﬁ>
a,B
1 )
= ETI‘(C G)a (22)

where the dot denotes a derivation with respect to [. Equa-
tions (21, 22) imply

d 1
EF[G] —ETr(C G) (23)
and, using equation (11),
i@[G] =0 (24)
di -

The LW functional is invariant under the RG transforma-
tion. It is therefore a “universal” functional independent
of the free propagator C' [52]. This property has a simple
diagrammatic interpretation. Being the sum of the 2PI
graphs (with the internal lines corresponding to the vari-
able G), §[G] depends on the interaction vertex V, but
not on the non-interacting (A-dependent) propagator C.

The thermodynamic potential satisfies the RG
equation

(25)

where the last line is obtained using equations (23)
and (18).

Since @[G] is invariant under the RG transformation,
the flow of the 2PI vertices o) = @)|5 is entirely due
to the flow of G,

)
d -

1 Z 6(”+1)¢[G] d
N 0G,, -+ 0G,, 0G| A
= Z¢ nJr%Y)W’Y €

We thus obtain an infinite hierarchy of flow equations for
the 2PI vertices (Fig. 1). In all Feynman diagrams shown
in this paper, a pair of neighboring external legs corre-
sponds to a bosonic index v; = {«y, 8;}. We shall always

@(") —

Y1 Un

d [ smeG)
5G71 "5G’Yn

(26)

represent the 2PI two-particle vertex 4_5321)72 with the two
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e

—e__
Fig. 1. Diagrammatic representation of the hierarchy (26) of
flow equations satisfied by the 2PI vertices (15(") ~n - Derivation
with respect to [ are indicated by dots (vertlces) and slashed

lines (propagators). A pair of neighboring external legs corre-
sponds to v; = {a, Bi}.

external legs v1 = {a1,01} (y2 = {a2,02}) on the left

(right) hand side of the vertex: 5%21)72 is 2PT as seen from
left to right.

Equations (25, 26) should be supplemented with the
initial values of the thermodynamic potential and the 2PI
vertices at A = Ag. Since the cutoff function Oy is chosen
such that C|4, = 0, we easily deduce from the diagram-
matic expansion of the LW functional that 2|4, = 0 (i.e.
Gla, = 0), &34, = V, and ™|, = 0 for n > 3.
Using equation (11), we also obtain 2|4, = 29|41, where
20 = (28)71TrIn C is the non-interacting thermodynamic
potential obtained from the action Sy. To avoid comput-
ing {2y, we shall always calculate Af2 = 2 — (2.

For practical calculations, one has to truncate the hi-
erarchy of flow equations (26) by retaining a finite number
of low-order vertices. The simplest non-trivial truncation
is discussed in the next section. Unless mentioned other-
wise, we now drop the “bar” above Green functions and
vertices since we shall only consider the case J = 0.

2.3 One-loop RG equations
2.3.1 Flow equations for the 2PI vertices

One-loop RG equations are obtained by neglecting &™)
for n > 4. This reduces the hierarchy of equations (26) to

Z")’1 = Z ¢721)’Y2 G’Y2 ’

o 3 .
é’()’l)’m = 5 Z ¢Eﬂ)’v2’y3 G’Y3
3

(27)

In order to close this system of equations, we need an
approximate expression of ) in terms of &2 and X.
Let us start with the second-order contribution to the LW
functional,

1
48 Z Vo Bz Vo 1028 Gy G Gy G-

Y1,7273,74

(28)
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Fig. 2. Diagrammatic representation of &) as a function of
& within the one-loop approximation. @, shown as a black

dot, is 2PI as seen from left to right. Signs and symmetry
factors are not indicated.

By taking the third-order functional derivative with re-
spect to G, we obtain

1
3
¢'(Yl)'Y2’YB = ) Z G’Y4 [Va1a3a2a4 V3185824
Y4
—VayaspaonViipaozfs T Varpapaas Voiasazss

—VauBaazas VBiaaBaps — (az < B3)]. (29)

Replacing V by #®) in equation (29) [11], we obtain the
one-loop approximation of &),

3 _ 2) (2)
@Evl)’h’m “OOp* D) Z GW ngxlasmm@mﬁwzm
(2) (2) (2) (2)
=P asr0a P ps0nts T Poy fars Phiascns
(2) (2)
- @a1ﬁ4a2a3¢ﬁla4ﬁ2ﬁ3 (043 - 63)} (30)

By working out the symmetry factors of various diagram-
matic contributions to @2 and $®), one can convince
oneself that the overall factor —1/2 in equation (29) re-
mains unchanged when V is replaced by o2 ¢B) |1 100p 18
shown diagrammatically in Figure 2.

Diagrams contributing to #[G], ¥, ) and ) up to
third order in the bare interaction amplitude V' are shown
in Figure 3. The O(V?) contribution to ¢ is included
in the one-loop approximation, but among the three di-
agrammatic contributions to order V3 only the first one
is retained. The other two are not of the form (30); the
second one involves a two-particle-reducible two-particle
vertex, while the third one is clearly not of the required
type. Thus, a given diagram contributing to the LW func-
tional will generate diagrams for ) which may or may
not be included in the one-loop approximation. The lat-
ter is therefore not a &-derivable approximation as it is
not based on a truncation of the LW functional. A de-
tailed study of conservation laws and Ward identities in
the 2PI RG scheme is beyond the scope of this work and
remains to be done.

It should also be noticed that the one-loop approx-
imation, like any approximation of the 2PI vertex &),
leads to a violation of the crossing symmetries of the
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Fig. 3. Diagrams contributing to (G|, X, 5155,21%2 and <15(W§)ﬂ,ﬂ3
up to third order in the bare interaction vertex V (shown as a
(small) black dot). Diagrams obtained by exchanging external
legs (a; < (3;) are not shown.

two-particle Green function W2 (e.g. Wﬁ)ﬁl s o #+
_w®

a1a26162) and the 1PI two-particle vertex.

From equations (27, 30), we finally obtain the one-loop
RG equations

) 1 o
2’)’1 = 5 Zégl)’Y2G’)’27

Y2
) 1 ) )
ésy%)’h = 5 Z (G’Ya G’Y4 + G’Y3 G’y4)
V3,74
(2) (2) 2 (2)
X [@a1a3a4ﬁ2@616364a2 B @gtl)aawwqi&ﬁsﬁwJ :
(31)

Equations (31) are shown diagrammatically in Figure 4.
There are two differences with respect to the one-loop
RG equations obtained within the 1PI RG scheme [23,25]:
(i) the flow equation for the self-energy involves the 2PI
two-particle vertex and the derivative G of the Green func-
tion instead of the 1PI vertex and the “single-scale propa-
gator” S = —GC~1G; (ii) the one-loop contribution which
would give a two-particle-reducible contribution to @) is
absent.

The procedure we have followed to obtain the one-
loop RG equation is not unique. Owing to the anti-
symmetry of V', one could write —V4, 85048, VasBaasp: OF
Va4ﬁga1ﬁ2 Va3ﬁ4a261 instead of Va153a4ﬁ2 Va3ﬁla2ﬁ4 in equa-
tion (28). This explains while the one-loop RG equation
obtained in reference [11],

£(2) : (2) (2)
€Zi’()’1)’)’2 - Z G'YS G'Y‘l [@a4a3a1ﬁ2@ﬁ4ﬁ3ﬁ10{2
Y3574
2 (2)
- ¢(044)a3a1a2¢ﬁ4ﬁaﬁ1ﬁ2} , (32)
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~e =

=

+

Fig. 4. One-loop flow equations for X, and (15221)72. Here and
in the following figures, diagrams obtained by exchanging the
slashed and non-slashed lines in the one-loop diagrams con-
tributing to &® are not shown.

differs from ours. This equation can be represented dia-
grammatic as in Figure 4, but with the vertices #(®) in
the one-loop corrections being 2PI as seen from top to
bottom. Equations (31, 32) lead to different diagram re-
summations. While the two O(V?3) contributions to ¢
in Figure 3 are generated by the equations (31), the first
one is not if one uses equation (32). More generally, sim-
ilar diagrams with an arbitrary number of loops are not
included in equation (32). These diagrams play a crucial
role in most applications of the RG approach to interact-
ing fermion systems. For instance, they describe the ex-
change of spin fluctuations in a conductor with short-range
antiferromagnetic order and may lead to d-wave or other
types of unconventional superconductivity. For this rea-
son, we do not expect the one-loop approximation based
on equation (32) to give reliable results.

