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in interacting nanojunctions: An analytical hierarchical study
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We present a nonperturbative and formally exact approach for the charge transport in interacting nanojunctions
based on a real-time path-integral formulation of the reduced system dynamics. For reservoirs of noninteracting
fermions, the exact trace over the leads’ degrees of freedom results in the time-nonlocal Feynman-Vernon
influence functional, a functional of the Grassmann-valued paths of the nanojunction, which induces correlations
among the tunneling transitions in and out of the nanojunction. An expansion of the influence functional in terms
of the number of tunneling transitions, and integration of the Grassmann variables between the tunneling times,
allows us to obtain a still exact generalized master equation for the populations of the reduced density matrix in
the occupation-number representation, as well as a formally exact expression for the current. By borrowing the
nomenclature of the famous spin-boson model, we parametrize the two-state dynamics of each single-particle
fermionic degree of freedom, in the occupation-number representation, in terms of blips and sojourns. We apply
our formalism to the exactly solvable resonant level model (RLM) and to the single-impurity Anderson model
(SIAM), the latter being a prototype system for studying strong correlations. For both systems, we demonstrate
a hierarchical diagrammatic structure. While the hierarchy closes at the second tier for the RLM, this is not the
case for the interacting SIAM. Upon inspection of the current kernel, known results from various perturbative and
nonperturbative approximation schemes to quantum transport in the SIAM are recovered. Finally, a noncrossing
approximation for the hierarchical kernel is developed, which enables us to systematically decrease temperature
at each next level of the approximation. Analytical results for a simplified fourth-tier scheme are presented both
in equilibrium and nonequilibrium and with an applied magnetic field.
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I. INTRODUCTION

The qualitative understanding and quantitative description
of transport properties of interacting nanojunctions is one
of the core problems of nonequilibrium condensed matter
physics. Interacting nanojunctions describe the general class
of open systems whereby a quantum system S of interest (a
molecule, a quantum wire, a set of quantum dots, etc.) is
coupled via tunneling to two or more fermionic reservoirs
held at different chemical potential and/or temperature (see
Fig. 1). Relevant observables of interest are typically the aver-
age current flowing through the junctions, or its higher-order
cumulants, which result from a nonequilibrium configuration
in the leads.

The presence of many-body electronic interactions in the
central system, in combination with the large number of
degrees of freedom in the fermionic reservoirs, renders the
solution of the transport problem a challenge. Not even for
the archetypal single-impurity Anderson model (SIAM) [1],
where the central system is a single orbital which can ac-
commodate two electrons of opposite spin, the current-voltage
characteristics for this model has yet been obtained in closed
analytic form in the whole regime of parameters. The SIAM
is a prototypical example to investigate the interplay between
strong correlations in the central system and a continuum of
degrees of freedom provided by the leads’ electrons. Below
a critical temperature, known as Kondo temperature Tk, this
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interplay gives rise to the emergence of the Kondo singlet,
a bound state at the Fermi level signaling the screening of
the unpaired impurity spin by the conduction electrons [2-6].
Importantly, the Kondo temperature depends exponentially on
the tunneling coupling, showing the need of nonperturbative
approaches in the tunneling to capture this effect [4].

The necessity to develop approximation schemes enabling
the treatment of tunneling and interactions on the same footing
is at the core of various approaches to interacting quantum
transport which have been proposed in the literature. In order
to understand the method proposed in this work, and to put
it in a proper context, we shortly summarize the very essence
of the main approaches available so far. We start by distin-
guishing between numerically exact methods and analytical
or semianalytical schemes. In equilibrium, numerically exact
methods such as the numerical renormalization group (NRG)
[7,8] or the density matrix renormalization group (DMNRG)
[9,10] are well established to evaluate the linear conductance
through nanojunctions with only few degrees of freedom of
the central system. In this work we shall use results from
DMNRG simulations to benchmark various approximation
routes for the SIAM. Numerical schemes also applicable in
nonequilibrium situations are being developed and involve,
among others, time-dependent DMNRG methods [11,12], it-
erative [13] and Monte Carlo [14] path-integral schemes,
and hierarchical equation-of-motion approaches [15,16], also
based on the path-integral approach, or auxiliary function
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FIG. 1. General transport setting where a central interacting re-
gion, the system S, is tunnel coupled to several noninteracting
fermionic leads with given temperature and chemical potential.

methods [17-19]. See also [20] for a more detailed review and
comparative study of some of these approaches. The compu-
tational effort, however, grows exponentially with the number
of degrees of freedom of the central system, which renders nu-
merical approaches impractical for interacting nanojunctions
with more than a few degrees of freedom.

For this reason, also semianalytical and analytical schemes
have attracted much interest to address the transport problem.
These encompass frameworks where the expression for the
current involves the calculation of nonequilibrium Greens’
functions and associated self-energies [21-27] to ones where
the current results from a statistical average, and thus the cen-
tral quantities are the density operator or the reduced density
matrix (RDM) of the open system (see, e.g., [28-31]). Given
the large variety of methods and their different range of appli-
cability, it is rather difficult to keep focus of the enormous
amount of literature by now available, so that comparison
between various schemes and short topical reviews becomes
very valuable [32-38].

