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Abstract. We recapitulate recent developments of the functional renormalization group (FRG) approach to
the steady state of systems out of thermal equilibrium. In particular, we discuss second-order truncation
schemes which account for the frequency-dependence of the two particle vertex and which incorporate
inelastic processes. Our focus is on two different types of one-dimensional fermion chains: (i) infinite, open
systems which feature a translation symmetry, and (ii) finite systems coupled to left and right reservoirs. In
addition to giving a detailed and unified review of the technical derivation of the FRG schemes, we briefly
summarize some of the key physical results. In particular, we compute the non-equilibrium phase diagram
and analyze the fate of the Berezinskii—Kosterlitz—Thouless transition in the infinite, open system.

1 Introduction

Correlations play a vital role in low-dimensional quan-
tum many body systems, and their accurate theoretical
description requires sophisticated methods. Treating a
system that is not in thermal equilibrium is particu-
larly challenging. For quantum impurity problems (i.e.,
in zero dimensions), a variety of powerful tools have
been developed [1]. These include the numerical renor-
malization group [2], tensor network approaches [3,4],
quantum Monte Carlo [5-8], Wegner’s flow equations
[9], the perturbative renormalization group [10,11], the
real-time renormalization group [12-14], and the func-
tional renormalization group [15].

The situation becomes more complicated in one-
dimensional non-equilibrium, in particular if one is
interested not only in the transient short to interme-
diate time dynamics but the steady state of an open
system. Tensor networks can reliably simulate the time
evolution (and in certain cases also the steady state)
but are generally limited by the amount of entangle-
ment and thus short time scales [16-19]. Exact diag-
onalization is feasible only for small, closed systems
or open systems modelled by Lindblads (which con-
stitutes an additional approximation). Iterative path
integral or quantum Monte Carlo based approaches are
generically restricted to small or intermediate interac-
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tions and short times [6,7,20,21]. Bethe-ansatz based
approaches have been generalized to non-equilibrium
but can only address closed, integrable systems [22,23].
Methods based on Keldysh-Schwinger Green’s func-
tions are not limited by dimensionality and can treat
open systems but require a reliable way to compute the
self-energy [24,25]. One route is provided by perturba-
tion theory [26], but high-order expansions are demand-
ing. Dynamical mean-field theory yields a local approx-
imation for the self-energy in the thermodynamic limit
and for long times [27,28]. However, this is strictly con-
trolled only in infinite dimensions, and accounting for
non-local terms via cluster expansions is demanding.

The functional renormalization group recasts a given
many-body problem analytically in terms of flow equa-
tions for correlation functions [15,29-31]. A common
approach is to focus on the flow of vertex functions
such as the self-energy or the effective two-particle ver-
tex. The method is set up by introducing an artifi-
cial, infrared cutoff A into the non-interacting Green’s
function. All vertex functions become A-dependent, and
their flow equations can be derived, e.g., using gener-
ating functionals. The self-energy can then be obtained
by solving the flow equations, and without truncation
this procedure is exact. The FRG is not restricted by
dimensionality, and reservoirs can be incorporated ana-
lytically at no extra cost.

In thermal equilibrium, the FRG can be set up
either on the Matsubara or the Keldysh axis. In non-
equilibrium, one necessarily needs to work in Keldysh
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space, and FRG approaches for fermionic problems have
been developed to study the steady state [32-42], the
real-time dynamics [43-45], and Floquet setups [46,47].
Other FRG studies for out-of-equilibrium problems can
be found in [25,43,48-50].

To solve the flow equations in practice, they need to
be truncated. The simplest approach is to consider only
the flow of the self-energy. The resulting approximation
is strictly correct to leading order in the interaction U
but contains an infinite number of higher-order terms.
In equilibrium, such an approach successfully captures
Luttinger-liquid power laws to first order in U [51,52]
or transport properties of quantum dots [53,54]. In non-
equilibrium, one can tackle power laws in the inter-
acting resonant level model [34,35,40,44,46,47] and
also address properties of the single impurity Anderson
model [32], Luttinger liquid behavior [33], or excited
states [55].

The first-order FRG approximation yields a frequency-
independent self-energy which can be interpreted in
terms of renormalized system parameters. Inelastic pro-
cesses are not accounted for. This can be remedied by
incorporating the flow of the two-particle scattering
(which is the next-higher vertex function); the result-
ing approach is correct to order UZ2. In principle, it is
straightforward to set up such a scheme. However, the
two-particle vertex depends on two ingoing and two
outgoing single-particle and frequency indices, which
results in a large number of flow equations that are often
hard to handle in practice (i.e., in a numerical imple-
mentation). Thus, one needs to devise further approx-
imation schemes such as the so-called channel decom-
position [56].

Second-order FRG schemes have been developed for
impurity problems both in and out of equilibrium [36—
38,56-58] as well as for one-dimensional systems in
equilibrium [59-64]. The equilibrium FRG can address
second-order Luttinger liquid power laws [60] and cap-
tures the phase transition between a Luttinger liquid
and a Mott insulating phase [63].

In two dimensions, equilibrium FRG schemes which
account for the flow of the two-particle vertex (but not
necessarily the self-energy) are commonly used to study
ordering tendencies in Hubbard-type models; see [65—
67] for early seminal works and [15] for a recent review.

In sum, this demonstrates that the FRG is a flexible
approach which is not limited by the dimensionality of
the system at hand, which can access large systems and
large times, is not bound by the amount of entangle-
ment, and which can treat open systems. However, in
the context discussed here the method is perturbatively
motivated in the strength of the two-body interaction
U, and the results are strictly controlled only to the
order of the truncation (e.g., U or U?). This issue needs
to be addressed for each problem under investigation.
In a nutshell, the FRG can play out its strengths when
one is interested in studying complex setups that can-
not be treated using more accurate methods (such as
tensor networks).

Second-order FRG schemes which can treat one-
dimensional systems out of thermal equilibrium have
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only been devised recently [68-71]. It is the aim of this
paper to review these developments, to present techni-
cal details of the different works in a unified fashion,
and to briefly recapitulate the main results as well as
the failures of the method.

In Ref. [69], a second-order FRG approach was
developed to study the steady state of infinite one-
dimensional chains which are translation-invariant up
to shifts in on-site energy. In addition to devising a
meaningful truncation scheme, this also requires deal-
ing with Green’s functions of infinite systems. The
method was subsequently applied to investigate the
non-equilibrium phase diagram of a chain that is cou-
pled to a substrate (i.e., reservoirs) and that is driven
out of equilibrium by a longitudinal electrical field (a
generalized Wannier—Stark ladder). One should note
that such a setup cannot be tackled easily using other
approaches such as tensor networks and is thus well-
suited for a FRG treatment. Results are published both
in Ref. [69] and Ref. [68].

In Ref. [70], a second-order FRG framework was
developed to study the steady state of finite one-
dimensional system which are driven out of equilibrium
by (usually left and right) reservoirs. Using paralleliza-
tion over hundreds of compute nodes, one can access the
steady-state of chains of up to ~50 sites. It turns out,
however, that this setup behaves non-perturbatively
and is not susceptible to a FRG treatment.

This exposition is structured as follows. After speci-
fying the model in Sect. 2, we recapitulate the Keldysh
formalism and also discuss details on how to deal with
infinite systems (Sect. 3). We then introduce the gen-
eral FRG formalism in the common framework (e.g., the
cutoff or channel decomposition) that underlies both
the infinite and the finite system (Sect. 4). We move
forward by discussing specifics of the FRG implemen-
tation for the infinite, translation-invariant case as well
as a few exemplary results (Sects. 5 and 6). We proceed
similarly for the finite system (Sects. 7 and 8).

The original works that this review is based on can
be found in Refs. [68-71].

2 Hamiltonian

We will focus on the study of open quantum systems,
where the full Hilbert space is a composite space of
the system’s degrees of freedom and the environment
attached to it. The system is allowed to exchange energy
and particles with the environment through a coupling
term in the Hamiltonian. The total Hamiltonian reads:

H = Hsys + Hrcs + Hcoup7
HFCS - ZHII‘/CS’ HCOUP - ZHcVoup' (1)

Here Hgys and HY,  stand for the independent Hamil-
tonians of the system and the reservoir labelled by the

index v, respectively, whereas Hg,,, represents the cou-
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pling between the system and a specific reservoir. In
what follows, both the system and environment are
assumed to contain only fermionic particles following
Fermi-Dirac statistics. The microscopic description of
the general interacting fermionic system is given in sec-
ond quantized notation:

qys = § hmclcj 4 § Uz]klczcjclcka (2)

ijkl

with the anti-symmetrized interaction tensor v;jr; =
—Vjikt = —Vir and the Hermitian single-particle
Hamiltonian h” = h . The single particle indices rep-
resent any mlcroscoplc degrees of freedom in the sys-
tem. The operators ¢; denote annihilation of a fermion
with quantum number ¢ and satisfy the anticommuta-
tion relations:

[ci7cﬂ . = cic} + c}ci = 0y;. (3)

The environment is represented by a macroscopically
large number of degrees of freedom, with each reservoir
governed by a non-interacting Hamiltonian of the form:

res Z Eka’k vk,vs (4)

with k representing some microscopic degree of free-
dom labeling the state. For fermionic baths, one has

the anticommutation relations [ak,,,, aL,V,]+

Finally, we allow the system and the reservoir v to be
coupled to each other by a term:

- 6kk’5uu’ .

Z ty kc ak,, +H.c., (5)

coup

where ¢7, are the couplings between the system and the
reservoir.

It will always be assumed that the quantities h;; and
V355 are finite-ranged. This motivates the introduction
of range parameters Rj;, and R, for which

hi; =0 V)i —j| > Ry, wijr = 0 Vdist(i, j, k,1) > R,

(6)

where |i — j| refers to the distance between single parti-
cle indices 4, j, and dist(4, j, k, 1) represents the pairwise
distance between indices.

3 Green functions in the Keldysh formalism

The Keldysh formalism is employed to study the steady
state of non-equilibrium quantum systems [72-74]. The
configuration of the system at some initial time ¢y corre-
sponds to a non-interacting, equilibrium state. The time
evolution is governed by the Hamiltonian H, which is
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time-independent. To make this work self-contained, we
now recapitulate a few basic concepts.

3.1 Fundamentals
3.1.1 Definitions

Although different conventions might be found in the
literature, here we use the following representation for
the Green’s functions in the Keldysh basis:

Gll G12 Gret GK
= <G21 G22> = < 0 Gadv> ) (7)
where the indices o = 1,2 will be termed the Keldysh
indices in what follows, indicating that the appropriate
rotation of the contour operators has already been per-
formed. The fact that G?! = 0 is a consequence of the

causality constraint. The components of the retarded
propagator are given by:

) = —i0(t - £)([dl, (¢), dn (9], ).
dx € {ci,ar},

—+oo
G (w) = [ Gy (1) = G, ()"

— 00

Gt

(8)

where the operators dy (t) are represented in the Heisen-
berg picture, and in the last equation the limit t; —
—oo has been taken so that it is reasonable to assume
that G™*(t, ') solely depends on t — t’. The statistical
average of operators is defined by:

()

In this work, we focus on the case where the density
matrix po of the initial equilibrium configuration does
not couple the system and environment parts. More-
over, the initial density matrices psys and pres must be
each associated with non-interacting Hamiltonians (to
set up diagrammatics on the Keldysh contour).