2.3.2 Relation to the 1Pl RG scheme

In this section we show how, starting from equations (31),
we can reproduce the one-loop RG equations for the
1PI two-particle vertex v obtained within the 1PT RG
scheme. 4 is defined by

Ggl’z'l’m == Z GalazGﬁlﬁsGa2a4Gﬁ2ﬁ47’(y§274’

Y3574

(33)

where

Ggfl%q'yg = <wa1wﬁ1wa2wﬁ2> - Galﬁl Gazﬁz

+GO¢10¢2 Gﬁ1ﬁ2 - Ga162 Gﬁlaz

= W@

Y12 GalﬁzGﬁlaz + Gayas Gﬁlﬁz

(34)

is the (fully) connected two-particle Green function. The
Bethe-Salpeter equation (17) implies that G satisfies

1 1 9 4
92 Z [17174 + 9 Z HVleqﬁ(vg)vJ Gg%ﬂz -
Y4 BE]

1
Ty Z H’Yl’Y3¢’(y23)’Y4H’Y4’Y2’ (35)

V3574

where
II

Y12 — Ga152 Gﬁum - GquQGﬁlﬁT (36)
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In matrix form, equations (33, 35) read

6 =y,

(I+109P)GY = -1 11 (37)
We therefore obtain
F 0 = ¢® (] + H@(Q))_1
P2 = ~@) ([ _ H7(4))_1 (38)

From these two equations, we deduce the following flow
equation for the 1PI vertex v

. . 1 -1
5O = 0 [Ty 4@ (52)) 163 (5(2)) LW

= WYY 4 (I - 4D M)dD (1 — 17y®). (39)
We can now reproduce the one-loop RG equations de-
rived within the 1PI RG scheme by expandlng the rhs
of equation (39) to second order in y*). Since ¢(2) =
7@ +0[(y)?] and &3 = O[(#?)?], equation (39) gives
4@ = 4D Ty™ 4 ¢(2) where, to order (y¥)2, () is
given by equation (31) with &®) replaced by 7* in the
rhs. This eventually gives

7’)’1’}’2 =75 Z

73 Y4
(4) (4) (4) (4)
X [7041[31013[337044[34042[32 VaiasBa82 V81 Brasas

(4) (4)
+ 7a1a363a27ﬁ1ﬁ4a4ﬁ2}

a3 fBa Gﬁs as T+ Ga3ﬁ4 Gﬁ3a4 )

(40)

To lowest order in 4(*), the flow equation (31) for the self-
energy becomes

) 1 )
2 = B Z’Y%)WGVT (41)
Y2

Equations (40, 41) agrees with the equations derived
within the 1PI RG scheme [23,25] with the “single-scale

propagator” S = —GC~ 1@ replaced by G.

2.4 One-loop RG equations in the normal phase

In this section, we consider the one-loop RG equations in
the absence of broken symmetry. We denote the position,
time and spin indices by X so that a = (X, ¢), ¥(X+) =
P*(X),Y(X—) =9¢(X),and [dX = foﬁ dr [d%r . The
single-particle Green function is then given by

(P(X1)Y*(X2)) = G(X1, Xa),

with G(X1+, Xo—) = —G(X2, X1). G(X1¢, Xoc) vanishes
in the normal phase. G satisfies the Dyson equation

G(X1—, X2+4) = (42)

G(X1,Xs2) = C(X1, X2)

f/ngdX4C(X1,X3)Z(X3,X4)G(X4,X2) (43)
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with

2(X1,X2) = 2 (X1+, X2—) (44)
the self-energy. In the normal phase, the 2PI two-particle
vertex @(2) (Xic1, Xoco, X3e3, Xycq) vanishes if Y, ¢; # 0.
Distinguishing between the particle-particle (pp) and
particle-hole (ph) channels, we introduce

¢(2)(X17X25X37X4) = ¢(2)(X1+5X2+7X3_7X4_)5
¢(2)(X1,X2,X3 Xy) = 6D (X 1+, Xo—, X3+, X4—).
(45)

Note that in equations (45), we have singled out one of the
two ph channels. The 2PI vertex in the other ph channel

is related to @;2}3 by

é( )(X17X2)X4)X3)
(46)
Since the one-loop approximation conserves the cross-
(2)
7@%{&&2}
Fig. 4), it is possible to consider a single ph channel. The

P (X1 +, Xo—, X3—, X4+) =

ing symmetry 45% (afa} = (as obvious from

symmetry properties of @Sﬁ)w (Egs. (15)) imply
@é? (Xla X27 X37 X4) = 7@&? (XQ; X17 X3; X4)

= 745%)?()(1; X27X4a X3)7

¢é2h)(X1)X27X37X4) :éé?(X3)X47X1)X2)- (47)

The RG equation for the self-energy can be written as

2(X1, Xo) = Z / dX3dX4G(Xsc, X4€)

x @ (X1 4, Xo—, X3¢, X47)

- /dX3dX4G(X4,X3)

<@ (X1, Xa, X3, X4), (48)

where ¢ = —c. A similar calculation for the two-particle
vertices @ép and @(h yields

: 1 :
o) (X;) = -3 / dX1dX}dX}dX,[G(XS, X)G(XS, X))
+(G = O] [85) (X1, X1, X5, X)) (Xa, X5, X, Xs)

+OU) (X1, X5, X4, Xa)DR) (X, X1, X4, X3)— (X3 < X4)],

B7)() =~ [ AX{aXFAXGAXS G, XDECXS, X))

+ (G A G)} [él(fp? (Xl?Xia X§7X4)¢1(32p? (X4/17X3a X27Xé)
+ 00 (X1, X5, X4, Xa)@) (X[, Xa, X3, X})

+¢(2)(X15X57X3aXé)éifh)(X{aX%lepX4)}a (49)
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Fig. 5. One-loop RG equations for ¥ (a), %) (b) and @;Qh)
(c) in the normal phase.

where we use the short-hand notation &) (X;) =
D) (X1, Xo, X3, X4). Equations (49) are shown diagram-
matically in Figure 5.

In spin-rotation invariant systems, it is convenient to
write @éQP) and @;21]) in the triplet/singlet and charge/spin
basis, respectively,

2 010 o0
B, (@) = 7 (@) 15352 + 2P (@) T332,
2 2
@E)h),a,, (:EZ) = @éh) (xi)601,02503704 + @gi) (xi)aﬂl,tm " 003,04,
(50)
(X =(z,0), z = (r,7)), where
g10 ]'
Icrg,af = 5(501704502703 + 501703502,04)7
010 1
T0'310'42 = 5(501704502703 - 501703602,04)7 (51)

and o = (07,0Y,0%) stands for the Pauli matrices. From
equations (47), we deduce the following symmetry prop-
erties

@EQ) (x1,29,23,24) = 7@&2) (x2,21,x3,24)
= 7@&2) (1,29, x4, x3),
¢é2)(I1,$2,$3,x4) = @gQ)(xg,xl,xg,u)
= @f)(xl,xg,m,zg),
@Ei%sp(ml,zg,mg,m) = @Ei%sp(acg,m,xl,zg). (52)

Performing the sum over spin indices in equations (48, 49),
we obtain the flow equations satisfied by X, @EQS)
and &%

ch,sp’