From the perspective of this work, it is convenient to sepa-
rate the available methods in two main groups. In the first one,
and by far the most popular, the starting point are dynamical
equations for the relevant quantities, which are solved by trun-
cating a hierarchy of equations, or by systematic perturbation
schemes. The most known dynamical schemes involve equa-
tions of motion for the Green’s functions [33,39-43], kinetic
equations for the density matrix [44,45] or the reduced density
operator [29,46-52], and perturbative RG schemes [53—60]. In
the second and much less explored one, the starting point are
formally exact expressions for generating functions or for the
reduced density matrix obtained with field integral methods.
Here the relevant information on the time evolution of the
open system is captured, e.g., by Keldysh effective action
[61-63] or double-path Feynman-Vernon influence function-
als [64,65], resulting from an exact trace over the reservoir
degrees of freedom. The advantage of these approaches is to
enable analytical solutions being intrinsically nonperturbative
in both the tunneling and interaction. For example, generating
functional methods have been used to treat zero-bias anoma-
lies in metallic islands [66], and the nonequilibrium Kondo
effect in the SIAM [67,68] and in carbon nanotube-based
quantum dots [69—71]. However, a treatment of interacting
nanojunctions based on an exact path-integral expression for

the junction’s RDM has not been discussed yet. In this work,
we wish to bridge this gap.

Here we propose an analytical method, based on the
Feynman-Vernon influence functional approach for fermionic
reservoirs. This approach provides an exact expression for the
RDM in the fermionic coherent-state representation [72,73]
and has been used to investigate transient and stationary trans-
port in noninteracting nanojunctions [65,74-76]. We show
that the influence functional is also a powerful tool to treat
interaction effects all the way down to low temperatures for
a generic nanojunction linearly coupled to nonequilibrium
fermionic reservoirs. Starting from the exact formal expres-
sion for the system’s RDM, we derive a still exact quantum
master equation for the same object. Importantly, and one
major result of this work, a nested hierarchical structure of
the quantum master-equation kernel is recognized which al-
lows for devising systematic, nonperturbative schemes in the
calculation of the kernel. Similarly, a path-integral expres-
sion for the current through the nanojunction is obtained
and its relation to current formulas in terms of nonequilib-
rium Green’s functions [21] elucidated. We apply then our
formalism to two archetypal examples. The first one, the
exactly solvable resonant level model (RLM) [36], is used
to show that the nesting in the hierarchical structure is finite
for noninteracting models, and thus a closed analytical form
for the current can be obtained. The second is the SIAM,
where the combined effect of interactions and tunnel cou-
pling implies an infinite, hierarchical structure. On the one
hand, by performing an expansion of the kernel in powers
of the tunneling coupling, Coulomb blockade physics, single-
electron tunneling and cotunneling effects occurring in the
weak coupling limit [77] can be described, in agreement
with established diagrammatic perturbative schemes (see, e.g.,
[34,47]). On the other hand, by truncating the hierarchy to
the second tier, the diagrammatic resonant tunneling approx-
imation (RTA) [45,47] is recovered. By neglecting crossed
diagrams in the RTA, a second-tier noncrossing approxima-
tion (NCA2) is obtained. Noticeably, the NCA2 reproduces
the famous result for the SIAM Green’s function as obtained
in [78] using the equation-of-motion (EOM) method. Finally,
by only including charge fluctuations, the NCA2 reduces to
the dressed-second-order (DSO) approximation discussed in
[49]. Such schemes foresee the onset of the Kondo zero-
bias anomaly, but are plagued by a pinning problem of the
self-energy at the particle-hole symmetry point when decreas-
ing the temperature (see, e.g., [40]). Further, the temperature
for the onset of the anomaly differs from the proper Kondo
temperature (see, e.g., [49]). Thus, higher-order tiers are
required. In this work, we develop an infinite-tier scheme
named dressed bubble approximation (DBA), and a simplified
NCA version of it, whereby the problem of finding the self-
energies, and thus the retarded Green’s function, is reduced
to a geometrical problem involving the inversion of matrices
of dimension 4 x 4, at most, for the SIAM. Exemplarily, we
discuss a fourth-tier scheme, the NCA4, whose simplified
version allows for an easy-to-handle analytical solution that
improves over the second-tier schemes by lifting the pinning
problem. We test the predictions for the linear conductance
of this simplified NCA4 scheme against numerically exact
DMNRG results. Moreover, we study the transport properties
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in a nonequilibrium situation and in the presence of an applied
magnetic field.

The paper is structured as follows. In Sec. II we introduce
the generic model for interacting nanojunctions and derive
formally exact path-integral expressions in the coherent-state
representation [72] for both the RDM and for the current
at a given lead [65,74]. Here, as a result of the trace over
the fermionic reservoirs, tunneling events in and out of the
central system become correlated through the action of the
time-nonlocal Feynman-Vernon influence functional. How to
then obtain an exact master equation for the RDM in the
case of noninteracting nanojunctions is further discussed in
[65,74]. Since our focus is on the interplay of interactions
and tunneling, we perform a first crucial step by expressing
the exact propagator in the occupation-number representation
starting from the coherent-state picture. This transformation
paves the route for the expansion of the influence functional
in series of tunneling transitions discussed in Sec. III, and for
the diagrammatic representation of the propagator in terms
of blips and sojourns illustrated in Sec. IV. Here, borrow-
ing the nomenclature from the famous spin-boson problem
[79], we show that by expanding the influence functional
and integrating out the Grassmann variables we can view a
path as a sequence of blips and sojourns as for the two-state
system in the spin-boson problem; the two states of the spin
correspond here to (fermionic) degrees of freedom of the
central system being empty or singly occupied. In Sec. V
this knowledge is used to obtain an exact generalized master
equation (GME) for the diagonal elements (populations) of
the RDM, as well as an integral equation for the current.
The hierarchical structure of the populations kernel in Laplace
space and the Dyson equation for its propagator are derived in
the central Sec. VI. Specializing to the case of proportional
coupling, the connection between the current kernel and the
retarded Green’s function is established in Sec. VII. In such
case, the Meir-Wingreen formula for the current is recovered.
There follow two sections where we apply our general for-
malism to the exactly solvable RLM, Sec. VIII, and to the
SIAM, Sec. IX. Since the RLM accommodates at most one
electron, interaction effects play no role here, and the Dyson
equation for the propagator is solved exactly at the second-tier
level. In the SIAM, in contrast, the hierarchy of equations for
the propagator does not close, and approximation schemes
are required. We show how to recover within our formalism
various common approximation schemes for the SIAM and
discuss further the infinite-tier DBA scheme. Analytical re-
sults, which include the temperature dependence of the linear
conductance and the differential conductance in the presence
of an applied magnetic field, are then exemplarily obtained
within the NCA4, a truncation of this scheme to the fourth tier,
with some additional simplifications. Finally, conclusions are
drawn in Sec. X. Some of the detailed derivations are deferred
to the Appendixes.