The components of the Keldysh propagator are
defined by:

=Tr ([)0) , /30 = ﬁsys & ﬁrcs- (9)

G (1) = 1 (d (#)dr, (1) = d, (D], (1)),

dy € {ci,ar},

“+o0
Gale) = [ 6K 0

— 00

(10)

The above definitions for the Green’s functions are
completely general and hold whether or not interactions
are present. In case where interactions in the system
are not accounted for, the free Green’s functions will
be represented by a lowercase letter g(w):

ret(

oo = (T4 L) wow=0. )

@ Springer
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Finally, when referring explicitly to the bare Green
functions of a non-interacting, decoupled Hamiltonian,
we will add a superscript ¢°(w) to all components of
Eq. (11):

go(w) = <g 0 UJ) %,ade) ) ) HCOUP = 07 ’Uijkl = 0

(12)

Note that all Green’s functions are matrices which carry
single-particle indices from the set {7, (k,v)}.

3.1.2 Bare Green's functions

The bare Green’s functions for the initially isolated sys-
tem are given by:

0,ret/adv o ;
CER ey e I
g5 (@) = (1= 20%) [¢" () = " ()] |,
(13)

where h represents the single-particle Hamiltonian
matrix with entries h;;, and n® refers to a matrix con-
taining the statistical occupation numbers in the initial
state of the system at t¢g:

nj; = (c; Ci). (14)

It is instructive to relate the expressions in Eq. (13) to
the ones in time domain [55]:

gyt (1) = —i6(t — t)e O]

gl-O]?K(t,t') — _jeih(t—to) (1 . QTLS) e—ih(to—t/)‘ij
= —i(l=2n)e M) (15)
[n®,h]=0
We have used that necessarily [n® h] = 0; otherwise

g% (t, ') does not become a function of the time dif-
ference t — t'. Performing a Fourier transform with the
appropriate infinitesimal convergence factors 07 in the
integrals, we obtain:

ngret(w) = 71
gl w—h+i0+

)
j

)

1 1

0,K s

27 =[1—-2 —

9 (@) =1 n}<w—h+i()+ w—h—i0+>

_ [1 _ QTLS] [gO,rct(w) _ go,adv(w)] |ij'

For the environment degrees of freedom, the bare
Green’s functions read:

0,ret/adv (UJ) o 1

kv (kv = w—ezizti()*(skk/dwl’
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9?1;}5)(1«1,/)(“) = [1 —2n"(w)]

0,ret 0,adv
X |9y @) = 9o (@) 5

(16)

where we chose the initial statistics to be governed by
the Fermi distribution n”(w):

1
exp(w — ) /T, + 17

n(w) = (17)

with p,, and T, representing the chemical potential and
temperature of a specific reservoir v, respectively.

3.1.3 Fluctuation—dissipation theorem

In thermal equilibrium, not all three components G,
G*V GX are independent from each other; they are
related by the fluctuation—dissipation Theorem (FDT)
[75,76]:

GK(w) =[1-2n(w)] [Gmt(w) — Gadv(w)] , (18)

where n(w) is the Fermi function of a global tempera-
ture 7" and a global chemical potential p. As one goes
away from the equilibrium limit, the FDT is not pre-
served; however, the relation between different Green’s
functions can still be investigated by using effective dis-
tributions for the non-equilibrium steady state. A com-
mon choice is to represent the distribution functions by
a Hermitian matrix 1 — 2n.g(w) so that:

G (W) = G (W) [1 = 2nes(w)] — [1 — 2nes(w)] G2 (w),
(19)

with neg(w) representing an effective distribution of
particles in the non-equilibrium, steady state limit.

3.2 Dyson’s equation

In frequency space, Dyson’s equation reads:

(3

¢ w)
G(w)

(@) = (W)
§(w) + §(W)E(W)G (w). (20)

I
r

For the time being, we employ a general notation (é,
g, and X)) where the only condition is that the splitting
into a ‘free part’ g and a ‘self-energy’ ¥ must be chosen
such that Wick’s theorem holds. The reason is that we
will employ Eq. (20) in two different scenarios, namely
(i) to compute the free Green’s function g from the bare
Green’s function ¢° in the purely non-interacting case,
and (ii) to express the full Green’s function G in terms
of a self-energy ¥ associated with the two-body terms.
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The self-energy i(w) in Keldysh space takes the
form:

iw)=<imm” ?Kw)>7 (21)

0 Zadv(w)

where 22! (w) = 0 due to the causality constraint. The
individual components of Dyson’s equation are given by

- 1
Gret w) = _ ,
( ) gret(w)fl _ Eret(w)
G"’adv w) = 1 _ ,
W= G -5 )
@) =K@+ T @I W W
7 (@)X @)E @) + I @ W)E (W)
= G W) [77 @) @) @)

+iK(w)] G (). (22)

3.3 Integrating out the environment degrees of
freedom in the absence of interactions

We now employ the Dyson equation to compute g from
g° by setting G — g, § — ¢°, and ¥ — XU, The self-
energy is associated with Ho,p. We divide the system
and environment single-particle degrees of freedom into
two different block sectors P and @, respectively:

grp 9rQ\ _ (9Pp 0
9QP 9QQ 0 950

+ 9pp (? Cgup E?&}p grpr grQ
0 9g0) \Egp 0 9gQpP 9Q)°

(23)

where we avoided writing out the w-dependence and
stress that all quantities still carry a Keldysh index.
We have used that g%Q = 92213 = 0 since there is no
coupling between the system and the environment (it
is important to stress that this also holds true for the
initial density matrix pg). The fact that X°UP is asso-
ciated with Heoup entails X557 = X547 = 0. Since we

are ultimately interested only in the Green’s function
of the system, we solve for gpp:

_ ycoup

coup
P0 90QZ0P -

gPP (gPP) (24)

This motivates the introduction of hybridization func-
tions (we now write out the Keldysh structure explic-

itly):
re coup,ret
(F t I:;v) = Z Pa cou(z) adv
0T 0 xsur

gggt g%K ECQO;p’ret 0 (25)
0 0,adv 0 Ecoup,adv .
9qQ QP

Page 5 of 28 195

The retarded and advanced parts of the self-energy are
simply given by ng’;ﬁ)mt = t7; and Z?Zuy%fdv =t/}. On
the other hand, changing the non-interacting Hamil-
tonian does not yield a Keldysh term [55], and thus
Eﬁf(gp’K = 0. Using Eq. (16), the different components
are explicitly given by:

Fget _ Z l—w ret
Z l—w K

v

1
thk JkW7

Fﬁ() Ztlkjk]‘_2n()]

1 1
X — —
[w —e, +i0t w—€f

We now change the notation; in the following, we use
the symbol g with the implicit understanding that it
always refers to the Green’s function gpp of the system.
Since Eq. (24) has again the form of a Dyson equation,
we can directly use Eq. (22) to read off the individual
components:

1
g8 (w) = g (W) (W)™ (w), (27)

gpp — 9 g

where we have simplified the Keldysh component via
Egs. (16) and (22):

K

g -1

O,ret —1 OK( ) O,adv(

= [g w)g Y (w)
—|—FK(w)} adV( )

= g (w) [g"*

0, adv(w)] 0, adv( )

ret [210-‘4- + FK

gret
ret — 8 )[ 0, ret(w)

+T¥(w)] g ()
(@)] g™ (w). (28)

If both g***(w) and ¢*?¥(w) have finite imaginary parts,
taking the limit 07 — 0 in the above expression is well
defined, and only the second term contributes. The ini-
tial occupation n® of the system does not enter.

Later on, we will assume that the hybridization func-
tions are finite ranged and thus introduce a correspond-
ing range parameter:

=T =0 V]i—j| > Rr. (29)
In this paper, we will always focus on the special situ-
ation of a flat density of states in each reservoir, which
is known as the wide band limit approximation:

F;/jret (w) _ 7i1—‘2ret,

v, K _ . v v,ret
I (w) = =2i[1 — 2n"(w)] N

(30)

For zero or infinite reservoir temperatures (which are
the only cases relevant for this work), the Keldysh com-

@ Springer
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ponent takes the form

VK . [sen(w— ul,)l“firet T,
Fij (w) = —2i {0 J T,

0,

Q.

(31)

3.4 Incorporating interactions

The effects of two-body interactions v # 0 is
expressed in terms of a self-energy via Dyson’s equa-
tion. As before, we make use of the projection tech-
nique, and divide the system and environment degrees
of freedom into blocks P, Q:

= (Grp Gro)\ _ (9rP 9Pq
Gor Gaq 9QP 9QQ
gerp grq )\ (Xpp 0\ (Gpp Gpq
+ . (32
(QQP 9@@) < 0 0) <GQP Goq (32)
The fact that interactions only take place between the
system’s degrees of freedom entails Ypg = Xgp =

Ygq = 0. We are again only interested in the system’s
Green’s function and thus solve for Gpp:

Gpp =grp +9grrXppGpp. (33)
The individual components are given by Eq. (22):

1
gret (w)fl _ Yret (W)
1

w—h— Frct(w) _ Zrct(w) ’
GX () = (@) [9° (@) K ()" ()"

-I-EK (w)] Gadv(w)
= G (w) [[*(w) + 25 (w)] G** (w),

(34)

Grct (w) —

where the notation is again to be understood such that
G, g, and ¥ only carry the system’s single-particle
indices P. In the last step in Eq. (34), we have used
Eq. (27).

3.5 Multi-index notation

We make a comment about the notation that will follow
throughout this work. Frequently, the Keldysh indices
will be merged with the single particle indices in a
multi-index notation 1 = (a1, 41 ), so that a single multi-
index includes both the Keldysh index and the single
particle index. In general, iy might include more than
one species of indices; for instance, i; = (o1, k1) with oy
representing a spin degree of freedom, whereas k; can
represent an index for spatial or momentum degrees of
freedom. In any case, those indices are absorbed in ;.

A Keldysh index oy can either refer to the contour
basis where a; € {+,—} or the Keldysh basis where
ay € {1,2}. If a change of basis from the contour to
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the Keldysh basis takes place (and vice versa), it will
always be explicitly mentioned.

A single component of the full Green’s functions
matrix Eq. (7) is given in this notation by Gi/q(w).
Whenever the full structure of a quantity is needed
(rather than its individual components), we will omit
the multi-indices, i.e., the quantity G(w) refers to the
full Green’s function, whereas Gy/1(w) will refer to the
specific component with multi-indices (1’,1). The same
applies for higher-order structures that might depend
on more than a pair of multi-indices. We will some-
times refrain from writing the explicit w dependence in
the different G(w) components; however, this frequency
dependence should always be implicitly present in such
cases.

As an exception, and only in Sect. 4.1, we will con-
veniently join frequency indices within a multi-index
description. In that case, a single multi-index will be
defined by 1 = («ai,41,w1), including the frequency
dependence in w1.

Finally, whenever a summation is performed over a
single multi-index, it is understood that a sum over all
indices forming the multi-index is implied.

3.6 Green’s functions in translationally invariant
systems

In this section, we discuss how to solve the Dyson equa-
tion in an infinite system possessing a discrete transla-
tional symmetry up to energy shifts ~ E with a unit
cell of size L. It is assumed that the self-energy 3 asso-
ciated with the interactions is known (e.g., from a FRG
treatment). We follow Ref. [69] but note that a simi-
lar approach was previously proposed in the context of
cluster perturbation theory [77].