E(Il,Ig) = —2/d$3d$4é($4,$3)¢gl)($1,xg,Ig,I4),
(53)
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& (z;) = —% /dx'ldmédmgdmﬁlB(x'Q,x'l,xg,xﬁl)
< [(22 1,4, )0 (2, 2, )
+20P9? 1 @g2>@§§>)
+ (28 (o1, 2, 24, 20) @ (w3, 31, 3}, 3)
12020 + 0@ 0 ~ (23 a1)]
B (3,) = f% / Ao, daydat, da!, B(h, o) o, )
X [(@9 (1,2, 2%, :E4)€25éi) (o, 25, 1), x3)
+30{02))
+(¢£§> (w1, @, 2y, wa) B (w2, 24, x3)
+3020( ) + (23 24)|,

. 1
8 (1) = — [ dh o de! () 5, 5, 1)

3
X [<Z¢§2) (w1, ], xé,m)@ém (@), x3, T2, Th)

+1¢(2>¢(2>)
4 S S

+ (¢((:121) (Ilv x127 xilv x4)¢((;12]) (mlla x2,T3, xl3)
(2)p(2)

+3020)

+ (@£f}) (1’17 33/2, €3, xé)@g;) (:Ella x2, 1'2, 334)

2 2
+3@§p>¢gp>)] ,

. 1
B (a:) =~ [ dof ddel o) Bahs o} 55,21)

1
X {(5@9) (w1, fﬂlp $§a$4)@§2) (93217933, T2, 1’2)

1

1
+Z¢g2>¢g2> + qug%g%)

(2 (o1, 2, 22) 2 (0, 22, w5, 25)
+3 0P + 2q5§§>q5§§>)

@(2) / ! @(2) / /
+ ch (I1,$2,$3,$3) sp ($1,I2,I4,$4)

2
+a2)d?) — 2¢g§>qﬁgg>)} : (54)

where

B(Il, o, X3, I4) = G(Il, IQ)G($3,$4) + (G — G) (55)
Due to spin-rotation invariance, the single-particle Green
function Go, 5, (21,22) = 006y,0,G(21,22) and the self-
energy Yo, o, (T1,%2) = 00y,00 2 (21, 2). In equations (54),
we have grouped inside parenthesis terms with identical
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dependences on the variables x;,z} and thus avoided un-
necessary repetitions of the latter.

2.5 Response functions in the normal phase

Once we have solved the RG equations (53, 54) and de-
termined the self-energy ¥ and the 2PI vertex &3, we
can obtain the two-particle Green functions W) and the
response functions from the Bethe-Salpeter equation (17).

We define triplet- and singlet-pairing fields, and
charge- and spin-density fields by
Yy (21)7 (22) ifv=1,
O (x1,22) = § 75 25 Yo l(21)¥s(22) if v =0,
Py (x1)Y)(x2) if v=-1,
1
Os(x1,10) = — 0o (T1)¥s(T2),
(1,2) ﬂZ Vo (1) 80 (22)
p(x1, z2) Zw 21)¥o (22),
S(z1,22) = Y 05, (21)0 01,0000, (2), (56)
01,02
(6 = —0o), and the corresponding response functions
Xt (i) = (Of (v1, 22)O¢* (24, 73))
(2) e,
pr TTTT(%zQ) frv=1,
=3 2 %al o3 pp 01010303( 1) if v =0,
AT CY) ifv=-1,
Xs(i) = <O (w1, 22)0; (14,953»
=35 Z o103W, pp 01510353 (x'i)7
01703
Xen(2i) = (p(z1, 22)p(23, 24))
- Z Wéi)o'lo'lo'go'g(IQ’$17x47x3)’
01,03
Xsp(Ti) = (S¥ (71, 22)S" (3, 74))
= Z 051,02053,04
01,02,03,04
x W2 (22,21, T4, x3) (57)
ph,oooi0403\t2s 415 L4, L3 ),

where Wéi?gi (x;) W(Q) (x1—, 22—, x3+,x4+) and
Wéi)a (x;) = Wéf)(x17,22+,137,z4+) are the two-
particle Green functions in the pp and ph channels, re-
spectively. They satisfy the Bethe-Salpeter equations (see

Eq. (17))

Wéi?ai (Ii) = 501,04 502703G(x17 x4)G(x27 x3)
- 501703602,U4G(x17 x3)G(x2) 1‘4)

+ - Z/dmldedmsd%G(m,II)G(xg,xQ)

o,0’

()

X @DP701 o200’

ror (2) W,
(1'1’ Lo, T3, ﬂ94).[/.[/pp oo'oz04 (x37 Ty, T3, 1’4))
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Wéi?(h (xl) = _601,0'4602,0'36;(:51) $4)G($3) 1‘2)
+ Z / dry dzhdrhdayG(xy, 2))G (2, x2)
2 2
X @1(31'1)70'10'20'0' (x/17 x/Q’ 1’3’ I4)Wéh)o' 00304 (Zﬁl’ Ié? x37 x4)'
(58)

From equations (58) we deduce

Xpu=t,s(@i) = G(x1,24)G (22, 23) F G(21,23)G (22, 24)

1
- 5/dm'ldméda:gda:ﬁlG(acl,I'I)G(xg,xé)

20 1 1 T ;o
><@EL)($1,$2,$3,I4)XM(I4,$3,$3,$4),

X,u:ch,sp(xi) == *2G(l‘4, 1’1)G(£E2,l’3)
+2/d:c’1d:c’2d:cgd:cﬁlG(:E2,:E’I)G(:E’Q,:El)

X ¢22) ($/17 $/2, $g, $£1)XM(I§, wﬁl’ 35 $4)-
(59)

Equations (59) enable ones to determine the response
functions from the knowledge of the single-particle Green
function G and the 2PI vertex ().

In many cases, useful information can also be drawn
from the 1PI two-particle vertex v*). Rewriting the rela-
tion (38) between y(*) and ¢(?) as

_ 2)
fy’()’lzm - @'()’1’)’2 Z @’yl’yd asfBa Gﬁaa47’y4’}/25

7374

(60)

and considering this equation in the pp and ph channels,
we obtain

1

@ @;(f) (x;) — 3 /d:c’ld:c’Qd:cgd:cﬁ1

7u =t, b(z'b)
¢(2) (xlv L2, mlla $I2)G(Illa IS)G(II% $£1)

(4)(33473337333; 1'4)

’7;(:1)0}1 bp( ) @(2) (I'z) + 2 / d’l’&dzédzgdzl

X@;(E) (xla z2, 1,/1’ 1'/2)G(£L'§, 1'/1)G(:L'/2a IL’Z)

x'yff)(xﬁl,xg,xg,u). (61)

2.6 Ginzburg-Landau expansion

An essential feature of the 2PI scheme is the possibility to
continue the RG flow in a broken-symmetry phase. This
will be illustrated in the next section in the framework of
the BCS theory, and further discussed in the concluding
section. As a byproduct, one can also derive the Ginzburg-
Landau expansion of the thermodynamical potential in
the vicinity of a phase transition. The interest of such an
approach is that only the solution of the RG equations
with no symmetry breaking is necessary. When several
instabilities compete at low temperature, the derivation of
the Ginzburg-Landau expansion is expected to be much
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simpler than the full solution of the RG equations in the
broken-symmetry phase.
We introduce the Legendre transform F[X] of the LW
functional @[G],
1
F[X]) = 2[G]) + ETJr(GE)7 (62)
where G = G[X] is a functional of X' obtained by inverting
Y, = d9|G]/dG,. Here and in the following, we assume

vanishing external sources (J = 0), and denote G, X by
G, X, etc. F[X)] satisfies

SF[S]
53,

-G, (63)

The functional F[X] allows us to rewrite I'[G] as a func-
tional of the self-energy [53],

I[5) =~ TeIn(C" + %)+ S T(GT) + #(C]

—%Tr In(C~'+ %)+ F[X], (64)

which is stationary at the equilibrium self-energy ¥ = X,

ST[2)

55 =

(65)

We now write the self-energy X' = X'y + A as the sum
of a normal part Xy and an anomalous part A which
violates some symmetries of the normal phase. A is an
order parameter for the phase transition. It can include
different kinds of symmetry breaking, such as antiferro-
magnetism and superconductivity. If we are able to solve
the flow equations in the normal phase, i.e. fixing A =0,
we can consider I'[A] = I'[¥Xx + A] as a functional of the
(unknown) anomalous self-energy A. The latter is then
determined from the stationary condition (65),

SIA]

a0

(66)

A crucial point here is that the 2PI flow equations with
A = 0 can be continued below the actual phase transition
temperature T,, since the 2PI vertices do not become sin-
gular at the transition. The functional I'[A] can therefore
be determined below T,, where the stationary value of A
(Eq. (66)) is finite.