II. PATH-INTEGRAL REPRESENTATION FOR THE
REDUCED DENSITY MATRIX AND THE CURRENT

We consider the general transport setting depicted in
Fig. 1, where a central interacting region, with a number
N of available electron states, indexed by i or j in what

follows, is connected via tunnel coupling to noninteracting
fermionic leads, held in general at different chemical poten-
tials and/or different temperatures. This general setting can
describe molecular junctions [26,27], manufactured nanos-
tructures, such as lateral quantum dots [80], or other complex
junctions [81].

The Hamiltonian of this transport setup consists of three
terms, corresponding to the partition in central system (S) plus
leads coupled via a particle exchange term, and reads as

H = Hs + Z Ectkclk(,cak(r

ako

+ Z[tiakaa;caka + t?:ykgclkaai]' (1)

iako

The central system part is left unspecified at the present stage,
being some function of the fermionic creation and annihila-
tion operators aiT and q; relative to the single-particle basis
{li)} in S. It contains in principle interaction terms which
are quartic in these operators. Further, for simplicity, Hs is
assumed to be time independent, although the inclusion of
time-dependent terms in a real-time path-integral formalism
is straightforward [64,82]. The second term is the free leads
part with creation and annihilation operators cika and cyio,
where « runs over the leads, o is the spin degree of freedom,
and k denotes the kth electronic state in the lead «. The third
term in Eq. (1) describes the exchange of particles between
dot and leads, with the energies t;y;, giving the amplitude of
the tunnel coupling. In the continuum limit, denoting with
Owo (€) the density of states of lead « in energy space, we
set Y 1o = O wo J d€ 0uo(€). Then, the tunnel coupling is
characterized by the energy-dependent hybridization matrix
I(e) =), I'y(€) whose elements are

[Ta(€)ij =27 ) Ouo ()l (€} (). )

A. Reduced density matrix and current

Let us denote with p the reduced density matrix (RDM)
of the central system. The RDM is obtained from p(?),
the total density matrix, by tracing out the leads’ degrees of
freedom p(7) = Trieads[ o ()], With the time evolution of py
being governed by the evolution operator associated to the
Hamiltonian (1). Since we have assumed noninteracting leads,
this trace can be performed exactly in the coherent-state repre-
sentation using standard path-integral techniques [72,74]. We
consider for simplicity an initially factorized density matrix
prot(to) = p(to) ® pih 1, where pil | = &), p1, with the lead
« in the grand-canonical equilibrium state at a given tempera-
ture 7,, and chemical potential u, (see Fig. 1). The propagator
J yields the matrix elements of the RDM in the coherent-state
representation at time ¢ according to

(Elp(1)1E) = / d*&,d*E)T (&, &y, 13, &y 10)pg g, (),

; (3)
where pg & (10) = (&0lp(t0)|&y). The Grassmann variables & =
(...,&,...) and & = (...,£€™,...) have one component

for each electronic state which is defined by 4;§) = £1&)
and ()ElfziT = &£™(&|. Following the procedure outlined in
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Appendix A, the propagator acquires the formal, exact path-
integral expression in the coherent-state representation

% & b x «(F* E
T by 1360, B o) = / DE / DEeh 55" H-SiE &)
y o Jg
x F(E*, & &8, )

where [ D& = [[[i_, dé(t)*dé(n) and [ DE=
[TIE, d&(t)*d&(t;) denote the sums over paths in the
forward and backward time branches, respectively, with fixed
end points and K — oo. The action of the central system
is given by the time-discretized expression [§, = &(7) and

J

fp1 = t + 8]

K
e%Ss(S*f) — l—[ e*EZ'§k+§z+1'§k*%HS(§:+1»Ek)tSt’
k=0
- )
e%sg(é*,é) zl—[e_g,jgﬁg;.gk“+%HS(§;.§H,)5:’
k=0

with &*(tx4+1) = & and &(tx41) = &,. Due to the trace over
the leads, these paths are coupled by the Feynman-Vernon in-
fluence functional [64] F(&*, &, &, E) = exp[® (£, &, &, B)]
whose phase can be given in the following symmetric form
(see Appendix B):

D 6 F B = / ar / d"E W) - gt — 1) - EC") + £ - g — 1) - E (")

—Et) g (' =" EW)-EW) gt 1) E¢)+EW) g (' —1")-E1")
+E) g —1t")EC)—EC) g~ EG) - EW) g — 1) EC). (6)

The correlation matrices g+ have elements

1 y
gi() = D ko Ui S5 (€)1, (7

ako

where f%(€;) = [1 + efeé=1a)]7! is the Fermi function of
lead o and f%(e;) := 1 — f{(&). As shown in Appendix C,
these matrix elements are the correlation functions of the
leads’ force operator.

The phase of the influence functional, Eq. (6), displays the
eight fundamental processes involved in the transport setup
consisting of pairs of tunneling events, each creating or an-
nihilating one electron in the central system, connected by a
fermion line. These processes are shown in Fig. 2. A fermion
line is mathematically represented by the time-dependent part
of the correlation function calculated at the difference between
the times of the two events [see Eq. (7)]. To the two tunneling
transitions coupled by a correlation matrix g we attributed
the product of the two tunnel amplitudes with the appropriate
Fermi function, as given by the prefactors of g. As an example
of process in the phase of the influence functional, consider
E™(t)gij—(t' —t")& (t"), which is one of the terms generated

t/ t// t// t/
. m .
t < T T to T T > t
t/ t/l t// t/

FIG. 2. The elementary processes displayed in the phase of the
influence functional (6): each line joining a pair of tunneling transi-
tions represents either a creation/annihilation or annihilation/creation
process, giving a total of eight elementary processes. In the lower
panel, the paths in the forward (f) and backward (b) time branched
are coupled by the influence phase @.