3.6.1 Systems with a discrete translational symmetry

We assume that the single-particle indices are spatial
indices 7 € Z and that the following relations for h and
v hold (the generalization to the case of multiple single-
particle indices is straightforward):

h(+r)(j+1) = hij + LEbi;,

VG L) G+L) (k+L)(I+L) = Vijkl Vi, j,k,leZ. (35)

Here EF > 0 represents an external shift parameter, and
the integer L is referred to as the size of the unit cell. An
example of a concrete physical system with such prop-
erties is the Wannier—Stark ladder [28,77-79] Moreover,
we demand that the coupling to the reservoirs v € Z
fulfills:

T @) =T (w—LE) Vi, jel
n't(w) =n"(w—LE) &
Hy+L = o + LE, T,=T. (36)



Eur. Phys. J. B (2022) 95:195

L R
| C f
L N R !
[ — S —
| | | ! | | ! | | ! |
-3 —2 -1 ! 0 1 ! 2 3 ! 4
\ : .
1
1

Fig. 1 (Adapted from Ref. [69], math-mode malformatting
fixed.) Illustration of a system with a discrete translational
symmetry with N = 2 (the maximum assumed range of
hybridizations and self-energies, see Sect. 3.6.1) and a unit
cell of L = 1. In the figure, L, C, and R are regions delim-
ited by the dashed red lines, while L, R represent the semi-
infinite left and right parts of the chain excluding the central
region C [see Eq. (39) and note that the difference between
the region L and the size of the unit cell L]

Note that the Keldysh components I‘;'J’-K (w) also feature
this symmetry by virtue of Eq. (26).

The non-interacting Green’s functions in Eq. (27)
directly inherit the translational symmetry. The same
holds true for the self-energy (which follows from an
infinite perturbation series) and thus also for the full
Green’s function. In a nutshell,

ga+0)+1) (W) = gi1(w — LE),
Sw+n)a+n) (@) = Er(w — LE), (37)
Garrnatrn W) = Gin(w - LE),

where the unit cell shift (14+L) = (aq, i1 + L) implicitly
involves a shift of the single particle index i; without
affecting the Keldysh index ;.

While the Dyson equation (27) or (34) cannot be
solved in an infinite system, the above symmetries allow
us to compute the different components of G(w) in a
spatially restricted region by applying iterative tech-
niques. Most technical details about how to do this in
practice can be found in Ref. [69]; however, we also pro-
vide them here for ease of reference.

3.6.2 Further assumptions and notation

In the rest of this section, it is shown how to solve
Dyson’s equation (34) for an infinite system under the
assumption that the self-energy ¥(w) is known. More-
over, we demand that

ret /K v,ret /K
hij = SN (w) = TS (w) = 0
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V|i —j| > N > Ry, Rr, (38)

which holds naturally true for h;; and FZ’-ret/ ¥(w) due
to Egs. (6) and (29), while it constitutes an approxima-

tion for the self-energy components EE;W K(w), which
are a priori not of finite range. If our infinite system is
characterized by a unit cell of length L, we must choose
N > L, with L dividing N.

We want to obtain components of the full Green’s
functions in a region limited by N. This motivates us to
introduce the following notation for the single-particle
indices (see Fig. 1):

icel & i< -1,

iel & —N<i<-—1,

ieC < 0<i<N-1, (39)
icR & N<i<2N-1,

ieR < N <.

Moreover, the notation G (w) refers to the retarded

Green’s function GE?&C)(]’GL)(W)7 which is a matrix of
size N x N (and likewise for all other combinations
of indices). The indices L,R are associated with the
semi-infinite systems to the left and right of the central
region, respectively, whereas L, R refer to the immediate
neighboring regions. This implies that any quantity car-
rying indices L, R is of infinite dimension, whereas any
quantities carrying solely C,L, or R indices are finite
size matrices of dimension N x N. A similar notation is
used for any other quantities that depend on two single-
particle indices. It is convenient to use a shorthand
notation for summation over repeated indices, e.g.,

GEL@)SiLw) = D (G (W)Z5 @) ico per -
JEL
(40)

Using this notation, the translation symmetry in Eq. (37)
takes the form

Gicﬁ/adv/K(w - NE) _ Gré:é/adv/K(w)
— GIAK (L NE),

(41)
and similarly for the self-energy terms.

3.6.3 Retarded Green's function

We begin with solving for the retarded component of
Dyson’s equation (34) in the central region C:

GNw) ' =w—h-T""—Y*"=T+D, (42)
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where the matrices T' and D feature the following block
structure:

0 0 0
Tic| 0 O
T+ D= OTCLchclTCRO . (43)
0 0 |Trc .
00/ o0 |Prr

All matrices Dcg, Tcr, Tuc, Tcr, and Tre are of size
N x N, with the matrices forming the 7" block being
in general not related by Hermitian conjugation, e.g.,
Tic # TéL due to the inclusion of the self-energy. The
frequency dependence will often be omitted to improve
readability.

To compute the block components in Eq. (43), the
general formula for the inverse of a block matrix is
employed

v\l (VT A VI XV SV IWY
Xy, - -Y; XV Y; ’
Y=Y - XV'w) (44)

which also admits the form

vw) Vi VWY !
xvy) “\vixvy-l4y-lxviwy-!
Vi=(V-Wwy 'x)!
(45)

Successive application of Eqs. (44) and (45) leads to

-1
NU 0 w—vN-r x\ 7
VT X - E
0y z

22

11

(W-VNU-X27'Y)"",

(46)

where the decomposition following the first step identi-
fies the blocks as written in the LHS of the equation.

We only want to compute the retarded Green’s func-
tion G%’-t in a region where |i — j| < N, implying that
it is sufficient to determine G, that is, to deter-
mine the components of the central block region in
Eq. (43). Applying Eq. (46) to Eq. (42) and using that
TC(I:\L) = 0, it is easy to show that

1

Gret w) =
ccw) ltrTie — Ter[D?

Dcc —Ten[D71 lrrTRC

(47)

The above equation has two unknown blocks [D~1]rr,
and [D~1|grg, which correspond to the first and last
block of the inverse of the two matrices D;; and Dgg-
Note that while [D~ !, and [D7'|gr are matrices
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of dimension N x N, they are associated with two
semi-infinite systems (represented by the D;; and Dgg
blocks) and need to be determined iteratively; such iter-
ative procedure will be discussed now.

3.6.4 Auxiliary retarded Green's function

It is convenient to define the auxiliary Green’s function

gret,}éy{ — D—l (48)

as the inverse of the matrix in Eq. (42) for T1.c = Tcr, =
Trc = Tcr = 0, which is now block-diagonal. More-
over, one defines auxiliary functions for the case when
only one of the semi-infinite systems is decoupled from
the central region. When T1,c = Ty, = 0, the left block
Dy is decoupled, and the inverse of Eq. (42) is rep-

resented by gretJ‘. If only Tre = Tor = 0, then the
block Dyg is decoupled, and the inverse of Eq. (42)

is represented by gret’?{. The advanced components are
defined as gadv,}é}?{ _ [gret,}[}?{]]‘, gadv,}[ _ [gret,}[]]‘, and

Q‘"‘d“y{ = [gfeth{]T. In the presence of finite interactions
yret =£ (), these auxiliary Green functions are not phys-
ical Green functions of the Hamiltonian; however, they
still inherit all of its symmetries such as translation-
invariance:

GiiF(w — NB) = G (w - NB) = G5 (w),
GeF(w + NE) = ¢G0P (w0 + NE) = gt (w).
(49)

The first line can be understood as follows: By looking
at the block structure in Eq. (43), it is easy to see that

the lower right N x N block (L) of an isolated L sys-
tem is, up to a shift in energy, identical to the N x N
block (C) of a system where R is removed, due to the
properties in Eqs. (35), (36), and (37). The second line
in Eq. (49) follows similarly. This yields an iterative

. 6,
equation for G|’

rEtJZy{UJ—NE rety(
1

ret /IZ;?( TLC
(50)

Dce(w) — Ten(w

where Eq. (44) is applied to Eq. (42) with Tcgr = Trc =
0. The derivation for Qret
replacmg indices L — R on the RHS, and Gf$" }Z}( (w—

Gt#(w + NE) on the LHS.

For E = O Eq. (50) is local in w and can be solved
by a sclf—consistcncy loop. At finite E, however, the
equation couples Green’s functions at different frequen-
cies and thus becomes non-local; it can be solved itera-

(w) is similar and results in
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tively starting from a boundary condition (details can
be found in Ref. [69]).

3.6.5 Keldysh Green's function

The Keldysh Green function GEq(w) is calculated in
the central region in the same spirit as in the previous
section. The Dyson equation (34) for G¥q(w) reads

Glcw) = Z GEs( [Z T + ZSS,}

S,8'=L,C,R VEL
x Gad¥ (w). (51)

Using the lower-left component of Eq. (44),

GECE = _Gg)éTCL[Dil]LI: = _GTCt T greNtUZy{
g = G Tong™ K

(52)

Gt = ~GSiTor|D™

the equation can be written in terms of the auxiliary
Green functions:

ch _ Gret [Egc TCLgret ﬂy{ZLC gadv,;ﬁ}{TgC
N TCRgret JZ}?{E EKRgadv }[y{TT
+ TCLgL Jéy{T + TCRgR KKTT ] %dc\}/a
(53)
where we have defined
K= KK (54)

VEZ

as well as the (Keldysh) auxiliary Green’s functions

G () = Gt R (W) B () G2 PR (),

G (@) = Gt PR () S () G2 PR (W), (55)
In Eq. (53), it was used that SiKR = Sg(E\L) =
EK = 0 holds per the assumption in Eq. (38).

C(R\R)
Only QLL}@{ w) and ggf{é?{(w)
since G155, Gr%" % , and Q}fflg’ﬁ % have already been cal-
culated in the previous section. The Keldysh auxiliary

Green functions QIE{]LJZ # and gﬁf % can be computed iter-
atively, exploiting translation-invariance as in the case
of the auxiliary retarded Green functions.

need to be determined,
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3.6.6 lterative solution for auxiliary Keldysh Green's
function

To calculate the auxiliary Green functions QL VK and

ER% 7 , the following relation is exploited

grcefi,ﬂ ret y{T gret Jé}%’
gt = —gEtFTongreith, (56)

which is similar to Eq. (52) and which follows by using
Eq. (44) with Eq. (42) at Tcg = Tre = 0. Moreover,
translation-invariance is exploited for 3¥ [see Eq. (37)]
and for G/ Jeading to:

G~ NB) = Gy (),
G W+ NE)y = Gif (@), (57)

by the same arguments employed to derive Eq. (49).
The final result for gfL’J‘ yé(w — NE) reads

G~ NE)
= g R~ NE)SK, (v — NE)G (0w — NE)
(57) ret, adv,
= gc(téyéi)( )EFCUL)(CUL)(w)g(guL)C(w)

(Ff) gret y( |:2 TCLgret JZ}?{Z K adv JZ}?{TT

LC
+T gret }Z}?{ZK adv /ﬁyé TT :| adv,y('

7QLL}Z}7{(UJ

(58)

One should not forget that all quantities appearing on
the RHS carry a frequency argument w, which has been
omitted to improve readability. A similar equation for

Ql—ff{ 7 is obtained in the same way, with the appropriate
change of indices and frequency shifts. Eq. (58) is of the
same form as Eq. (50), which means that its solution
can be found by a self consistent loop if E = 0, or by
iterating from the boundary conditions G- y{(w) — 0
for w — £o0o when E # 0.