In the vicinity of the phase transition, where A is
small, we expand I'[4] to fourth order,

11
(2)
2[ 22 F’Yl’hA A

V1,72

Z 71’72’)'3A A A

V1,725,773

- E (4)
+ 41 24 F’Yl’Y2’Y3’Y4
Y1,72,7Y3,74

X A’Yl A’h A’Y3 A’M ) (67)

1
TA] =Tn + ZT]r(GNA)2

Layay + 12
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where 371y = B71I'[¥Nn] = 2y is the thermodynamic
potential and G5 the Green function in the normal phase,
and

s F(X]

52, -

(n)
o, = .
62’}’% YN

Y1 Un

(68)

If, as in most one-loop approximations, one ignores the
normal phase self-energy (Gny = C), the evaluation of
the terms Tr(GyA)™ does not raise any difficulty. The
determination of I'[A] then requires the calculation of the
coefficients F(™ . These can be related to the 2PI vertices
@™ by taking functional derivatives of equation (63) with
respect to G. The first-order derivative gives

1 2)¢p @ piy
) 0 [G] i [ ] 1’71’727 (69)
2 s 5G715G73 GnN 52735272
i.e.
—1
(F(Q))'yl'yQ = 7¢'(Y21)’Y2' (70)

Higher-order derivatives yield

1
(3) _ = § : (3) (2 @) 2
F7172’YS ) @v{vévéFvinvéw Fvév;:.’
Y1Ve V3

1
(4) - 4 (2) @) @) H?2)
Y1Y2Y3V4 T 16 Z @’yl’yﬂjnF’yl’n F’YQ’Y2F’Y3’)’3F’Y4’Y4

v{,vé Y54
3 2
Z e 6 p@ p@
’7172’73 ’7471’)’1 Yov2 T Y373
'Yl 'YQf'Yg

+F FO B 4+ B FQ FY,
Y171 747272 7373 Y1Y1 o Y72 Y4373

(71)

These equations simplify within the one-loop approxima-
tion, since (™) vanishes for n > 4 and &) can be ex-
pressed in terms of #@. FG) and F® are then essen-
tially determined by ¢ and F(). Writing the equation
@) FR) = —T in the pp and ph channels, we obtain

1
3 / dXdX'9) (X1, Xo, X, X")F(X', X, X3, Xy) =

—5(X1 — X4)(5(X2 — Xg) + (5(X1 — Xg)(S(XQ — )(4)7

/ dXdX'D5) (X1, X2, X, X')FG (X', X, X5, X4) =

—0(X1 — X4)o(X2 — X3), (72)
where
FPE?))(XM XQ; XS, X4) = F(Q)(le, X27, X3+, X4+),
Féi)(XlaX2aX3,X4) = FO(X,—, Xo+, X5—, X4+).
(73)
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For a spin-rotation invariant system, we finally deduce

/diﬂdl’lﬁp§2)(1'1,IQ,Z’,II)Ft(Q)(ﬂC T, T3,T4) =
—2[0(x1 — x4)0(x2 — x3) — 0(x1 — 23)0(x2 — 4)],

/dZdII@éQ)(QL'l,IQ,I,II)FS(Q)(QCI,QC,QC;g, T4)
—2[0(x1 — x4)0(x2 — x3) + 0(x1 — 23)0(x2 — T4)],
/dzdl’lﬁpéi)(lﬂl,IQ,Z’,I/)F(Q

ch)(xla x, T3, 1‘4) =

1
715(:01 — x4)0(x2 — x3),

/da?dx'@( )( Il,IQ,I,I‘I)Fs(s)($l,$,$3,$4) =

- ié(ml — x4)0(x2 — x3).
(74)

where Ft(? are the triplet and singlet parts of Féf)),

and F C(h )Sp

next section, we shall use equation (67) to reproduce the
Ginzburg—Landau expansion of the thermodynamic poten-
tial of a BCS superconductor.

the charge and spin parts of Féﬁ). In the

3 BCS theory

The aim of this section is to reproduce the main results of
the BCS theory using the 2PI RG equations. We consider
a 3D system described by the action

5= /dm zgjwz;(x) (aT - QV:L) Vo ()

A / e g ()T ()b () (),

(75)

where m is the fermion mass, u the chemical potential, and
A < 0 the amplitude of the local attractive interaction.
This singular interaction is regularized by means of an
ultraviolet cutoff acting on the fermion dispersion: |€x| <
/10, fk = k2/2m7 M.

3.1 BCS gap equation

There are two equivalent ways to derive the RG equations
for the BCS theory. One can start from the one-loop equa-
tions and neglect the ph channel. Since the one-loop con-
tribution to @1([,? involves only the ph channel, it vanishes
in the BCS approximation, i.e.
p(2) —
D5 = 0. (76)
Alternatively, one can start directly from the LW func-
tional (Fig. 6)
= )\/dx Gry(z+,z+)G 1 (x—, z—),

Ppcs|G] (77)
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QOO

Fig. 6. Luttinger-Ward functional #pcs[G] in the BCS theory.

where

Gry(a+,2'+) =

Guy(e—, 2’ =) = (@ (2)¢ (), (78)

One then obtain 4552)7273 = 0, which leads to equation (76).

In the case of a local interaction, the only non-

)

vanishing part of é( reads

Q) | (i) = PR, 5(w1 — 22)0(x2 — 3)0 (23 — 24)
=(2) z(2) 5(2) 5(2)
épp T épp LT épp it = qup AR =A
(79)
ie. d5 = 2\ and d5( ) = 0. The self-energy has two non-
vamshmg elements, Xy (z+,y+) = —X|1(y+,2z+) and
Yi(z—y—) = —Eu(y— x—), determined by the RG

equations
Z‘Tl(x""ay"") = )\5(.% - y)GlT(I_vy_)v
(e,

y—) = Ao(z — y)Gr| (z+, y+). (80)

Defining the superconducting order parameter A by

Lt y+) =0z —y)A,
Lip(e—y—) = d(z —y)A%, (81)
the flow equation becomes
A=\G i (z—,2—). (82)

Integrating equation (82) between Ay and A, we obtain
the gap equation

A
A= ﬂ—vzk:Gu(k—,k—), (83)

where V' is the volume of the system, and k = (k,iw,)
with w,, a fermionic Matsubara frequency.

We use the standard Nambu notation, ¥(x) =
(Y1), ¥} (z))T, to write the inverse Green function as
a 2 X 2 matrix in reciprocal space,

Clk) A
( A —c—l(—k)>’

where C(k) is the free propagator defined by equa-
tion (20). For intermediate calculations, it is convenient
to assume that @y is a smooth cutoff function which does
not vanish (O # 0). Final results depend only on C(k)
(and not C~!(k)) and are well defined even for a hard

Gl (k) = (84)
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cutoff Ok = O(|¢k| — A) (O is the step function). Invert-
ing G~!, we obtain
Wy + gk
Goo kiv k =0 5, 20
( +) K2 + B2
Ax
Gri(k— k=) = Ok—5——
Tl( ) ) kw%—l—Eﬁ’
G (k+,k+) = © A (85)
T ) - kw% + Eﬁv
where
By =\/& +|AL|, Ak = Abk. (86)

Using equations (85),
tion (83) as

we can rewrite the gap equa-

o (05).