(

by the scalar product in the first term of the sum in Eq. (6).
This is the forward process depicted in the upper-right part
of Fig. 2 and consists in the destruction of one electron in the
state j of the central system at time ¢” followed by the creation
of one electron at a later time ¢’ in the state i. Note that this
is actually a collection of processes, as there is a sum over
the leads and their states in the correlation function. Likewise,
E'(t")g}; (1 —1")E*(1") gives the creation of one electron in
the dot at time ¢” followed by the annihilation of an electron at
a later time ¢’ in the backward time branch (see the upper-left
part of Fig. 2).

As can be seen from Eq. (6), in the influence functional,
forward and backward paths of the individual degrees of
freedom are self-interacting and also coupled to each other
in a time-nonlocal fashion. The latter feature ensures that
the Feynman-Vernon approach takes fully into account the
back-action due to the leads in the system evolution.

B. Current

We define the particle current in lead / as the expectation

value of N (t), the time derivative of the particle-number
operator of lead [. In the Heisenberg picture N;(t) =
D o c;fk“ (t)ciko (t) so that, with the general Hamiltonian in

Eq. (1),

R) = —%[N,m,H(t)]

= = D [t O000) = o] s 01 (8)

iko

The electron current [;(t) = —e(ﬁz(t)), where (ﬁ,(t)) =
T[N, (1) prot], assumes the form

I(t) = e% D ik (i (Dai0)) = tire (@] ()eipo (1))]

iko

= ¢2ReTrg [Az )], )
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where, using Oy(t) =UT(t,1)0sU(t, 1p), we have defined
the system operator .4, (¢) as the following trace over the leads:

LA = = D i Treasla] o pa 1 (10)

ko

The system operator A;(¢) admits a path-integral representa-
tion similar to the one carried out for the RDM, namely,

(EJA)E,) = / d*EydE\ T} (€5, &,.1: &), &g, 10)pg g, (10)-

1D
The current propagator is given by [65,74]
T/ (&5 & 160, &g, 10)
EZ E” = i * * (B F
_ / Dt [ DEAISE H-55E B
& &
x (& & OF(E 68,8 (12)

This expression is similar to that of the propagator for the
system RDM [Eq. (4)], the difference being the multiplicative
current functional

T 8= — / dt' E Ol (1 — 1EC)

— g+t —tHEX)). (13)

Here, the correlation matrices bear the index / (which is not
summed over) of the lead considered for the calculation of
the current, with g4 (1) = Y, 84+ (t). Moreover, there is one
single time integral and the last Grassmann variable has the
time argument fixed at the final time ¢ while the argument of
the first runs from #, to ¢. Finally, the structure of the integrand
in Z is similar to that of @, the exponent of the influence
functional F given in Eq. (6), except for the two constraints
that fix the nature of the last Grassmann variable, reflecting the
fact that the operator aj' is fixed in the calculation of A; [see
Eq. (10)]. In Appendix D, we show the connection between
the path-integral expression for the current and the Green’s
functions.

C. Propagators in the occupation-number representation

For a system with N electronic states i =1,..., N, we
introduce the composite index n = (ny, .. ., ny) collecting the
occupations of the states in the occupation-number represen-
tation, with n; = 0, 1 for state i. The anticommutation relation
obeyed by any two Grassmann variables yields the property
[72]

/dé*dé{é*é, £, & 1}={-1,00 0. (14

Note that £* and £ are independent Grassmann variables. The
definition of coherent states

N
& =] —&aDio)
i=1
and the property of the Grassmann integrals [Eq. (14)] allow
us to define the projectors that map the system state from the
coherent state to the occupation-number representation. For

example, in the case of a single-electron state (N = 1) an ele-
ment of the RDM reads as in the coherent-state representation

Elp@IE) = poo(t) + por ()€ + pro()E* + p11(1)E*E, (15)

where we have wused (0|&) = (0|(1 — £a")|0) =1 —
(OI511) =1—-§(01) =1 and (1|§) = (0]al§) = (0]5) =
£(0|&€) = &£. The elements of the RDM in the occupation-
number representation are then recovered by performing the
Grassmann integrals

Pan (1) = TL(WIT*(n) (€] p(1)IE), (16)

where the projectors I[T*(n) and I1(n) integrate out the
Grassmann variables to the left and to the right of the operator
|0)(0], respectively. Their definitions are

n*<0>=fds*s*, H*(1>=fds*,
(17)
n<0>=/dé§, n(l)zfdé,

as can be checked by applying the rules in Eq. (14) for the
Grassmann integrals. In the general case, the populations,
identified by the occupations ni,...,ny, are given by
Py (1) = pun (1) = Tp(m)IT5 () pap(1), Where

N 1
) =[]0, M@=]]0%0n). 18
i=1

i=N

The propagator for the populations in the occupation-number
representation gives the population vector at time ¢ according
to

Py(t) =Y Jww (2, 10)Pur (t0). (19)

Thus, the matrix element (n’,n) of the propagator is
obtained by fixing the initial state to p(ty) = |n)(n| so
that P,,»(t9) = 8,,7n. Then,

Jun(t, 1) = Ty )T (n) / d*E,d*E, T (&5, &, 1:£). &, 10)
x (Eyln)(n|&), (20)

where we use Eq. (15) to calculate the matrix element
of the RDM at fy in the coherent-state representation.
Equation (20) provides the recipe to obtain the propagator
in the occupation-number representation starting from the
coherent-state path-integral picture.
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Likewise, the diagonal elements of the current propagator
in Eq. (11) are obtained as