4 Functional renormalization group

We recapitulate the functional renormalization group
(FRG) method [15,29] to obtain the self-energy of an
interacting system. In particular, we will focus on the
FRG on a Keldysh contour formulation [32-38,41,42,
44,64].

The key ingredient of the FRG approach is the arti-
ficial introduction of a cut-off parameter A in the non-
interacting Green’s functions of the theory ¢ (w) which
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is commonly chosen such that

lim ¢*(w) =0,

A—oo

lim g*(w) = g(w).  (59)

In the Keldysh formalism, this is achieved by intro-
ducing an artificial cut-off within the non-interacting
Green’s functions ¢****(w), ¢ (w), and ¢¥A(w).
Through this dependence on the external cut-off A
(which is also termed flow parameter), the chosen func-
tional becomes scale dependent, too. By studying varia-
tions of a given generating functional with respect to A,
a set of coupled ordinary differential equations (ODEs)
system known as flow equations can be derived. The
solution of the flow equations gives direct access to the
renormalized components of the functional’s expansion
terms, which usually represent either the irreducible
correlations or the irreducible vertex functions of the
interacting system.

The actual derivation of the flow equations depends
on the specific form of the generating functional. Here,
we will focus on the set of flow equations that provide
direct access to the single-particle irreducible n-particle
vertex functions (a two-particle irreducible scheme can
be found in [80,81]; for multi-loop approaches see [82—
85]). In other words, the chosen generating functional
is not a generating functional for the (connected) cor-
relation functions, but rather of the renormalized inter-
action vertex terms. The flow equations are ODEs of
the form (for any n € N):

dry(m)
dA

= Fu (MM MDY (60)

where v(") represents the n-th particle irreducible ver-
tex, which contains a total of 2n single-particle and
Keldysh indices, along with 2n time or real frequency
arguments. For the time being, and following the nota-
tion conventions described in Sect. 3.5, multi-indices
also include the frequency arguments. The n-particle
irreducible vertex function is expressed in terms of 2n
multi-indices:

A, (n)

A, (n) — 71,2,“.71,}12'“" Vn € N. (61)

The flow equations have a hierarchical structure, mean-
ing that the n-th component of the vertex is directly
coupled to the n + 1 component by:

d’yA’(l)
dA =F (Av’yA’(l)fyAAm) ;
d A,(n)
WdA -7, (A7,YA,(1)’ W’WA,(n)WA,(nH)) ,
d,yA,(nJrl) . .
—qr " mn (A,’y(l),...,fyAv( 1) A +2)> ’

(62)
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The most important property of this ODEs system
is that it is exact, since the derivation of the flow
equations does not rely on any approximations; it is
just an exact relation followed by the infinite series
expansion in the functional derivatives. The one and
two-particle irreducible vertex functions y% (1) 4A:(2)
are related to the renormalization of the self-energy %
and the bare two-particle vertex v, respectively; they
describe the flow as one successively includes more low-
energy degrees of freedom. For practical applications,
the flow equations need to be simplified by some trun-
cation scheme.

In the study of the non-equilibrium steady state limit
of interacting quantum systems, the flow equations are
derived on the Keldysh contour [32,33]. The exact flow
equations for the one and two-particle irreducible vertex
functions are given by [15,42]:

A, (1 A A (2
8A71/1( ) = _2522/’71/2(/1)21
22/
A(2) A AN (3)
OV /ai1n = 72533’71'2/3’123
33/
A A A(2) | AL(2)
+ Z S35 Gy [71'2/4’3'73/412]
33744’
A A A(2) AL(2) A,(2) | AL(2)
+ Z Sz Gaar [71,3/1472,4,23+’y2,3,24’y1,4,13]
33744’
A A A (2)  AL(2) A (2) | A(2)
- Z S33 Gy ['Y2/3’1471’4'23_"71/3,’24'Y2’41/13]7
33744’

(63)

which is again visualized in Fig. 2. The single-scale
propagator S4y, is defined in terms of the Green’s func-
tions as:

55\2' = ZG§3 {aA [QA]A}%, Gé\'zl = 8/*\G§\2'-
33/
(64)

In Eq. (64), we have introduced the explicit cut-off
derivative operator J5 which acts exclusively over the
cut-off in the non-interacting Green’s functions g* (w),
and not over the self-energies (which also become cut-
off dependent due to the flow equations). Note how

the irreducible three-particle vertex 7?,’2(%)/123 couples

to 71\/2(/21)2 in the RHS of the flow equation for 'yf,’z(,zl)Q;

this can be seen from the hierarchical structure of the
flow equations in Eq. (62). Eq. (63) represents the set
of flow equations in its most generic form.

4.1 Vertex flow equations in Keldysh space

For didactic purposes, we would like to express the flow
equation for the two-particle vertex in a more common
form; the result can be found in Ref. [36]. For fermions,
any swap in the multi-indices must be associated with a
minus sign due to the anticommutativity of the Grass-
man variables. By changing the multi-index 4 — 4’ and
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1 2 2 1
- +
1 2' 2 1

Fig. 2 Diagrammatic representation of the flow equations (63). Arrowed lines with a cut represent the single-scale propaga-
tor S* defined in Eq. (64). For the two-particle vertex flow equation, the bracketed terms represent the diagrams associated
with to the p,x,d channels in the channel decomposition (see Sect. 4.4)

using 71,2(/4)3 7{\/’2(,23)4, we obtain

A A A2 A2
Z 533'G4/4’71f2(/4)/373/4(1%
33744/
A2 A2
== Z 71/2('?34Sé\3’Gf1\4”Y3'41('1)2 (65)
33744/

Likewise, s, 4(,22)3 722(,23)2, and together with substitut-

ing 3 — 4 and 3’ — 4’ in the second term, we obtain

A(2) _A(2) A(2) A(2)
Z 533'G44/ [71'3/14'72/4'23 +'72/3/2471/4'13}
33744/

A, (2
= 3 A0 [5Gy + Gy S
33744/

A
Vs (66)

and similarly:

A A A(2) A(2) A(2) A(2)
- E S35 Gy {72/3’1471/4/23 +'V1/3’24'72'4/13}
33744’

A2
Z 71/4/32 533’G44/ + G33’S£4’] 73/2(f1)4 (67)
33744/

A final and important step is to realize that v»(?) is
closely linked to the two-particle interaction, barring a
prefactor of an imaginary unit; this is due to the unitary
evolution carried along the Keldysh contour. In partic-

ular, the quantum Keldybh action is directly related to

the two-particle vertex 71,2,00 ‘@) i this limit, since at

A — oo the non-interacting propagators g~ (w) — 0;
the only surviving term in the action in such limit is the
one proportional to the two-particle interaction terms
in Eq. (2). From the derivation of the flow equations,
the initial condition for the two-particle vertex reads
[32,33,36]:

A—00,(2)
Y1212
Contour : Vir9/1g = 5((4}1/ + wyr —wp — (UQ)

- XUil/iZ/iliQ(*al)éalzaz/éayaléalaz,

Keldysh :  y/912 = §(wyr + wyr — w1 — w2)
17(71)(a1/+<12/+a1+<¥2)
XViy igrivin 1 .

(68)

To avoid problems carrying the imaginary unit, we mul-
tiply every term of the two-particle vertex by the imag-
. . . AR L A2
inary unit making the replacement 7,55 — i7)/5/ {5, SO
that the initial condition in Eq. (68) now reads:

. AL(2 _
lim 71,2(/1)2 = V212 V U122, (69)
A—oco

depending on the chosen basis for the Keldysh indices;
in what follows, we will always work in the Keldysh
basis. The exact flow equations for the self-energy and
the two-particle vertex now read [36]:

A(l) A A(2)
Y171 *IE So2V1/2r12s

22
A A(3)
8A’Y1/2'12 = Z S33:717230123
33/
A,(2) A A,(2)
+i Z Traan (S5 Gav] Yaruia
33744/
A, (2) A1 AA(2)
+1 Z 71/4/32 533/G44/ +G33/S44/] 73/2/14
33744/
AL (2 A AL (2
l Z 71/3(/1)4 S33/G44/ +G33/S44/] 74/2(/3)2.
33744/

(70)
4.2 Truncation schemes

Since the system of coupled ODEs in Eq. (62) is infi-
nite, a truncation procedure needs to be devised. Here
we briefly describe the two most commonly employed
truncation schemes so far encountered in the literature.
We restore now the original notation by writing the
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explicit frequency dependence in all quantities; the ver-
tex functions components read:

AL (1 A (1
) = 1 @ w);
A, (2 A, (2
71/2(/1)2 i 71,2(/1)2(&11/,0)2/70)170)2)- (71)

In a truncation scheme of order m,, all vertex com-
ponents with n > m, are set equal to their initial value
at the beginning of the flow (for other approaches, see
[86]):

A,(n>m) n>me)

= lim 'yA’(

A—oo

v v A (72)

In the limit A — oo, the only non-zero vertex compo-
nents correspond to the two-particle vertex v (2) [see
Eq. (68)], while the other vertex components of arbi-
trary order vanish in this limit. In what follows, any
discussed truncation scheme is based on Eq. (72).

It is important to note that a truncation scheme of
order m, is not equivalent to a perturbative expansion
up to that order. The later is inherently contained in
the FRG flow equations, which are exact up to order
me in the interaction vertex due to v ~ 5"

4.2.1 First order truncation

The simplest truncation scheme m,. = 1 involves setting
M (>2) — 0 and 4M("=2) = 7, that is, the two-particle
irreducible vertex is set equal to its initial bare value,
and therefore does not flow with A; similarly, higher
order vertex terms are set to zero at any scale of the
flow. In a frequency representation, the first order trun-
cation flow equations with m,. = 1 read:

i
— c’),wi\;l(l) =0\Xh, = —5- Z@I,Q,m/dgsé\z,(g),

2,2/

(73)

where S5, () is the single-scale propagator as defined
in Eq. (64), and 71/9/12 is given by Eq. (68). We have fur-
ther identified the self-energy ¥4, = —7{\/’1(1). The self-
energy Y4, enters into its own flow equation through
the RHS of Eq. (73). Such a first order truncation
scheme allows for a straightforward implementation of
the flow equations [32-35,38,40,44,46,47,55]; however,
the self-energy remains frequency-independent in this
scheme, limiting its range of applicability. On the other
hand, a second order truncation scheme, while techni-
cally more involved, is important in out of equilibrium
problems to describe heating effects.