(87)

DR
4 k
When A # 0, this equation becomes

Ao
. Ltaﬂh(gx/@—iﬂAP), (88)

Al Ja VE+ AP

where we have taken @ = O(|¢k| — A). The density of
states in the normal phase N(§) = & >, 6(¢ — &) has
been approximated by its value N(0) at the Fermi level,
and A\ = N(0)\ is a dimensionless interaction constant.
equation (88) can be solved exactly at T' = 0,

|A(T = 0)| = | Ao (1 - %)1/29 <@ - A> . (89)

assuming | 4| < Ag. |Ag| = |A|a=0 = 240e!/? is the zero-
temperature BCS gap.

When A(T,A) = 0, the singlet response function
Xs(z, z,y,y) defined in Section 2.5 is given by the Bethe-
Salpeter equation (59). In Fourier space,

211" (q)

T AT+ () (90)

xs(q) =

(¢ = (q,iw,) with w, a bosonic Matsubara frequency),
where 1T~ (q) is the Fourier transform of the pp propa-
gator

I~ (z—y) = [Cla,y))* (9
The condition for xs(¢ = 0) to diverge, 1+AII~ (¢ =0
0, is equivalent to the linearized gap equation (Eq. (
with A — 07).

Figure 7 shows the superconducting order parameter
A and the singlet response function xs(¢ = 0) (in the
regime where A(T,A) = 0) at T = 0 and T = 0.97,
where T, is the superconducting transition temperature.
Xs diverges at the threshold value A.(T") of the cutoff be-
low which the gap A becomes finite and reaches the BCS

1)

)
88

X

The European Physical Journal B

1.75 |
1.5 !
1.25 |
1
0.75
0.5
0.25

A/Ag, x (arb. unit)

0
0.00001 0.001 0.1 10

A/ Ao
Fig. 7. Order parameter A and singlet response function xs

(for A(T, A) = 0) versus A for T' = 0 (solid lines) and T' = 0.97
(dashed lines).

value for A = 0. The transition temperature is determined
by A.(T.) = 0. As the 2PI RG equations determine A
and &2 they are not plagued with divergences and can
be continued down to A = 0 for any temperature. Broken
symmetry is signaled by a finite value of the anomalous
self-energy A below A.(T). The divergence of the singlet
response function ys is seen only when the 2PI vertex $(2)

is fed into the Bethe-Salpeter equation relating xs to dig.?.

Note that we have picked up the nonzero solution
of (87) by hand. Alternatively — and this is how one should
proceed in more complicated situations — one can directly
solve the flow equation (82) [54],

A
= \/ﬁ tanh < A2 + A2)

A/Ao—tanh<§ >

+AA2/AAO% [Et h(gE) —#%])

|

(E = /& + A% and we assume the gap A to be
real), together with a symmetry-breaking initial condition
A(Ap) = €. For ¢/A(A = 0) < 1075, the solution of (92)
cannot be distinguished from that of (88) when plotted on
the same graph. A larger value of € leads to a smearing of
the singularity at A.(T).

3.2 Thermodynamic potential

We could determine the thermodynamic potential 2 =
BT directly from equation (11) using the expression (77)
of &pcs. To illustrate how the 2PI RG scheme works, we
shall instead use the flow equation (25) and the Ginzburg-
Landau expansion (67) of the thermodynamic potential
near a phase transition.
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3.2.1 Ground state condensation energy

The ground state condensation energy A2 = {2 — (), sat-
isfies the RG equation (see Eq. (25))

. 1 .

= —% Z CEI[GTT(]C—7 k+) - C(k)]

HG-0)

Z | A|261 O

w2+E2

= —|A]? Z @“@“, (93)

where the last line is obtained for T' = 0. A direct eval-
uation of this equation by replacing the sum over k by
an integral over & leads to ambiguities because of fac-
tors ©(0). We therefore rewrite equation (93) as

AR =—04Y (/G +]APEE, (94)
k

where 04 denotes a derivation with respect to A at
fixed |A|. The calculation is then straightforward and
yields

AQ = —2VN(0) {A - \/m}

- |A0|)@<|A2—°| - A>, (95)

where we have used equation (89). Integrating this equa-
tion between Ay and A, we finally obtain

AR = 2VN(O)<@ - A>29<@ - A). (96)

For A = 0, we recover the expression of the condensation
energy Af2 = —1VN(0)|A3| in a BCS superconductor.

= —2VN(0)(24

3.2.2 Ginzburg-Landau expansion

In the vicinity of the superconducting transition, the ther-
modynamic potential can be calculated using the general
method discussed in Section 2.6. This approach relies on
the 2PI RG equations in the normal phase (A = 0) contin-
ued below the actual transition temperature T, (i.e. with
¥ = Yx =0 and #? = const in the BCS model). The
anomalous self-energy A, ., is defined by

A0102 (30161,30202) = 5(301 - $2)5al,&25c1,c2

XO‘1((5017+A—501,_A*). (97)
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Using (97), one finds

Tr(GyA)?

—4|APY C(k)C(-
k

2"}//10
_ 2
4V B|A|2N(0) ln( — )

Tr(GyA) = 4]|A/* Z[C(k)C(

—k)J?

7
! g F? Ay A, | |2

3 Y172 B /dfﬂldwst(Q)(xhﬂfh=’E2,=’E2)

V1,72
AP
Y

= VB,

(98)

where v ~ 1.78 is the exponential of the Euler constant
and ((z) the Riemann zeta function ({(3) ~ 1.2). To ob-
tain the last line, we have used the relation (74) between
&% and F¥ and equation (79). From equations (67, 98),
we recover the Ginzburg-Landau expansion in a BCS su-
perconductor,

42l -vom (34

(99)

3.3 Response function and collective modes
in the superconducting phase

For A < A.(T), where A(T, A) # 0, the singlet supercon-
ducting response function is defined by

E 0102

0'1,0'2

cicC
Xs' (1, w2)

(2)
WO’10’1020’2($17 C1,%1,C1,X2,C2,T2, 02)'

(100)
Using the Bethe-Salpeter equation (17), we obtain
Xs Fa) = 21" "(q) - AH**( s (a)
NI~ (q)x3 " (a),
XsF(q) =217 (q) — AH* (@)X (a)
—AT 7 (g)x; " (9), (101)

where IT¢1°2(q) is the Fourier transform of

Gz, y)Gyy (2, y),
*GiT(l‘*, yf)GTl(xfa yf)a
Gt (x4, y+) Gy (24, y+).

Iz —y) =" (y—x) =
U (z—y) =

I (z —y) = (102)

Collective modes are obtained from the poles of x°*¢2(q),

(q) =0.
(103)

[+ XTI+ (g)][1 + AT (q)] = NI (q) T~



Using
I T (q=0)=I""(¢=0)
_ 11 CHEH
D) ﬁvz,;(w%ﬁ)
I~ (qg=0)=I""(q=0)*

1 A2
=3 k R (104)

one verifies that equation (103) is satisfied for q = 0
and w, = 0. For any finite value of the gap A (i.e. for
A < A.), we therefore obtain a gapless (Goldstone) mode
(Anderson-Bogoliubov mode [55,56]). Note that the Gold-
stone theorem is ensured by the fact that the BCS theory
is a @-derivable approximation.