Tt 10) =T, ()T () / PEodE T (€ By 1160, By 10)
x (&ln)(n|&y). (21)

III. TUNNELING EXPANSION OF
THE INFLUENCE FUNCTIONAL

The influence functional couples the processes within and
between the forward and backward time branches of the prop-
agators. To move forward in the actual calculations, first we
unify the two time branches in a single one and then discretize
the paths of the central system in this unique time branch by
expanding the influence functional in the number of processes,
namely, in powers of I" [see Eq. (2)]. This expansion gives
rise to a diagrammatic unraveling of the propagator. The pe-
culiarity of the present approach is the parametrization of the
paths of S in terms of N paths of reduced density matrices of
individual two-state systems, one for each electron state of the
central system.

A. Diagrammatic unraveling of the propagator
from the expansion of the influence functional

Adopting the notation
=8 &=¢.

ghi=g. g,=¢g.

+1 _ % -1 _ g
Efl - E’ E,] g 5 (22)
ghl=g. g

g, =g,

where the lower index identifies the time branch (sign of
the Fermi function) and the upper index performs the com-
plex (Hermitian) conjugation for the Grassmann-valued paths
(correlation matrices), the phase of the influence functional
(6) can be expressed in the compact form @ (£, &, &, &) =

f,(’) dr’ fn’] dt"F(¢',1"), where

F ")y =— ) xE@gI0 —1MEC. (53

x,y,z==%1

The eight elementary processes comprised by the phase of
the influence functional are rendered by the sum over the
three binary indices x, y, and z. As these processes consist of
couples of tunneling transitions, the expansion in the tunnel
coupling is given by the sum over the number m of pairs of
transitions

oo

j(EZ’ gb» 1 gOv E(ﬁ’ tO) = Z j(’")(sz, gb» [ EO? E:;’ tO)'

m=0

The term with 2m transitions [order m in I", cf. Eq. (2)] reads
as

By £ e
TME &1 Eo»go’fo)=/D{l}m/£ Ds/y DE

m
x eilSEH-SEDNTTE, |

P p=1
(24)

&Gékék - & £5éo &tk &
t <« to >
fo 200 KRG
& k& &y

FIG. 3. Forward (nonbarred) and backward (barred) Grassmann
variables arranged in a single (forward) time axis with reversal of the
time direction for the backward branch. This requires associating to
&* the annihilation and to £ the creation of an electron in the central
system.

where P,, denotes one of the (2m)!/(2"m!) possible arrange-
ments of 2m time indices in groups of 2 with no repetitions,
meaning that two transitions at the same time instant are
not allowed. The symbol f D{t},, comprises the nested time
integrations over the 2m transition times. Explicitly,

t o 5]
/D{t}m = / dt2m/ dth—l e / dtl . (25)
0] Iy fo

In Eq. (24), we have introduced the Grassmann-valued func-
tions

N
Fu=— > x[&] sy —-ml7 [E]° @6

i,j=1xy,z==%1

Thus, in the present time-discretized picture of the influence
functional, the Grassmann-valued paths, which are expressed
in terms of a set of Grassmann numbers associated to the
specific time instants of the tunneling transitions, consist of
individual transition at specific times (the sequence of times
being ordered). The nested time integrals in Eq. (25) re-
produce all the possibilities for the sequences of processes.
Finally, the sum over the set of coefficients x, y, and z in
Eq. (26) and the sum over the system states, implicit in the
scalar products with the correlation matrix, produce the sum
over paths.

To deal with the forward and backward paths with a single
parametrization, it is convenient to use a single time direction
for the two time branches depicted in Fig. 2. In order to do so,
it is necessary to make the associations

£/
£/
as suggested by Fig. 3.

The resulting diagrammatic notation is more compact and
the topology of the diagrams is different with respect to the
Keldysh formalism. For example, diagrams displaying cross-
ings in the Keldysh contour, as, e.g., in the seminal work by
Konig et al. [47], can be crossing free when the time branches
are collapsed in a single one, as in the present treatment (see
also, e.g., [37,83]).

Two examples of paths, comprising two tunneling tran-
sitions each, are detailed in Fig. 4 where the Grassmann
variables associated to the transition times #;, and #; and con-

tained in the functions Fy; are highlighted. Both processes
in Fig. 4 fall in the class succinctly represented by the only

creation/annihilation in S,
o o (27)
annihilation/creation in S,
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®) 0 t 1 "
&b -~ Eh&n G4 &N €k &k

0 B 1 >

Ek-l 5_k*»l Ek* Ekﬂ f_K* EKH

FIG. 4. Two examples of paths of an individual electron state
in the central system. The transition times and the corresponding
Grassmann variables &, = £(#;) contained in the influence functions,
Eq. (26), are highlighted by red boxes. Zeros and ones indicate the
occupation of the state in the forward and backward branches.

“& v &Y

diagram generated by the first-order term in the expansion of
the influence function, namely,

PN 28)

As a further example, the second-order term in the expansion
of the influence functional gives

2
> 11 Fro1, = FarFus + FaoFuy + Fai Fa
P2 p=1

~ OO AN+ (TN

where we provided a diagrammatic picture of the three terms
resulting from the sum over the permutations. Note that each
function Fy; contains a pair of Grassmann-valued (vector)
variables and therefore the functions F commute with each
other.