4.2.2 Second order truncation
We now set m. = 2 and study the flow of the self-energy

and the two-particle vertex. Frequency conservation is
inherited through the flow equations, which can be seen
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by direct inspection of Eq. (70). We thus use the nota-
tion:

yor P (@i, w) = —d(wrr — w1) = (w1),

A, (2)
V1iarig (W1, wer, w1, wa)

= 5((«01/ + wor — w1 — WQ)’Y{\IZqQ(H, )(7 A), (74)

where we parametrized the frequency dependence of the
two-particle vertex vi,,,, by a set of three independent
bosonic frequencies II, X, A [36,56,57,59,60,63,69]:

IT=w; +ws = w1/ +wyr,
X =wy —wy = wy —wy,
A =Wy — W1 = W2 — Wor. (75)

Under this parametrization, the self-energy flow equa-
tion in Eq. (70) takes the form:

i
8/\2{\'1(‘”) = Ton /d92792'12(w+979 —w,0)
22/

xS, (). (76)

For the two-particle vertex, we focus on the first non-
vanishing term in Eq. (70) (note that in this trunca-
. A3 .
tion scheme 77,549,193 = 0), and frequency conservation
yields:

Wi twy =ws Fwy, wy +wy =w +w (77)
Since S&;, and G, only have weight if ws = w3 and
wy = wy, it follows that

w1+ Wy = w1 + wa, (78)

which is one example for how frequency conservation is
preserved by the flow equations. We set now:

1I
wng—Q, =

3 Wy =Wy Fwy —wz =+,

2
(79)

with  defining an internal frequency integration vari-
able. Following the above parametrization:

792/34(‘*)1’ + wor, wor — w3, Wy — w3)
X-A X-—-A
:7{\'2/34 <H79+ 5 = >7

2

73/,\/4/12(013/ + Wy, Wy — Wi, Wy — wi)
X+A X+A
A
= V314712 <H7

Q
+ &, 5

- Q) . (80)

A similar analysis can be carried out for the other terms
appearing on the RHS of Eq. (70), which leads to [69]

i
OnYirgo (I, X, A) = %/dQ Z
33744/
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X-A X-A
x{792,34<n,9+ - )

o II
X+A X+A
XY ar1a (n, ot - Q)
I+ A II —i— A
Y32 <2 + 6, X, Q)

X X
X |:S§\3/ (Q — 2) 44/ < 2>
X X
ey ( ) S ( 2)}
Im-A
X’y?/)\/2/14 (Q + 2 X Q — 2 )

II-X II-X
*7{\/3/14 <Q+ Q- ,A>

2 2
A A
x {593, (Q - ) Ghv < 2)
A A

I+ X Im+ X
XYrora2 ( 5 T Q, 5 Q, A) }
+O(3%). (81)

Solving these equations in full generality is numerically
demanding. For a L-level quantum system, the two-
particle vertex carries a total of (2L)* = 16L* multi-
index components. If one discretizes the frequency
space in a numerical solution using Nq grid points for
each of the bosonic frequencies, one ends up with a
total of 16L*N3 coupled flow equations, which can in
practice only be tackled for impurity problems [36-38].

4.3 Choice of a cut-off and single-scale propagator

Up to now, we have not specified the form of the (arti-
ficially introduced) cut-off parameter A, which directly
enters in the non-interacting propagators g™ (w). Phys-
ical results should be unaffected by a specific choice of
the cut-off. A natural choice of a cut-off is to couple
each site of the system to an artificial wide-band reser-
voir and to use the coupling as the flow parameter A.
This is known in the FRG literature as the hybridiza-
tion cut-off scheme [36]. The cutoff can be added to the
full hybridization of the system given in Eq. (26), which
now becomes

Tis () = T (W) —

ij
K,A _ 1K
Fij (w) = Fij(w) -

i6;;A\,
2 [1—2n{""(w)] 6;;A, (82)
where we have used the wide-band limit result of

Eq. (30) The particle distribution of the artificial reser-
voirs is governed by Fermi functions n$"(w), whose
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temperature and chemical potential we leave unspec-
ified at this point. An advantage of this cut-off scheme
is that it automatically preserves causality at any scale
A, and the FDT is satisfied in equilibrium [87]. The
initial conditions read:

. ret,A __ 1 KA _
Ah~>oo Eilzil - 5 § :Ui1’ki1k7 lgn 211/21 =0,
k
. A _
Ahrn Y179712 = V172712 (83)
—00

The initial bare propagator vy:9/12 in Keldysh space
(after the Keldysh rotation) is given by Eq. (68).
To compute the single-scale propagator

Sret,A SK’A
( 0 Sadv,A)
_ Gret A GK A 8/& [gret,A] - aA [—FK’A]
= 0 Gadv A 0 aA [gadv,AjI -1
Grct,A GK’A
X ( 0 Gadv,A) ’ (84)
we first combine ¢g"**(w) in Eq. (27) with Eq. (82):

Sret,A(w) _ _Gret,A(w)aA [gret,A(w)]*l Gret,A(w)
_ _iGret,A(w)Gret,A(w)- (85)

For the Keldysh component, we make use of the form
for G¥A(w) given in Eq. (34):

SK,A — GK,A
Gadv,A

_Gret,AaA [gret,A] -1
*GK’A(?A [gadv,A} -1
+Gret,A [aAFK’A} Gadv,A
_ Sret,A [FK’A + EK’A] Gadv,A
+Gret,A [FK’A + ZK’A} Sadv,A
+Gret,A [aAFK’A} Gadv,A
— Srct,A [FK’A + EK’A] Gadv,A
+Gret,A [FK’A + EK’A} Sadv,A
—9i [1 _ 2ncut] Grct,AGadv,A, (86)

where the matrix n° has entries given by:

iyt (w) = nf™ (w)dy;. (87)
4.4 General approximations for the second order
flow equations: channel decomposition

We have argued that a full solution of the m, = 2
truncated flow equations given in Eqs. (76) and (81) is
impractical in most applications, and further approx-
imations need to be devised. A prototypical approach
is the so-called channel decomposition [36,56,57,59,60,
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63,69] which we will now recapitulate (for extensions of
this scheme, see, e.g., Refs. [84,88]):

7{\'2/12(1_[7 X, A) =~ Uprgr2
p,A x,A d,A
10912 (1) + 77510 (X) +717210(A). (88)

Note that this is strictly fulfilled within perturbation
theory (which we will see later explicitly) and thus cor-
rect up to second order in the bare interaction. It will
prove advantageous to introduce the notation

—{p.x,d},A
17212

= Vyrgria + 71{/1’2’7‘1’3}’1\- (89)

The self-energy flow equation in Eq. (76) then takes the
form

IWEN (W) = —f/dQZSQQ/

22/

X {’51'2'12 +ip12(Q + w) (90)

XA d,A
+ V1912 (2 — w) +777515(0) |,

which one can split into three independent contribu-
tions:

61\21/1 Z/dQSm/ 1'2/12(Q +w),
22

NI (W) = —o— Z / Ay ()75 10(Q — W),
22

i
OnZ @) = 5= Yt [dash ). (o

22/

Note that the last term in the d channel includes the
initial bare vertex o.

To set up flow equations for the different channels,
one assumes that the flow of p, x and d is governed by
the first, second and third terms on the RHS of Eq. (81)
and that there is no inter-channel coupling, i.e., each
channel only enters its own flow equation. This yields

1 _p.A
?/dQ Z Viigrza (I0)

A
aA’Vf/zflz (IT) = 5
33744’

I 11 -
X 555, (2 Q) Gl ( + Q) Vi (I0)

x,A —x,A
OnViig2(X 27T/dQ Z Yriwse (X
33744/

X X
X [593, (Q ) Gy (Q + )

2 2
+Giy, ( ) Sy (Q + 2)]’)’3/914 (X),
8A'Y?"§'12(A) /dQ Z '71'3'14

33744/
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A A
X [593, <Q = ) Ghy (Q + 2)
A AN _aa
+Ghy ( 2) Sy (Q + 2)]’74'2'32 (A).

(92)

We again emphasize that this is correct up to second
order in the bare interaction. The initial condition given

by Eq. (83) now reads ’yfg’,xl’g}’/\_'oo = 0. Note that due
to Eq. (91), 74" is only needed at zero frequency.

The channel decomposition simplifies the flow equa-
tions considerably: the two-particle vertex is now
defined over a single frequency grid, instead of the ini-
tial 3D grid space of the original flow equation. In addi-
tion, the multi-index structure simplifies:

7?’912(11) =0 V0ryiz| 012ee =0V Uee12 = 0,
71(7912()() =0 V01212]| U17ee2 =0V U211 = 0,
7?/912(A) =0 V0u212]| U17ete =0V Ue2re2 = 0.

(93)

The bullets indicate all possible multi-indices within a
fixed pair of multi-indices, e.g., the term vU1/9/4¢ keeps
the multi-indices 1’,2’ fixed, but encodes all multi-

indices values in the third and fourth positions. Eq. (93)

is a direct consequence of Eq. (89), i b A= —

and the fact that the flow equations (92) preserve this
structure. For interactions satisfying Eq. (6), Eq. (93)
translates to:

75’912(1—[) =0 Viy —iz| >Ry V |i1 —i2] > Ry,

7?/’912(){) =0 Vi —is| > Ry V|izr —i1| > Ry,

7(11;9/12(A) =0 V|i1/ - Z1| > RU \ |i2’ - 12‘ > Rv-
(94)

Eq. (94) simplifies the structure of the two-particle ver-
tex tensor, which becomes sparse in this case; it also
restricts two of the multi-index sums on the RHS of
Eq. (92). Tt should be emphasized that Eq. (93) and
(94) do not constitute any additional approximation;
they are a consequence of the finite-ranged nature of
the bare interaction vertex ¥7:9/12 in the single particle
indices and the channel decomposition in Eq. (88). The
numerical cost of evaluating the flow equations for v*
at a given value of A is then given by

O(L?Ngq)
N—_——

# components

O(L’Nq) (95)
—_———
sum/int on RHS

where Ng denotes the number of points of the frequency
grid, and L parametrizes the number of single-particle
degrees of freedom. The effort to determine G* is not
included, it scales as O(L3Ng).
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4.5 Expressing the flow equations in terms
of convolutions

If we rewrite the RHS of the flow equations in terms of
convolutions, we can make use of efficient convolution
algorithms like the Fast Fourier Transform (FFT). The
specific choice on how to perform the convolutions will
depend on the problem at hand, and it will be affected
by several factors like the frequency discretization and
general performance requirements; here we will present
the general description [69].

The convolution between two functions is defined as:

(f*9)(y) = / df (2)g(y — ). (96)

The self-energy flow equations expressed in terms of
convolutions read:

i ~ A
8/\21/1 (w) = “or 255\2' * Y1212

22/
x,A i & x,A
WET) (-w) = o Z So * Vi (97)
22/
di
0T (@) = — 5 271,2,12 / Q1S3 (9),
22/

and the vertex flow equation are given by

8,\71/2,12 Z 71/2/34 [G44’ * 533’] (I
33744’
X 73;4/12 (Im),
A i A
OnVriaa(X) = 5= Triwrza (X)
33744’

X Gi\4/ * §§‘3, + 524/ * éf’}s’ (X) 7;9114 (X)

—i _dA

o Viigria (A)
33744’

3A7f/’912(ﬁ) =

A aA A ~A
X G44/ * 533/ =+ S44/ * G33/

where we have defined SZ, (w) = S, (~w) and sim-
ilarly for G33/. These equations are local in the fre-
quencies II, X, A, w; this implies that for the d chan-
nel, only components at the A = 0 point need to
be obtained, since these are the only ones coupling to
the self-energy flow equation. The above representation
of the flow equations shows that the self-energy and
the two-particle vertex functions are continuous func-
tions of their corresponding frequencies. Since S*(w —
+00) — 0 and G*(w — £00) — 0 quickly, any convo-
lution term occurring on the RHS yields a continuous
function.

(A) ’Yi/é\/sz (A) >

(98)
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5 Infinite, translation-invariant systems:
FRG approach

We now apply the general second-order FRG scheme
to an infinite system with a unit cell of size L featur-
ing translation invariance as specified in Sect. 3.6.1. We
follow Ref. [69] where additional details can be found.
The single-particle Hamiltonian, two-particle interac-
tions, and hybridization functions are assumed to be of
finite range, with corresponding range parameters Ry,
R, and Ry as described in Egs. (6) and (29). The start-
ing point are the flow equations (90) and (92).