4 One-dimensional systems

In this section, we consider a 1D system with the action
(for a review on 1D systems, see Ref. [12])

- Z w:cr(k

k,r,o

Slnt 2ﬁL Z g25r r’ +915rr )

k‘k’
rr! o0’

X w;“ka (k + Q)Tﬁ;a' (k/

)iwn — fr(kl\ Nre (K),

Q)wf’o’(k/)wr’o(k)a

where L is the length of the system, k = (k| iw,), and ¢ =
(q||,iwy,). kj and ¢ denote momenta, w,, and w,, fermionic
and bosonic Matsubara frequencies, respectively. The in-
dex r distinguishes between right (r = +) and left (r = —)
moving fermions. &, (k) = €.(k|) — p = vr(rk) — kr) is
the dispersion law, linearized around the two Fermi points
+kp, p being the chemical potential. The bandwidth is
2o = 2max|{,(ky)|. g1 and g2 are the backward and for-
ward scattering amplitudes, respectively. We assume the
band filling to be incommensurate and neglect Umklapp
processes.

(105)

4.1 One-loop RG equations

The 2PI two-particle vertex @;23;1}:«27“37'4 (X;) now car-

ries left /right indices r;. Momentum conservation implies
>; i = 0. We define

By (i) = D (ws), (n=t,s),
B (w;) = PP (w;), (u = ch,sp),
L _ o2)++—— _
é;t(xi) = éib) (xl)v (:u = ch, sp), (106)

where C, P, and L refer to the Cooper, Peierls, and Landau
channels according to the standard terminology used in
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Fig. 8. One-loop RG equations for the 2PI vertex #® in the
Cooper (a), Peierls (b) and Landau (c) channels in a 1D sys-
tem. Solid and dashed lines indicate right- and left-moving
fermions, respectively. [In the pp loops appearing in (b) and (c),
a sum over the left /right indices is implied.]
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the framework of the g-ology model [12]. In Fourier space,
we neglect the frequency dependence and approximate

B (k1, k2, ks, ka) = O (kp, —kp, —kp, kp) = 05,

éi(k.17 k27 k3) k4) = éi(kjFV _kF7 _kF7 kF) = ¢E7

Dk, ko, ks, ka) ~ P (kp, kp, —kp, —kp) = ®};.
(107)

By scaling arguments, one can show that the dependence
of the 1PI vertex v*) (k;) on w,, and |k;)|—kp is irrelevant
in the RG sense. The validity of equation (107), which as-
sumes that the 2PI vertex & shares the same property,
will be discussed in Section 4.3. One-loop flow equations
for @, ®¥ and @' are deduced from equations (54) by
including the r index, i.e. ; — (x;,7;). Retaining only
leading logarithmic divergent loops (Parquet approxima-
tion) [12], the contribution to the self-energy vanishes and
the RG equations for the two-particle vertex read (see
Fig. 8)

OF = — B (S7DY, + 2000%, — FaL),
6C = — By (0°0%, — 3070L),
bfy, = —Bpp (95,85, + 385,8%,),
éfp = Bpp( ChéL + @P ¢ch QQSDQSP)
. 1 3
G, = — 5 Bon <Z@?2 + 14552 oL+ 3@§p2>
1
5B (@ + 3057 4ol + 3@§p2),
1 2 1 5
q%p = —Bpn 4450 - ZQCQC + @Ch@Lp + q%p )
2 2
~ B (P25, — 23" + 025, — 9L7), (108)
where

Byn = MZ@ (k= Q)+ (G = G,

Bon = 57 2G4 (G- (—h)+ (G = G (109)
k
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come from the ph and pp loops, and Q = (2kp,0). The
dot denotes a derivation with respect to [ = In(Ay/A). To
evaluate By, and Bpp, we use a sharp infrared cutoff,

O& (k)| — A
6ot = (1) =~ ZE B )
This gives
A
Bpp = —Bpn = 271'1UF tanh <6§> . (111)

The initial values of the 2PI vertex 2 is the bare vertex
defined by equation (105),

¢c0|/10 = —g1 + 92, ¢§|Ao = g1+ 92,

P g2 P g2
échl/lo =91 — ?a ¢3p|/10 = _57
g9 0

¢£}1|Ao = _E + g2, ¢§p|/10 = _5- (112)

4.2 Response functions and 1Pl vertices

The response functions in the Cooper and Peierls channels
are defined by

1 _
XES = _ZX:CS +(ka_ka_klakl)a
L kK
1 _
Xehsp = GL D Xehp " (ks k = QK = Q,K). (113)
kK
From the Bethe-Salpeter equations satisfied by X:: s -t
and X:rh;;r (Egs. (59) with the 7; index included), we
obtain
Iy
14 I, @97
—21,
1— 2th¢5 ’

Xy =
X, = (114)

where

1
1Ty, = ﬁ_L g G4 (k)G (—Fk)

1 Ao ge 13
= 27m)F /A ?tanh (ﬁg) 5

= —1Ip.

(115)

Similarly, for the 1PI two-particle vertex v (Eq. (61)),
we find

C

AC = 2,
S Y TS AT

P

P 45#

(116)
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The equality between 'yf; and @V is due to the absence
of logarithmic divergent loops in the Landau channel and
holds at the Parquet level.

In Section 2, we have shown very generally that the
RG equation for ¥4 derived within the 1PI scheme fol-
lows from the RG equation satisfied by the 2PI vertex $(2)
and the Bethe-Salpeter equation relating v*) and #(). In
Appendix A, as a means to check the validity of equa-
tions (108), we recover the RG equation satisfied by ~(*)
directly from equations (108, 116).

4.3 Discussion

Figure 9 shows &2, y and ¥ versus | = In(Ag/A)
at zero temperature for 3 = go = 0.2. g1 = g1/7VF
and g = go2/mvp are dimensionless coupling constants.
Solid lines show the results obtained within the 2PI
scheme by solving the flow equations (108) and using equa-
tions (114, 116). Dashed lines correspond to results ob-
tained within the 1PI scheme, where 4(*) and x are di-
rectly obtained from RG equations, the 2PI vertex (%)
being then deduced from the relations (116). The agree-
ment between the two schemes is excellent at high energies
(small 7), but deteriorates at lower energies where, in at
least one correlation channel, the 2PI vertex #(2) becomes
of order one and eventually diverges. This deficiency is
not important in the 1PI scheme, as @) is usually not
considered in this scheme, but it shows that the one-loop
approximation breaks down in the 2PI scheme at low en-
ergy.

The divergence of the 2PI vertex &) in the 1PI
scheme, which correctly predicts all other physical quan-
tities, suggests that the relations (116) between 1PI and
2PI vertices may not be quite correct. Inverting equa-
tions (116) and considering the zero temperature limit,
we obtain~ él(f ()= ﬁg(l)/(l - lﬁE/Z) in the Cooper chan-
%el and @E(l) = ﬁi(l)/(l — HE) in the Peierls channel.
¢ = &/mvp and ¥ = y/mup are dimensionless vertices. We
conclude that the 2PI vertex ¢#(2) will diverge at a finite
energy scale A, = Age'* whenever v is positive and
finite in the low-energy limit (I — o0). For repulsive in-
teractions, 7O (1) — g — g1/2 satisfies this condition when
g2 > g1/2, which leads to the divergence of the 2PI ver-
tex ®C (see Fig. 9). The unphysical divergence of the 2P1
vertex ) comes from the assumption that the 2PI vertex
is momentum independent (Eq. (107)), which results in an
artificial decoupling of energy scales between the 2PI ver-
tex and the reducible pp (or ph) propagator II,, ,n. The
latter involves all energy scales between A and Ay whereas
the momentum-independent ¢ is an effective 2PI vertex
at the energy scale A. The Bethe-Salpeter equations (114)
and (116) are therefore expected to be less and less reliable
as the infrared cutoff A decreases.