IV. STATE-CONSERVING TUNNELING
AND DIAGRAMMATIC RULES

A. Diagonal hybridization matrix

The expansion in terms of the influence functions Fy; given
in Eq. (24) is very general and only relies on the properties of
Grassmann numbers. In the remaining of this work we focus
for simplicity on the case in which the correlation matrices
are diagonal in the basis {|i)} of single-electron states of the
central system S, namely,

i

1
(8= = - D ltiako I 5 (e0)e 785, (29)
ko

with g, (f) = ), 84+ (t). This implies that the paths of the
different electron states in S are correlated only via the in-
teraction term at the level of the system Hamiltonian and
are otherwise independent. As a result, the energy-dependent

hybridization matrix of lead « [Eq. (2)] specializes to

[Ta(©)]j =27 Y Qoo (ltiao (8. (30)

which is still state dependent, i.e., not proportional to the
identity. Note that the hybridization matrices of the dif-
ferent leads are simultaneously diagonal in the occupation
basis {|n, ..., ny)}. Archetype examples of systems to which
Eq. (29) applies are the resonant level model (RLM) and
the single-impurity Anderson model (SIAM) discussed in
Secs. VIII and IX, respectively.

Due to the diagonal correlation matrices [Eq. (29)], the
influence functional is factorized and the fermion lines only
connect transitions which change the occupation of individual
states. As a result, if no coherences are present at the initial
time fy, none will be produced at later times. This is not true
for nondiagonal correlation matrices, where coherences can
develop and couple to the populations. This aspect is crucial,
for example, in the so-called spin-valve setup [84-88] and
for interacting nanojunctions displaying interference effects
[44,89,90].

With the correlation matrices given by Eq. (29), the
Grassmann-valued functions in Eq. (26) specialize to Fy; =
¥ | Fi,, where

Fi, = Z —x [E,f]i’,[gii(tk—tz)];z[ézi];z~ (31)

x,y,z==%1

The assumption of diagonal correlation matrices allows us
to establish diagrammatic rules for the paths of individual
fermionic single-particle states i and to express the contri-
bution of a composite diagram, involving different electron
states, in terms of the individual diagrammatic contributions
and of a common phase factor accounting for the interactions.

B. Parametrization for a single degree of freedom
(resonant level model)

Before considering the general case, we focus our attention
on an individual degree of freedom of the central system S or,
equivalently, on the simplest case of a spinless level coupled to
electronic reservoirs, the so-called resonant level model (see
Fig. 15 below).

To this extent we notice that a single fermionic degree
of freedom is characterized, in the occupation-number rep-
resentation, by the two values 0,1, for the state being empty
or occupied, respectively. Thus, one can consider the degree
of freedom as a two-state system; the corresponding time
evolution of generic forward and backward paths for such
pseudospin, or qubit, is shown in Fig. 5. Borrowing ideas
from the path-integral formulation of the famous spin-boson
problem [64], we conveniently collapse the two-state paths
on the forward and backward branches into a single four-
state path. As shown in Fig. 5, in analogy to the spin-boson
nomenclature, we call sojourns the states (0, 0) and (1, 1),
and blips the combinations (0, 1) and (1,0). This is done
under the assumption of instantaneous tunneling events that
change the occupation number of the electron states in S. A
sojourn state corresponds to having the same occupation of
the electron state both in the forward and in the backward path,
meaning that the state is either empty (7 = —1) or occupied
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S0j. blip 50j. blip S0j.

FIG. 5. Blip and sojourn parametrization. Left: Forward and
backward paths associated to the occupation of an individual elec-
tron state with the corresponding collapsed, single-branch path
parametrized in terms of blip and sojourns (below). Right: The time
evolution now occurs along the four sides of the square, whose
corners define the four elements of the density matrix of a two-state
system. The red full dot on the top-left corner denotes the starting
(and final) state of the path.

(n = +1) in both branches. On the contrary, a blip state refers
to different occupation of the two branches, namely, occupied
in the forward and empty in the backward (¢ = +1) or vice
versa ({ = —1) (see the right panel of Fig. 5). In the present
case, since N = 1, we disregard the state index i, and Eq. (31)
reduces to Fi, — Fy,.

To proceed, we perform the integration of the Grassmann
variables associated to the time instants between transitions,
as done explicitly in Appendix. F. This results in the phase
factors related to the central system S which are discussed be-
low. The residual Grassmann variables are the ones associated
to the transition times, as shown in Fig. 6 for a collapsed path
which comprises four tunneling transitions.

A path of the electron state with 2m transitions starting and
ending in a sojourn has m + 1 sojourn intervals (no, . .., 7,)
and m blip intervals (¢y, ..., &y). The path is thus uniquely
identified by the corresponding sequence

10> $1s N1s -+ s Cs Mies + + + > Sms M-

With the associations made in Egs. (22) and (27), to this
sequence of blip and sojourn indices there correspond the
following sequence of Grassmann variables,

& Cm
E*ﬂofl é":*ﬂl{l ’ é*nm(u,’

as shown in Fig 6. To each transition to a blip state (odd
transition times ;1) is associated the Grassmann variable
[Exx1]"% m o= Efnk " and to a transition to a sojourn (even

Lk
E*ﬂk 18k’ é ek’ Tt

transition times #,;) is associated [£;] gkm @ = 55 e Grass-
mann variables at different times are independent, otherwise,
a path with two Grassmann variables of the same type (e.g.,
creation in the forward path) would yield a vanishing contri-
bution due to the property (£*)> = £2 = 0. Note that to a given
path there correspond different arrangements of the functions
Fy; (fermion lines) attached to couples of transitions.

no G m G2 2
ty ta t3 ta
et —
& £ - £
77041 n1¢1 Til(z n2¢2

FIG. 6. Sequence of Grassmann variables associated to the tran-
sition times of an individual degree of freedom of the central system
in the blip and sojourn parametrization [see Eqs. (22) and (27)].