It is reasonable to choose the FRG cut-off scheme
such that the translational symmetry is respected. For
this reason, the Fermi distribution functions n§"*(w)
correspondlng to the set of artificial reservoirs must sat-
isfy:

cut

ity (W) = ni" (w

— LE). (99)

Due to the infinite system size, one needs to devise fur-
ther approximations, which we will discuss in Sect. 5.2.

5.1 Exploiting the system’s translational symmetry

The translational symmetries of the system are given by
Egs. (35), (36), and (37), respectively. They are inher-
ited by the single-scale propagator:

Stsnyasn W) = Sh(w— LE). (100)
For the two-particle vertex, one obtains
o (I1) = 425 o (IT — 2LE)
Y +L)(2'+L)(1+L)(2+1L) = N2z )
x,A x,A
Nirtry@+r)a+n)e+n) (X) = MWa12(X), (101)

d,A d,A
'7(1/+L)(2/+L)(1+L)(2+L)(A) = Va12(A).

These relations trivially hold for A — oo, and they are

preserved by the flow equation. For the p channel, this
can be seen as follows:

A
8A7F1'+L)(2'+L)(1+L)<2+L>(H)

By Z /de 1'+L)(2'+L) 34(1_[)

33’44/

II II
A —p,A
g {533/ (2 ) Cir (2 * Qﬂ T+ een) D

o Z /dQ'71/2’34 -)

33’44’

1I 11
A A
X {S(3+L)(3’+L) (2 - Q) Glarnyw+r) (2 + Q)}

_pA
X 7:‘34/ 12(I12)

o Z /dQ'Yl'2'34 -)

33’44/
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TI_ 1I_ _
X {S?[,\?/ (2 ) Ghy ( 5 + Q)}Y?f/lg(n—)

= OAYYipo (T — 2LE), (102)

where II_ = II — 2LE. The argument for the x and
d channels is similar, but the frequency shift in the
last step can be absorbed in the integration variable.
The relations (101) can now be inserted into the self-
energy flow equation (90) to show that the symmetries
in Eq. (37) also hold within the FRG approximation:

= _7/dQZS(2+L)(2’+L) Q)

22/

NSt py4r) (@

X [171/2/12 + 7‘{’,’912(9 +w—2LE) + ﬁ,’é\,m(ﬂ —w)
d,A
+’Y1/2’12(0)}

— _f/dQZSQQ,

22/

X [171'2'12 + ’Yf/’2,12(9 +w—LE)+ 71(};\,12(9 +LE —w)

A
""Y?;z/m(o)}

= 9\3Y1(w — LE). (103)
When solving the flow equations, one of the spatial
indices can thus be restricted to be within the unit cell:

nipedbA G e 0, L -1},
{px,d},A D i € {0, ,L — 1}

172712 (104)
The elements of this set are the ones that are explicitly
calculated when solving the flow equations.

5.2 Further approximation: finite support of the
vertex functions

As mentioned above, further approximations to the flow
equations need to be devised for an infinite system.
The key idea is to limit the spatial support of the ver-
tex functions, which is physically motivated by the fact
that inelastic scattering will in general be limited by
the system’s correlation length. To this end, we choose
a number M € N, M > R, and set [69]:

¥y =0 Vv iy —iq| > M,

Yhoe =0 ¥ dist(iys,dor,41,d9) > M. (105)

This limits the number of non-zero components of both
YA and T and restricts the single-particle sums on
the RHS of the flow equations (90) and (92). In the
M — oo limit, the original flow equations (90) and (92)
are recovered. M becomes a numerical control parame-
ter of the ODEs system, and observables should always
reach convergence with respect to M. In combination,
Egs. (104) and (105) entail that the numerical cost of
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evaluating the flow equations for v at a given value of
A now reads

O(LMNg)  O(M?Ng) ,

sum/int on RHS

(106)

#components

which does not include the computation of G*. To
allow for a numerical solution of the flow equations in
Egs. (97) and (98), the frequency dependence of the
vertex functions is discretized on a grid of Ngq points.
Details on this can be found in Ref. [69].

In general, the Green’s function G* and the single-
scale propagator S that enter the RHS of the flow
equations cannot be computed for an infinite system. In
our case, however, Eq. (105) implies that only a limited
number of components contribute to the RHS. Within
the self-energy flow equation (90), the distance of the
single-particle indices is limited to |iz —i2/| < M. Like-
wise, the inner sum of spatial indices within the two-
particle vertex flow equations (92) will be restricted to
dist(i3/,47,13,74) < 3M. Thus, G* and S* are only
needed within a limited region, and we can employ the
techniques of Sect. 3.6 by setting N = 3M.

5.3 Iterative techniques for the single-scale
propagators

In Sect. 3.6 we showed how the Green’s functions G*
of an infinite system can be computed iteratively. Since
the RHS of the flow equations also depends on the
single-scale propagators S*(w), here we show how to
calculate these quantities by means of the same itera-
tive methods [69]. Note that for S*(w), the choice of
the cut-off affects the terms appearing in the expres-
sions due to the definition in Eq. (64). We frequently
omit writing out the A-dependence.

We begin with the retarded part of the single-scale
propagator; the advanced part follows from [S™°t]f
S24v Tn the reservoir cut-off scheme, the flow param-
eter A only enters in the diagonal terms of [G™']~! in
Eq. (43) and thus

9D =

107
O Ten = 03 The = 0iTon = 9iThe = 0. 107

The following treatment allows a straightforward gen-
eralization for more general cut-off schemes.

Taking the derivative of Eq. (47), the retarded part
of the single-scale propagator reads:

1rCe(‘gJ — 8AGret
e [ TeL ST — TopSiet ﬂTRC}
Gret
(108)

The auxiliary terms appearing in this equation are

SrevfR — a;gfet%?‘; they can be obtained by taking
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the derivative in Eq. (50):

st - NE)
_ _ggs(tj, ( ) |:1 . TCLSret }Z}?{ TLC?| gret }{
(109)

and similarly for Sy %2 )?{ This equation can be solved
locally in a self—con51stent way when E = 0, or succes-

sively using the boundary conditions Sretvﬂy{(ioo) =0
for the case E # 0.

The Keldysh components of the single-scale propaga-
tor S¥A follow in a similar way. The cutoff only enters
into the diagonal of %X, which leads to [see Egs. (26),
(54), and (82)]

REE (w) = oI (w) = —2i[1 — 2n§" (w)]6y;.
(110)
Taking the derivative of Eq. (53) yields (each of the

terms carries a frequency argument w, which has been
omitted for notation purposes)

Sho(w) = SEbW)] -+ | GE (@) + GEew) [ ]
XS24 (1) + ISt [8,*\511&3 — Ter SEGLWZF(E;EC

- EEL‘SE%VJZ A Tgc
- TCRSM”Z # Ko — EIéngg’w{T&C
+ ToLShy JZ}{T +TCRS§1’>{Z¢T§C}G%%7

(111)

where the brackets [...] are identical to the bracket in
Eq. (53). To solve this equation, it remains to obtain

the unknown quantities S Jé Eo_ 0AQK % }{ they are
obtained by taking the derlvatlve of Eq. (58)

SEﬁ}Zy((w — NE)
— sreta?( (w) [...}gé%vﬁ(w +gret’¢ (w [ : .]ggdcv’#(w)
Goe y{[aAZCC — TeLSish ’ﬁy{ELC

— igLSEiV”@( + TCLSK WéTT } édcv’y{»

(112)

where the brackets [...] are identical to the bracket in
Eq. (58), and the frequency argument w for all quanti-
ties has been omitted in the last two lines. Note that
Eq. (49) implies Smy{( ) = S]ritw{(w — NE); this
quantity was obtained in a previous step via Eq. (109).
Eq. (112) is an auxiliary equation for the Keldysh
single-scale propagators, which becomes local when
FE = 0 and can be solved self-consistently. For the more
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general case E # 0, the equation can be solved itera-
tively [69].

6 Infinite, translation-invariant systems:
results

The methodology developed in the last section is now
applied to study the non-equilibrium phase diagram of
an interacting Wannier—Stark ladder coupled to reser-
voirs. We follow Refs. [68,69], where additional details
can be found.

6.1 Model

The Wannier—Stark Hamiltonian is given by (see Fig. 3)

Hsys = tz (C;Cj+1 + HC)

JEZ
1 ; 1
+UZ <c}cj - 2) (c;_ch_,_l — 2)
JEZL
+> [s(=1) +jE] clej, (113)
JEZ

where ¢ is the hopping strength, U is the interaction
parameter associated with the antisymmetric vertex
Vo101 = —vo110 = U, s plays the role of a staggered
potential, and E represents the electric field. Each site
j of the chain is coupled to a single wide-band zero-

temperature reservoir with a distribution function

n"(w) = 0(p, —w), po=0, pyir=p, +LE.
(114)

We choose the distribution function of the auxiliary cut-
off reservoirs to be identical to the one of the physi-
cal reservoirs, and the hybridizations are thus given by
[compare Eqgs. (30) and (82)]:

A (W) = —i6,; (0 + A),

)

TN w) = —2i [1 - 2077 (w)] (T + A)dy;, (115)

where I' is the strength of the reservoir coupling. All
terms of the Hamiltonian follow the discrete transla-
tional symmetries presented in Sect. 3.6.1. For s = 0,
the size of the unit-cell is L = 1, and E in Eq. (113)
corresponds to the parameter E of Sect. 3.6.1; for s # 0,
we have L =2 and E < E/2.

6.2 Fundamental questions to address

We briefly recapitulate known results about the phase
diagram. The equilibrium point with £ = T' = 0 but
finite U is exactly solvable by Bethe ansatz [89]. For
U < 2t, the model is a gapless Luttinger liquid, whereas
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Fig. 3 (From Ref. [69].) Sketch of the model used in
Sect. 6.1. A tight-binding chain with hoppings ¢ and inter-
actions U is subject to an electrical field £ and is coupled
to wide-band reservoirs with a hybridization I'

for U > 2t, translational symmetry is spontaneously
broken, and the system is in a Mott-insulating phase
with a degenerate ground state and charge-density wave
(CDW) order. In the limit U = T' = 0, one recovers
the non-interacting Wannier—Stark ladder where any
finite E localizes all the electron wavefunctions and the
system becomes a Wannier—Stark insulator [28,77-79].
A finite coupling to the environment I' > 0 induces
finite currents, and the spectral function features peaks
which are broadened on a scale I' [90].

Along the equilibrium line £ = 0 but for U,T" > 0,
one expects that U and I" have competing effects: While
large U favour CDW order, finite reservoir couplings I'
tend to delocalize charge and favour metallic behaviour.
At T' = 0 but for finite U, F, the system is in non-
equilibrium, isolated, and interacting; this represents
a scenario where Stark many-body localization effects
might come into play [91]. However, in this case the
formation of a non-equilibrium steady state is under
question, because a continuous application of F will
generically drive the system to an infinite temperature
state. One expects that such heating is suppressed by
a finite reservoir coupling I".

The generic non-equilibrium phase diagram (E,T" >
0) in the presence of interactions U > 0 is not known
and will now be computed using the novel FRG scheme;
details can be found in Refs. [68,69].