These difficulties can be partially overcome by mod-
ifying the Bethe-Salpeter equation relating #(*) to (¥



334
(a)
0.3 1.5 ;
(C7t) (C7S) ///
05 5 T 0% 5 T
0.1
N (P,ch) (P,sp) o=
0% S 70 010 5 10
0. 0
(L,sp)
% 5 1o 0t 5 10
(b)
5 2
(Cvt) -7 (C7S) i
% 5 10 g 5 10
10 25 /
(P,ch) (P,sp) 7
0% 5 10 g 5 10
0.15
(Cit)
% 5 10 0g 5 10
0. 0
(P,sp)
-0.15 5 10
l [

Fig. 9. 2PI vertices $? (a), response functions x (b) and 1PI
vertices 7 (c) versus | = In(Ag/A) for §1 = o = 0.2 and
T = 0. Units are chosen such that mvg = 1. The correlation
channel is indicated in the upper left or right corner of each
graph, following the notation of the text: (C,t) = (Cooper,
triplet), etc. The solid (dashed) lines show the results obtained
from the 2PI (1PI) RG scheme. In the 1PI RG scheme, the 2PI
vertex ) (dashed lines in panel (a)) is deduced from ~v®*
using the relations (116).
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Ao R
) = ) - 5 [ v (55) S5 g )
Ao B
a0 - 5 [ v (55) BE@ic )
Ao
) = Myp() = 5 [ v (55 ) BN ()

Ao
. /A %tanh <5§) (O C(A),
(117)

and similar equations in the ph channel. The 2PI vertex
@) is now taken at the same energy scale than the pp or
ph propagator. We thus obtain

c
c_ % c_ 1y
T = e X = e
T+ = 1+
o, —211,
’75 = L ) XE = ~pha (118)
I I
where
yCP /AO 9 o 3% @CP‘ (119)
o= — tan = ’
. RS 2) " la=e
satisfies the flow equation
¥CP — tanh 54 oCP (120)
= tan 5 | P

Figure 10 shows ), x and 4* obtained from equa-
tions (118) instead of equations (114, 116). The parame-
ters are the same as in Figure 9. We see that the agreement
between the 1PI and 2PI schemes, in particular for the
susceptibilities, is significantly better. It is instructive to
consider the case g = 0 where the 1PI vertices 'yS and 75
are fixed points of the flow equations at any order in a loop
expansion. From equations (118, 120), one then obtains
PG = &7(1 = 0) exp(37,;1) and @}, = 7 (I = 0) exp(7;1)
at zero temperature. Depending on the sign of v,, the
2PI vertex will either vanish or diverge exponentially in
the limit [ — oo. The unphysical divergence of the 2PI
vertex obtained earlier at a finite energy scale is now
replaced by an exponential divergence at zero energy
(A = Age=! — 0). This divergence follows from the co-
existence of logarithmically divergent (reducible) pp and
ph loops and weak 1PI vertices, which is made possible in
1D by the strong interferences between various correlation
channels. The 2PI flow equations give the correct quali-
tative behavior of ), but the one-loop approximation
clearly breaks down at low energy when @) becomes of
order one.

It should be noticed that if, within the 1PI scheme,
the susceptibilities were calculated from

c c
Xp = Iy — pr')’u Iy,

X;, = =2, — 4y, o, (121)



N. Dupuis: RG approach to fermion systems in the 2PI formalism

(a)

0.3 1.5
(Ct) (Cys)
0= 5 T0 %5 5 10
0.1 0
\ (P,ch) (P,sp)
% 5 —y  T0-14 5 T0
(b)
5 2
(Cyt) - (Cs)
0% 5 T 09 5 10
10 25 .
(P,ch) (P,sp) 7
05 5 10 0g 5 T
(c)
0.1 0.5
93 5 10 g 5 10
0. 0
(P,sp)
-0.15 5 10
[ l

Fig. 10. Same as Figure 9, but using equations (118) instead
of equations (114, 116).

with momentum independent vertices (4 obtained from
RG equations, similar difficulties would arise and the
correct asymptotic low-energy behavior would not be
reached. The correct result is obtained by also deriving RG
equations for the susceptibilities; in this way irreducible
and reducible pp and ph loops are considered on equal
footing. These RG equations are obtained by introducing
bosonic external sources that couple to order parameter
fields, in addition to the fermionic sources that are used
to obtain the generating functional of 1PI vertices by a
Legendre transformation [23,25].
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To quantify the failure of the 2PI scheme, within the
one-loop approximation, to access the low-energy limit of
1D systems, let us consider the case of the quasi-1D or-
ganic conductors of the Bechgaard salt family. In these
systems, the bandwidth 24 ~ 4¢; ~ 12000 K is much
larger than the kinetic interchain coupling ¢; ~ 300 K.
For g1 = g2 = 0.2, the 2PI flow equations break down
for I ~ 5 (Fig. 10), which corresponds to an energy or
temperature scale Age™! ~ 40 K. For §; = g = 0.4,
we find that the flow equations remain valid down to
~ Age™3 ~ 300 K. In both cases, these energy scales are
of the same order of magnitude or smaller than the tem-
perature T, ~ t; ~ 300 K at which a crossover to a 2D
regime takes place. Preliminary calculations in quasi-1D
systems indicate that the interaction strength studied in
references [15,16], namely go = 2g1 = 0.64 is accessible
within the 2PI scheme [57]. We thus conclude that the
2P1I scheme can be used for realistic quasi-1D systems like
the Bechgaard salts.

5 Summary and conclusion

We have discussed the implementation of a Wilsonian
momentum-shell RG approach within the 2PI formalism
introduced in the 60s by Luttinger, Ward, Baym and oth-
ers [1-4]. The 2PI RG scheme yields an infinite hierar-
chy of flow equations satisfied by the 2PI vertices (™.
The susceptibilities are obtained from the Bethe-Salpeter
equation that relates them to the 2PI two-particle ver-
tex &2 In the normal phase, one has schematically

0 2
Xpp = Xép) - %prél(op)pr
(RG equations)

0 2
Xph = Xéh) + Qth@I(oh)Xph

(similar equations could be written for the 1PI ver-
tifzes 715,‘;) and 'yéi)) W}}ere X;Og’ph are the susceptibilitie.s
without vertex correcthn za'und I, /00 thg pp or ph pair
propagator. The arrows indicate the coupling between the

pp and ph channels which is taken care of by the RG
equations satisfied by the 2PI two-particle vertices @I(DQP)
and 451(0211) . The infinite hierarchy of RG flow equations sat-

isfied by the 2PI vertices ¢(™ should be truncated at some
order in a loop expansion. The simplest non trivial trunca-
tion, the one-loop approximation, was discussed in detail
in Section 2. As any approximation of the 2PI vertex &),
it leads to a violation of the crossing symmetries of the
two-particle Green function W (2 and the 1PI vertex (.
Besides, the one-loop approximation is not a $-derivable
approximation, and a detailed study of conservation laws
and Ward identities remains to be done.

We have shown in Section 4 that 1D conductors are
characterized by an exponentially divergent 2PI vertex in
the zero-energy limit, a consequence of the strong inter-
ferences between correlation channels in 1D. This leads
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to a breakdown of the one-loop approximation, which is
therefore unable to access the asymptotic low-energy be-
havior of Luttinger liquids. Nevertheless, we have argued
that the 2PI scheme can be used in quasi-1D systems like
the organic conductors of the Bechgaard family where a
dimensional crossover always drives the system towards a
2D or 3D behavior at low energy.

On the other hand, the 2PI RG scheme leads to a par-
ticularly simple description of single-channel (i.e. mean-
field) theories. In mean-field theories, all the A dependence
comes from the two-particle-reducible part of the suscepti-
bilities (and the 1PI vertex y*)), while the 2PI vertex ®(2)
is invariant under the RG transformation: ) = 0. The
one-loop flow equations then reduce to a single equation
that determines the (anomalous) self-energy and repro-
duces the usual mean-field gap equation (Sect. 3).