From Eq. (31), and using (&)* = 1, according to the type
of transitions being involved at times # and #; (blip-sojourn,
sojourn-blip, blip-blip, or sojourn-sojourn), the function Fy,
acquires one of the forms

(b—s)  Fuuy =& fua1 &)
(s—b)  Fyu=&"  fuauél )
(b—b) Fyiu1 =" a1 .
(s —>s) Foy = €% o €7,
where
foxor—1 = m1g g:f,',,l(lzk —1-1)8¢.¢
12 = m& g8 (tax—1 — 121)8¢,
for—12-1 = m-18 g:f,’,,l(tzk—l — by—1)8g,—¢»
foxor = m&r g (b — 121)85, ;.- (33)

Equation (32) is the combined result of the parametrization
of the paths shown in Figs. 5 and 6 and the form of the influ-
ence functions in Eq. (31). This result is essential to establish
the diagrammatic rules discussed in the next section once the
residual Grassmann variables are integrated out. The follow-
ing scheme clarifies the associations in Eq. (32) in the case
m=2:

b—s b—b s—s

bh—s b—s

s — |
NN AN A e
t t2 ts ta t t ty t ot ty b

aside from depending on the influence functions Fi,, the
propagator also depends on the action of the central system
Ss(&%, &) [see Eq. (4)]. Upon integrating out the Grassmann
variables between transitions, this action produces the phase
factors by, associated to the influence functions in Eq. (32).
For a central system with a single spinless level of energy €
these phase factors are schematized by

(b—s) e*%flf(tzk*le—])
(s—>b) e+%£/€(t2k71*t21)

i
— 5 G1€ (k-1 —t2—1)
e n .

(b — b)

(s > ) etrbi€ =) (35)

Note that the sign of the exponent is determined by the state

(blip or sojourn) from which the fermion line departs [see the

scheme (34)]. Applying Eq. (20) to the propagator order by

order [Eq. (24)], we are left with the following expansion of

the propagator for the g)opulations in the resonant level model:
Jyn(t510) = D 0 , (t310), where

(m) .. —
Sy (t500) =
paths,,

> Ditln 3 Bu(PIOn(P). (30

Here, the sum over the permutations P accounts for the dif-
ferent ways in which the fermion lines can connect m pairs of
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tunneling transitions within the path joining the two sojourns
n and 1’ [see Eq. (34)]. The central system and influence
functional part are given by

Bu(P) =[] bx,1,-
p=1

(37

m

®u(P) = [ DiE1 [T Fi
p=1

respectively.

The sum over paths in Eq. (36) amounts to summing over
the possible values of the intermediate blip and sojourn state
with 2m tunneling transitions. For example, in the case m = 2,

do=> v a om0
paths, C1,m1,G2
(33)
Finally, the symbol f D{&},, performs the integration over the
residual Grassmann variables associated to the 2m transition
times

[ D= [ Tle-anode=s e, @9
k=1

The factors —mnigx in the above integration measure
reflect the noncommuting nature of the symbols dé&
and are introduced to keep track of the order in
which the Grassmann-valued coordinates appear origi-
nally in the integration measure, i.e., [[, d*&(t)d?E (1) =
[T, d&* () dE (1)dE* (1 )dE (1x), with the * numbers to the left
within the two classes of forward and backward variables, and
with the backward variables to the right of the forward. This
is exemplified in Appendix G.

C. Parametrization for N degrees of freedom

Due to the diagonal hybridization matrices introduced in
Sec. IV A, the influence functional factorizes in the product of
functionals for the individual electron states i or, equivalently,
the phase of the influence functional (6) is the sum over the
electron states i. As a result, the above description of the res-
onant level model generalizes in a straightforward fashion to
N electronic states. In this case, the populations are identified
with the string of sojourns associated to the different electron
states via the vector index = {5'}, with the correspondences
n=0<n'=—1and n; =1 < n' = +1. The propagator
for the populations now reads as J,;(t; 1) = Zf:o J;,’;) (t; 1),
where

T (tst) = > / Diekn [ [ 2B (PI®;,(P), (a0
i P

paths,,

with )", m; = m, and where
m;
Bll"f P) = 1—[ b;‘ﬁ lp>
p=1

m;

@), (P = [ D [TF, 1)
p=1

The sum over the permutations P; accounts now for the dif-
ferent ways in which the fermion lines can connect m; pairs of
tunneling transitions within the same path, that of the electron
state 7 joining the two sojourns ;' and .

While the influence functions CIDj'nI, depend exclusively
on the path of the individual state i, the phase factors in
Bﬁn; couple the paths of the different states via the inter-
action. Specifically, the constant single-particle energies ¢;
turn into the path-dependent energies E;; they depend on
the instantaneous states of all degrees of freedom {1/},
during the time interval t, between consecutive transitions,
not necessarily of the same electron state. For example, as-
sume that a fermion line associated to the state i departs
from a blip state at time #; and encompasses W intervals
with ZZV 7, =ty — t;. Then, the corresponding phase factor
reads as

w
bi, = He*%IIEf({n}n)rn’ 42)

n=1

which reduces for a noninteracting system to
W .
bi, = He—éilem. — e~ nbi€t—=1) (43)
n=1

Thus, in the noninteracting case, the integrand in Eq. (40) is
actually factorized in the system’s degrees of freedom.

Finally, the sum over paths in Eq. (40) now takes into
account the different possibilities to distribute 2m transitions
among the paths of the N individual states i connect-
ing the initial and final sojourn states y and # with
>o.mp=m.