6.3 Benchmark of iterative Green’s functions
techniques

The second-order FRG scheme presented in Sect. 5
strongly relies on the computation of the Green func-
tions G*(w) and the single scale propagators S*(w) in
an infinite system. This can be done using the iterative
method discussed in Sect. 3.6, and it is instructive to
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0.2+

N iter

Fig. 4 (From Ref. [69].) Benchmarking of the iterative,
infinite-system Green’s function algorithm introduced in
Sect. 3.6.3 in the non-interacting limit U = 0. The local
density of states at I'/t = 0.05 and E = 0 is computed
with 1, 4, 16 iterations of the self-consistency equation (50)
(blue, yellow and green; the curves are shifted vertically for
readability). The dashed red line shows the analytical result
in Eq. (116)

benchmark this technique in the exactly solvable case
U =0.

For U = E = s = 0, the local density of states is
given by

1 re 1 1
plw) = ——Im (95" (W) = ——Im | ——on ],
(w +il)? — 4¢2

(116)

which is independent of the site ¢. The algorithm of
Sect. 3.6.3 can be applied with N = L = 1, and the
analytical result can be reproduced easily by solving
Eq. (50) via a self-consistency loop (see Fig. 4).

6.4 FRG results for the non-equilibrium phase
diagram

We now use the FRG to compute the phase diagram
for generic values of F/, I', and U. Details can be found
in Refs. [68,69]. The CDW and metallic phases can be
discerned via the charge susceptibility:

. An
x = lim —, An= <c£j02j — cgj_HCQjH), (117)

s—0 8§

which diverges in the CDW phase.
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(a) 1

0.8

0.6

An

0.4+

0.2+

0.55 . . : 107 107 10°
r/u (T = Tuit)/U

Fig. 5 (From Ref. [69].) Functional RG data for ¢t = 0
and comparison with mean-field results. (a) CDW order
parameter An as a function of I'/U for various values of
s. The transition into the CDW phase becomes sharper as
s is decreased. The data was obtained for fixed M = 10,
which is the numerical control parameter in the solution of
the flow equations. (b) M-dependence of Ucyit /T crit, which is
defined as the point in (a) where lines at different s intersect.
The dashed line shows the mean-field result of Eq. (119).
(c) CDW order parameter as a function of I' for constant
s/U = 0.01 but various M; convergence in M can be reached
easily. (d) In agreement with mean-field data, x exhibits a
power-law divergence with an exponent v ~ 1.2 close to the
critical point (dashed line)

6.4.1 Comparison with mean-field theory

We first study the limit U/t > 1 which can be treated
accurately using mean-field theory (our model is spin-
less and simply maps to an Ising chain). Since the FRG
is strictly controlled only to second order in U, this rep-
resents a highly-non-trivial test. At ¢ = 0, the effects of
the external electric field can be eliminated by means of
a gauge transformation, and the mean-field equations
take the form [69]:

2
An = —arctan (s/T + UAn/T) . (118)
™

For s — 0, this equation only has CDW solutions with
An # 0 beyond some critical interaction strength:

UMF — TpMF 5oy pMF

crit 2 crit crit*

(119)

For U/T" < /2, the system is metallic, and the suscep-
tibility scales as:

MF . An 1/T

&~ AU U/T < 7/2.(120)
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In Fig. 5, we compare these mean-field results with
FRG data for ¢ = 0. Panel (a) shows the order parame-
ter An as a function of I'/U; the FRG correctly captures
the phase transition. The critical interaction Ueyit /T crit
can be identified as the point where the curves for dif-
ferent s intersect. The FRG prediction is in good agree-
ment with the mean-field result; moreover, convergence
in the control parameter M (which governs the spatial
extent of the vertex functions, see Sect. 5.2) can eas-
ily be reached, see Fig. 5b,c. The FRG also predicts a
power-law divergence of the susceptibility x around the
critical region, see Fig. 5d.

By construction, the FRG is exact in the non-
interacting limit. We have just shown that it also accu-
rately reproduces the mean-field results for ¢t/U = 0.
This is a highly non-trivial result. Note that in con-
trast to mean field, the FRG also correctly captures
the metal-CDW transition at £ = I' = 0 (see below
and Ref. [68]).

6.4.2 Generic phase diagram

We now discuss FRG data for the phase diagram for
arbitrary values of the I', E and U; results are shown in
Fig. 6, more details can be found in Ref. [68]. At large
(but finite) U/t = 10, the FRG again reproduces mean-
field results accurately. Another benchmark (which is
not shown in Fig. 6; see Ref. [68]) corresponds to the
case with £ =T" = 0, where FRG yields a critical value
of Uqit/t = 1.4 for the transition between the metal-
lic and CDW phases in stark contrast with mean field,
which gives UME = 0. The CDW phase for E =T =0
manifests in the lower-left corner of the phase diagram
for U/t = 5. Application of a finite electric field E
restores translational symmetry through induced cur-
rents and drives the system into a metallic phase. How-
ever, sufficiently strong values of E eventually drive the
system back to a CDW phase. At small U/t = 1, it is
solely the electric field that drives the transition into
the CDW phase.

7 Finite systems: FRG approach

We turn our attention to the case of finite systems of
size L. In this case, it is reasonable to choose a distri-
bution function of the auxiliary reservoirs that is inde-
pendent of the site i:

n"(w) = n{"(w).

(121)

As before, the flow equations need to be simplified to
tackle systems of more than a few sites. We summarize
the approach of Ref. [70].

7.1 Simplification of the flow equations

The flow equations in the channel decomposition
[Egs. (90) and (92)] can in practice not be solved for
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4 gl

0123456012345 6012345¢6

Bt B/t

Bt

Fig. 6 (Adapted from Ref. [68].) Phase diagram as a function of I' and E for different values of U. At large U/t = 10,
FRG data agrees well with mean-field results (red line). At intermediate U/t = 5, FRG correctly captures the CDW phase
for I' = E = 0. Application of an electric field first induces currents and drives the system into a metallic, but eventually
many-body Wannier—Stark localization sets at large F in and the system reenters a CDW phase. For small U/t = 1, the
transition into an CDW phase is driven solely by E. Grey and red hatching indicates regions where no unique and no stable
mean-field solution exists, respectively (see Ref. [68] for details)

a large system. A straightforward simplification is to
set v = o on the RHS, which is equivalent to setting
4" = o directly on the RHS of Eq. (81). For didactic
purposes, we again state the resulting flow equations:

8A211\/1 (w)

- —%/dQZSé‘Ql(Q)

22/
x [7_]1’2’124"7%9'12 Q@+ w)"”ﬁ;é\'m(g - w)‘*"yf'é\'lz(o)} )
(122)

as well as

A
3/\’752,12(1_[)

II II _
x [sh (5 - Q) G, (5 + Q> Jorane,
a/Wi('é\'u (X)

1
= %/dQ Z U1/4/32

33744/

X X
x [593, (Q - 5) Gh, <Q + 5)
X X
+ Ghy (Q - ?) Siy (Q + 5) ]773'2/14,

—i
Oniga(A) = %/Cm Z V1314

33744/

A A
x [5?93/ (Q - 5) Gh, <Q + 5)

A A
+ Ghy (Q - 5) Sy (Q + 5) }54'2'32-

(123)
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A numerical implementation of Eq. (123) is still too
demanding due to the number of single-particle com-
ponents. An additional approximation proposed in
Ref. [70] is to neglect the self-energy feedback in the

two-particle vertex flow equations by replacing G* —

g™ and S — sM. The vertex flow equations can then be
integrated; this is clear for the x and d channels whose

RHS contains only 8A9§‘3, g4, and for the p channel, it
follows from

A i _
ONia (D) = = [ A2 D7 (Brrasa [y (22) gl (24)]
33744/

_ _ A A _
XUgr4r12 + V172743 [3441 (Q+) g5/ (Q—)] U4’3’12)

i _ A
= E dQ Z V17234 [533/(97)924/(99
33744/

+9§3'(Q—)3i\4/ (Q+)] Ugr4/12

i

_ - A A -

= 8A47r/dQ E U179/34933/ Guyr V3747125
33744/

Qt = g +Q. (124)
Restoring the frequency dependence on the RHS, the
two-particle vertex flow equations in Eq. (123) integrate
to:

A _ i A ! A I
Ao, (IT) = E/dQ > gl (5 —Q) o (5 +Q>
33744/
XV1/2/34V374/12,
XA i A X A X
Mi2r2(X) = g/dﬂ Z 933/ (Q_ 5) vy (Q+ 5)
33744/
XV114/32V3/2/14,
—i A A
Ao (D) = —/dQ > gy <Q— 7) giy (Q+ —)
2m 2 2
33744/
XV173114V472/32- (125)
Eq. (125) is nothing but the perturbation theory result
for the two-particle vertex in presence of a reservoir
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coupling A. The absence of inelastic scattering con-
tributions (i.e., neglecting the self-energy feedback) is
numerically challenging when performing integrals, and
in the next section we will show how the frequency inte-
gration on the RHS can be computed analytically. One
should note that the self-energy flow equation (122) is
unaltered; the self-energy feeds back into its own flow
equation through the dressed propagators S* appear-
ing on the RHS.

The solution in Eq. (125) naturally satisfies Egs. (93)

and (94), and the components of 'yl{,pQ’,Xl’;i P become
sparse. If the interaction range R, is finite, the numer-

ical cost of computing v* at a given A scales as

O(L*Nq)  O(Na) (126)
——— ——
#components int on RHS

The effort to compute g* is given by O(L>Nq) and is
not included.

7.2 Analytic expressions for the two-particle vertex
components

We recap a semi-analytic approach to compute the
two-particle vertex components that circumvents the
numerical integration on the RHS [70]. We define the
modified single-particle Hamiltonian by:
h = h+TrebA, (127)
where T4 is given in Eq. (82). For the case of wide-
band reservoirs, this quantity is frequency independent
by virtue of Eq. (30). Note that A is not hermitian, so
it has separate left and right eigensystems:
hla)=Ala), (@h=(@x.  (128)
The positivity of I} ensures that Im()\,) < 0 Vg.
The retarded and advanced components of the non-
interacting Green functions then read:

- R oy = 5

adv,A _ 1 _ 1 . _
g (W)—wfm—§w_)\3|q><ql—

gret,A(

(129)

where we have introduced the matrix Q, = |¢) (g|]. We
now use Eq. (19) as well as the Dyson equation (27)
to express ¢’ (w) in terms of an effective distribution
function n°f(w):

gK,A — gret,Al—wK,Agadv,A _ gret,A(l o 2neff)
_ (1 _ 2neﬂ)gadV,A
& A = h(1 - 2n°T) — (1 — 2n°T)AT.

(130)
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All reservoirs contribute additively to n°f, and the
only frequency dependence stems from n”(w) and
n°(w), which correspond to the distribution functions
in the physical and auxiliary reservoirs, respectively
[see Eq. (82)]. As a result, the effective distribution
function can be expressed in terms of some frequency-
independent operators 7, and nc.t. In the special case
that all reservoirs are at either zero or infinite temper-
ature, one obtains:

1 —2n(w) = Z Mo [1 — 2n%(w)]
a=v,cut
= Z Nasgn(w — o). (131)
a;:,:gt

By comparing Egs. (31), (130), and (131), matrix equa-
tions can be derived for 7,,7cus; they are given by

—2iT = hn, —n,ht,  — 2IA = hijeut — Neuth'.