The possibility to continue the RG flow into broken-
symmetry phases is an essential feature of the 2PI RG
scheme and is due to the fact that the 2PI two-particle
vertex (2| contrary to its 1PI counterpart, is not singular
at the phase transition. This property, which is obvious in
a mean-field theory, deserves some discussion in more gen-
eral cases. The interchannel coupling, even weak, is likely
to induce singularities in the 2P1 vertex #(?), in particular
in the vicinity of a phase transition. However, these sin-
gularities can be controlled by a proper parameterization
of 2. To see this, let us consider a quasi-1D conduc-
tor near a spin-density-wave (SDW) instability. The spin
susceptibility xsp(2kp, ) diverges at the SDW transition
but, as in single-channel (mean-field) theories, the irre-
ducible vertex @fp should remain finite (see Sect. 4 for the
definition of ¥ and @€ in a (quasi-)1D system). In the
vicinity of the phase transition, nearly divergent spin fluc-
tuations strongly affect the 2PI vertex € in the Cooper
channel. For the purpose of our discussion, let us assume
that @€ is proportional to the spin susceptibility,

OC_, (ki qr — ko, =K\ K\ +q1) o< xsp(2kp, kL + K,

(122)
where we retain the k) dependence of the vertex [16].
The combination of k; arguments in equation (122) is
the one that appears in the Bethe-Salpeter equation de-
termining the superconducting susceptibility. Expanding
the even function xsp(2kr, g1 ) in Fourier series, we obtain

C (ki qr — ko, —K K\ +qu)

o

= Z al™ cos[n(kL + k)]

n

Il
o

M

a&”) [cos(nk, ) cos(nk’ ) — sin(nk, ) sin(nk’ )],

n=0
(123)
where aﬁnﬂ)aft") < 0 and |a&")| is a decreasing function

of n. The condition |a&")| = |a&0)|, ie. aﬁn) = (71)"(1&0),

would lead to a diverging susceptibility xsp(2kr,q1)

0(qL — m), while |aﬁn+1)| < |affl)| gives a broadened peak

at ¢; = m. The proximity of the SDW transition manifests
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itself by a larger and larger number of a&n) coeflicients with

a significant amplitude. All these coefficients should how-

ever remain bounded, with 1 + (a,(t")/Z)pr > 0, for the
system to be stable against a superconducting instability
(ITpp is the pp propagator defined in (115)). By parameter-
izing the 2PI vertex #© by means of the aﬁn) coefficients,
we avoid any complication due to the diverging spin sus-
ceptibility. In practice, only a finite number of coefficients
need to be retained. The coefficients with a large value of
n, which correspond to pairing between fermions n chain
apart, do not play an important role; they cannot drive
a pairing instability — an instability with a small value of
n (n=0,1,2,---) will always occur first [58] — and their
influence on the ph channel is expected to be negligible.
This approximation will lead to a non essential smearing
of the singularity of @E at ki + k| = m. The argument
given here for quasi-1D systems can be made more gen-
eral. One can expand the 2PI vertex on the eigenmodes of
the Bethe-Salpeter equation, retaining only a finite num-
ber of eigenmodes. Each coefficient in this expansion is
bounded by a critical value at which a phase transition
occurs.

In Section 2.6, we have proposed a method to derive
the Ginzburg-Landau expansion of the thermodynamic
potential in the vicinity of the phase transition on the basis
of the flow equations in the normal phase. This is the sim-
plest way to access phases with long-range order as it does
not require to solve the full RG equations in the presence
of symmetry breaking. The knowledge of the Ginzburg-
Landau expansion of the thermodynamic potential allows
one to study the possibility of phase coexistence below the
transition temperature. This is a particularly important
issue in quasi-1D organic conductors where superconduc-
tivity and antiferromagnetism [59,60], as well as spin- and
charge-density waves [61,62], coexist in some regions of the
pressure-temperature phase diagram. Recent 1PI RG cal-
culations have indicated that antiferromagnetism and su-
perconductivity, as well as charge- and spin-density-wave
phases, lie nearby in the phase diagram of quasi-1D con-
ductors [13-16]. The 2PI RG scheme would allow to deter-
mine whether they actually coexist in the low-temperature
phase as observed experimentally [59-62].

Finally, we note that the 2PI RG scheme enables a
direct connection to the phenomenological Landau Fermi
liquid theory when the metallic state remains stable down
to low temperature. It has been shown in reference [63]
that the functional I'[G], or rather its variation I =
I'[G] — I'|G], can be written as a functional 6I'[0n] of
the Wigner distribution function n = {nke(r,7)} which
is essentially determined by the Landau parameters. The
latter are given by the forward-scattering limit of the
2P1 vertex #). (dn = n — A denotes the deviation from
the equilibrium value 71.) dI'[6n] determines both static
and dynamic properties of the Fermi liquid. In partic-
ular, it yields the quantum Boltzmann equation satis-
fied by nke(r, 7). In the static case, the Wigner distribu-
tion {nk,(r, )} reduces to the quasi-particle distribution
function {nk.}, and 6I'[6n] = SE[on] — uoN — T'3S[on]
where dN[dn] and 0S[én] are the quasi-particle number
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and entropy variations induced by a change én in the
quasi-particle distribution. The functional § E[dn], which
gives the corresponding energy variation, is the basis of
Landau’s phenomenological Fermi liquid theory.

I acknowledge discussions with M. Tissier on the 2PI formal-
ism at an early stage of this work. I am also grateful to C.
Nickel and C. Bourbonnais for numerous discussions on the
RG approach, and to A. Katanin for a useful comment on
Ward identities [64].

Appendix A

In this appendix, we show that equations (108) cor-
rectly reproduce the one-loop equations for the 1PI ver-
tex 7(4) in Luttinger liquids. The flow equation of v®
is given by equation (39). To order (y(*))?, it reduces to
ﬁ(‘l) = —7(4)]]7(4) + &) where @ should be evaluated
to O[(v*)2]. This leads to

. 2

'th = _Bpp%c +q§?

2
= Bop (-1 + 9570 + 29078 — 155)
. 2
'Ysc = _Bpp%c +q§§
2
= Bop (- + 1570 = 370%).
. 2 .
Yen = 2Bpnven + Pen
2
= —Bpp(27 +enveh + 3%27;}))7

. 2 .
'Vslz; = 2Bph73F;> + éfp

p2 P_L P_L P_L
= _Bpp (’Ysp + Yeh Vsp + YspVch — 2’73p’7/sp)7

Aeh = Ph,
= 1B (38 + 3 a8 - ),
o = 5
= %Bpp<%’)’t02 - %%C’Ysc
—2Bal 287+ 475132)7 (A1)
where we have used By, = —Bpn. 7€, AP and 4% are

defined similarly to #©, ¥ and & (Eqgs. (106)). Note
that v ITy® vanishes in the Landau channel as it does
not produce any logarithmic term. Equations (A.1) can
be simplified by using the crossing symmetries

(4)rrrr _ _ Drrrr _ ~)rrrr
ph,o1020304 PP,01030204 —  Ipp,01030402
o (4)rrrr
— 7 Iph,oi040302° (AQ)
which lead to
3 1 1 3
L C C P P
Yeh = 7 + 17 = T30 T 5%
1 - 14 1 1
Yo =W~ 3% =Mt e (A3)
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From equations (A.1, A.3), we finally deduce

. 1 2
%C = ZBpp(%C_'VsC) s

3 2
.C c c
Ys = _ZBpp(% _'Vs) )
. 3 2
’an = *inp('Yg; - ’Ygo) )
. 1 2
Yoo = 5 Bop (Yen = %)
;y‘?h = 0;
. 2
Yap = 4BopYep » (A4)

with the initial value ®*|,, = &®|,, given by
equations (112). Alternatively, using the parameteriza-
tion (112), one can rewrite equations (A.4) as two flow
equations for g; and go,

g1 = *QBppg%a
2g2 — g1 = 0. (A.5)
Equations (A.5) are the usual one-loop RG equations for
a 1D system [12].
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