(132)

These equations are of a Sylvester form, and they can be
solved by the Bartels-Stewart algorithm [92] to obtain
the matrices 7, and 7y, which in turn determine
the effective distribution matrix 1 — 2n°f. Note that
a unique solution for n° exists if and only if ~ has no
real eigenvalues, which is fulfilled when all degrees of
freedom have a decay channel into one of the reservoirs.

Using Egs. (129) and (130), all terms appearing on
the RHS of Eq. (125) can be expressed in terms of

complex-valued integrals. As an specific example, let

us consider the combination of gzrgf {\ gi lA/ on the RHS:

ret,A K,A
/dQ gisfs, (iQ)gi4i4, (Q+w)

= /dQZ :HZ%)\ql (qu)igis, %gsyl(ﬂ + W — o)

! i
ara oy @, - OTw- N, ()., ]
==+ Z Z (qu & qu’r]a)isi;ﬂiﬂy fl(j:)\QI 5 )‘qz —w, :ua)
9192 <«

~ (Qu ®@n.Ql.) S0 A,

1384140,/

- w, /Aa),
(133)

where w € {II, X, A}. The integration variable Q was
shifted, and we introduced a frequency integral f;

1

1
filab) = [0t ot sen@ - . (130

This integral does not depend on the single-particle
indices and can be computed analytically. All other
terms can be treated similarly; the results can be found
in Ref. [70]. The numerical effort to evaluate the vertex
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flow equation is now given by

O(L*Ng) O(L?%) (135)
—— SN——
#components sum on RHS

At each A, it is essential to first compute and store
all quantities Qgq, Mo, Q¢Na; NaQq. More details about
the numerical implementation of the flow equations (in
particular the issue of parallelization) can be found in
Ref. [70].

7.3 Perturbation theory limit

The expression for the two-particle vertex in Eq. (125)
corresponds to second-order perturbation theory. We
will now illustrate how the self-energy can be computed
strictly up to second order in U [70]. This allows us to
compute perturbation theory data using the existing
numerics and to directly compare those with the FRG
results.

The first-order contribution to the self-energy can
be obtained by replacing the single-scale propagator as
well as the two-body vertex on the RHS of Eq. (90) by
their lowest-order expansion (s* and o, respectively)
and by integrating the resulting equation [42]:

i _
ST w) = o dQZQé\Q'(Q)Ul’Tl?' (136)

22/

To compute the second-order term, we expand the
single-scale propagator S™:

SA _ 3}§GA _ a;{ [gA +9A21PT,AgA + O(Uz)}
— SA +gA21PT,ASA +SA21PT,A9A _|_O(U2)
=2+ o), (137)

where s represents the single-scale propagator without
self-energy feedback. Since y{P*dbA ~ U2, the second-
order contribution to the RHS of Eq. (122) that is asso-
ciated with the x- and p-channels is given by

i A X,
T on ds z 552 (Q) ['@2/12(9 +w)+ 71';\'12(9 - W)]

22/

—-ong- [ 403 o (@) 18 (0 + )]

22/

(138)

The derivative in the last line acts on ¢* as well as
on P, which yields the first and second term in the
first line, respectively. This follows from Eq. (125) by
renaming indices as well as the integration variables.
The second-order contributions to the RHS of Eq. (122)
that are associated with the d-channel and with the
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single-scale propagator read:

i
-5 / dY 535 (2)71912(0)

22/
+ {st + gt nITTAN L ASITAGA Y  (Q)v1as

i
= =05 /dQ > 95w () {171'2'12 + 7&179/12(0)},
22/
(139)

where we have employed Eq. (136); the terms gAX1PTA
570 can be identified with g*9xy3* via Eq. (125).

Egs. (138) and (139) constitute the RHS of the self-
energy flow equation (122) in second-order perturbation
theory. Integrating w.r.t. A gives:

A i
SN W) = g [ A2 ()
22/ (140)

i A d,A
X |U1r912 + Vo (Q +w) +717515(0) ]

Note that the RHS of the equation depends on the com-
ponents yP* and 44", which are given in Eq. (125),
and which can be computed analytically (see the last
section); 7" does not appear separately due to the
combination of Eq. (138) with Eq. (125). Eq. (140) is
completely general and is fulfilled even if there is a finite
first-order contribution 'FTA o the self-energy [42].

8 Finite systems: results

We now apply the second-order FRG scheme to study
a finite chain out of equilibrium. We follow Ref. [70],
which contains additional details.

8.1 Model: Finite tight-binding chain coupled to
reservoirs at the edges

We study a tight-binding chain with nearest neighbor

hoppings t and nearest neighbor interactions governed
by (see Fig. 7):

L-1 L-1
1
Hsys =t Zl C;CjJrl +He +U Zl (C;-Cj _ 2)
j= i=

n 1
X Cj+1cj+1 — 5 .

In what follows, we always set ¢ = 1. We couple the
system to physical left and right wide-band reservoirs
labeled by v = 1,2, respectively [see Eq. (30)]:

(141)

DUt = —il0;1051,  T9™' = —il0ip0j.  (142)
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T t t t t t t r
[ Jesesontuenenex
v U U U U U
Fig. 7 (From Ref. [70].) Pictorial representation of the system discussed in Sect. 8: A tight-binding chain of L sites with
hoppings t = 1 and interactions U is driven out of equilibrium by zero-temperature reservoirs I' with different chemical

potentials p12 = £1

These reservoirs are assumed to be at zero temperature
T,—12 = 0 and governed by different chemical poten-
tials M1 = — 2 = 1.

All auxiliary reservoirs are identical and are charac-
terized by a single temperature T¢,+ and a single chemi-
cal potential pcy. Different situations will be explored:
1) Tews = feus = 0, 11) Teuy = Oa,ulcut = M2 = -1, and
iii) Teut = 00, where in the last case, the choice of ficys
is irrelevant.

8.2 Fundamental questions to address

The one-dimensional chain in Fig. 7 is governed by Lut-
tinger liquid physics at low energies, and the Matsubara
FRG was used to address the corresponding power-law
behavior [52,60,93]. The fate of the Luttinger liquid
phenomenology in non-equilibrium is being debated;
e.g., a first-order FRG approach yields unconventional
power-law exponents [33]. It is unclear whether or
not this scenario survives when inelastic scattering is
accounted for by a second-order scheme. The frame-
work of Sect. 7 can be employed to address this ques-
tion; more details can be found in Ref. [70].

FRG results can be obtained for chains of up to
L = 48 sites using massive parallelization on hundreds
of compute nodes [70]. In equilibrium, the physical
temperature and chemical potential provide a natural
choice for the auxiliary reservoirs. In non-equilibrium,
it is essential to check that the values of Tey and eyt
do not influence the results. We will now demonstrate
that this is not the case and that physical quantities
qualitatively depend on the cutoff scheme. The FRG
approach of Sect. 7 is hence inadequate to tackle the
fate of non-equilibrium Luttinger liquid power laws [33]
in the presence of inelastic scattering.

8.3 Application to the steady state of finite
quantum chains out of equilibrium

Figure 8 shows FRG results for different temperatures
Teut and chemical potentials eyt of the auxiliary reser-
voirs. We again stress that in contrast to equilibrium,
there is no natural choice for these parameters. We
compute the effective distribution function of Eq. (19),
where one expects a piece-wise constant function with

two steps in the limit of small U and I'. Moreover, we
show the local occupation number n; = <czci>, the par-

ticle currents I;, and the local density of states at the

edge
1 1
Pi (w) =——Im -1 . )
m (Gt (w)] " + ilsmear )
Camear = 0.2. (143)

All of these quantities qualitatively depend on the FRG
cutoff. This can be traced back to the behaviour of self-
energy; the right panels of Fig. 8 illustrates the strong
cutoff-dependence and the emergence of secular terms

Im (E'ﬁiv(w)) JU?  pert. theory in U? + UN,
(144)

which are only partly included in our approach. This
illustrates that the current FRG scheme cannot ade-
quately treat the system in Fig. 7. More details can be
found in Ref. [70].

9 Summary

In this work, we reviewed and gave a detailed account
of recently-developed, second-order FRG approaches
to the steady-state of out-of-equilibrium problems in
one dimension. The original works can be found in
Refs. [68-71]. In particular, we discussed second-order
truncation schemes which account for the flow of the
two-particle vertex and which thus incorporate inelas-
tic scattering (this is particularly important in non-
equilibrium). The only fundamental approximation is
the channel decomposition within the vertex flow equa-
tion. After introducing this general, common frame-
work, we presented details on two different specific
setups.

First, we recapitulated the application of the second-
order FRG to the steady state of infinite systems
which are translation invariant up to a shift in energy
(Refs. [68,69]). As an additional approximation, one
assumes that the spatial range of the vertex functions
is limited by a parameter M; the original flow equa-
tions are recovered in the limit M — oo, and con-
vergence w.r.t. M can be reached in practice due to
the translation invariance. The algorithm was used to
study the non-equilibrium phase diagram of a general-
ized Wannier—Stark ladder coupled to reservoirs. One
observes re-entrance behavior and multiple transitions
between metallic and CDW phases. The FRG correctly
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Fig. 8 (Adapted from Ref. [70].) A chain of length L = N with ¢ = 1 and I" = 0.2 is driven out of equilibrium by a
bias voltage pi,2 = 1. We compare FRG results obtained using various parameters of the auxiliary cutoff; the second-
order perturbation-theory results are shown for comparison (PT). Left panels: Fixed interaction U = 1 and system size
L = N = 24. The plot shows the effective distribution function of Eq. (19) at the boundary (top left), the occupation of
the individual sites as well as the local current (solid and dashed; bottom left), and the local density of states pi(w) at the
boundary (top right). Right panels: Imaginary part of the self-energy at the boundary for various values of U and N = L

at Mcut = 0

captures the phase transition in equilibrium as well as in
the mean-field limit of large U, which provides a highly
non-trivial benchmark. Such a setup cannot be tackled
straightforwardly using more accurate methods such as
tensor networks and is a prototypical candidate for a
FRG analysis.

Secondly, we reviewed the application of the second-
order FRG to the steady-state of finite chains coupled
to left and right reservoirs (Ref. [70]). This setup is more
involved due to the absence of translation invariance,
and several additional approximations are needed to
solve the FRG flow equations for the two-particle vertex
in practice. In particular, we neglected the feedback of
both the self-energy and the two-particle vertex in the
flow equation of the two-particle vertex (the self-energy
flow equation was not modified). This can be viewed
as A-dependent perturbation theory and allows for an
semi-analytic solution. Using large-scale parallelization,
one can access systems of up to ~ 50 sites. As a pro-
totypical setup, we investigated an interacting tight-
binding chain that is coupled to left and right reser-
voirs with different chemical potentials. It turned out,
however, that this system cannot be treated reliably
using the FRG scheme at hand since physical quan-
tities depend qualitatively on the choice of the cutoff
scheme.

While the second-order Keldysh FRG scheme pro-
vides a powerful tool to study the non-equilibrium
phases of the generalized Wannier—Stark ladder, the
method fails for finite systems. In this case, one needs
to develop more involved truncation schemes that go
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beyond a purely perturbative treatment of the two-
particle vertex. One potential way forward would be
to shift the focus away from Luttinger liquid physics
and to study small systems where the flow of the
two-particle can be accounted for without having to
resort to the drastic approximations used here. This was
already done for impurity problems, which can serve as
a natural starting point [36-38,56-58]. Another inter-
esting avenue is a possible extension of the merger of
dynamical mean field theory and FRG (DMF?RG) [94],
which is currently used only in the equilibrium case, to
non-equilibrium.
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