To exemplify how these phase factors and the sum over
paths work in the case of a multistate system (N > 1), con-
sider the case of the SIAM. As it describes an interacting
central system which is a single, spinful level, we have N = 2
and i = o0 = 1, | [cf. Eq. (149) below]. In this specific case,
denoting with & the opposite spin state with respect to o,
the energies associated to the spin o in the phase factors
read as

Es(n) =€, + (1 +n)U/2 (blip-sojourn),
E; =€, +U/2 (blip-blip). (44)

Thus, for example, if the path of & is in a sojourn state with
n = +1, then E, = €, + U this is the addition energy to be
payed for adding a further electron to the dot. The presence
of the term U/2 in the second line of Eq. (44) implies that
overlap of different fermion lines can produce the energy U
according to the relative sign of the index ¢ (see Appendix F
for details). In Fig. 7 an example which shows the energies
E, is provided for a path with two transitions for each spin
path.
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FIG. 7. Path-dependent energies in the SIAM. The energies E,
in the phase factors [Eq. (42)] associated to the overlap of blip and
sojourn of the two electron states 0 = 4, | are E,(n) =€, + (1 +
n)U/2 for blip-sojourn overlap and E, = €, + U/2 for blip-blip
overlap. The time axis is divided in five intervals 7, separated by
four tunneling transitions (m = 2) distributed between the two paths.
The phase factors descends from the action of the central system
[see Egs. (4) and (5)] after integrating out the Grassmann variables
between the tunneling transitions.

The sum over paths with four transitions connecting the
1 . _ 4 ¢ ;o ,T AR .
populations n = (', n¥) and ' = (n'", n’¥) is given by

i /l)

populations n = (n',7t) and ' = (n'',7'*) is given by

I

pathsy ¢l pl ¢l

n Y 1) > T
dﬂ]%’gi G [3 Go ]

(45)
Note that if nw # 1, then the uppermost line of Eq. (45) does
not contribute to the sum over paths. The same holds for o =
1 and the bottom line. If initial and final sojourns » and »’
differ for both spin states, then only the central line contributes
to the sum.
Finally, the Grassmann variables and blip and sojourn in-
dices in the symbol f D{&},, acquire the state index i:

[ Pienn = / H (~ini)ae™ agd s

[cf. Eq. 39)].

Using the parametrization of the paths in Fig. 6 for the
individual degrees of freedom i and the integration measure
in Eq. (46) for the residual Grassmann variables associated
to the transition times, we are able to automatically carry out
the integrations over these variables. The result is simply an
overall sign given by the anticommutation property of the
&’s, as detailed in Appendix F. In other words, we find from

Eq. (32) the simple form

o), (P =senp, [ [&im [ 15, (47)

k=1 p=1

where sgnp, is an overall sign given by the integration over
the Grassmann variables associated to the transitions. This
sign depends on the order of the transitions, and thus on
the permutation P, due to the noncommuting character of
the Grassmann variables. Importantly, Eq. (47) allows us to
establish diagrammatic rules, whereby the explicit form of the
functions fy; is obtained by just looking at the arrangement of
the fermion lines in the associated diagram [cf. Eq. (33)]. The
diagrammatic rules are summarized below.

D. Diagrammatic rules in the time domain
for the individual electron states

Once specified a path of the full system with 2m transi-
tions, the individual influence functions (Din,- [Eq. (41)], are
the sums over the different arrangements of fermion lines f},
connecting 2m; transitions, where ) . m; = m. Each of these
arrangements of fermion lines constitutes a diagram relative
to the state i. In this section we establish diagrammatic rules
individually for each state. This is convenient because, since
the Pauli exclusion principle applies separately to the different
states in the central system, the overlap of fermion lines yields
different diagrammatic contributions according to whether the
lines involve the same or different electron states. Diagrams
relative to different states are then coupled by the phase factors
in Bfnl, [see Eqgs. (41) and (42)]. Each diagrammatic contri-
bution B, (P;)®;, (P;) to Eq. (40) consists of the following
(from here on the state index i is understood):

(i) The overall sign (—1)™ c°%i"&s due to the integration
of the Grassmann variables in ®,, [see Egs. (32), (41), and
Eq. 47)].

(i) The product [];_,(—Znx), from the normal ordering
of the Grassmann integration measure [see Egs. (39) and
(46)].

(iii)) The product of the functions fi; [Eq. (33)] represent-
ing the fermion lines which connect two tunneling transitions,
times the corresponding phase factor by; of the central system
[Egs. (35) and (42)]. To each fermion line is associated the
constraint on the ¢’s connected by the line, according to the
scheme in Eq. (33).

Below we show examples with m from 0 to 2. More exam-
ples, with higher-order diagrams are shown in Appendix H.
For m = 0 there are no tunneling transitions. Hence,

0) ——— dyn- (48)

For m =1 there is only one fermion line connecting two
tunneling times

1 ﬂ (+1)(=Cim) f21b2

70¢1

=(=Cm) 770(1%2% (t2 — t1)b2y

=n'n [~ (t2 — t1)]ba1.
49)
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Here we used (¢;)> = 1 and identified 7o = n and 1, = 7.
The full dot in the above diagram indicates the vertex, here
associated to the transition from which the fermion line de-
parts. Analogously, with m = 2

(+1)CimCanz fa1baifazbas
= CimCam MoC18 5 (t2 — t1)ba
X MG 875 (ta — t3)bus
=n'n[-gZ f,l (t2 — tl)]bm[*g:% (ta — t3)]bas,

(50)
(2b) ﬁ
SENSY
(+1)CimCane f11ba1fzobso
= CimCamz o1 85 (ta — t1)bay
X Cim gt (ts — t2)ba2dc, ¢,
=0"10¢ ¢, [—giil (ta —t1)ba [_gfﬁ (t3 — t2)]bsa, 1)

SNAARY

nC G
(=1)¢imang f31bs1faobas
= Cimlanz MG 825" (ts — t1)bat
X G g5t (ta — t2)bazdc, ¢,
=n'n [—g75 (ts — t1)]bs1 (g5t (ta — t2)]bazde, ¢,
(52)

where we used £1828;, —¢, = —0,,—¢, -

Noticeably, for all second-order diagrams, the product of
the inner sojourns and blips results in a factor +1. Multipli-
cation by internal sojourn indices emerges as we go to higher
orders and overlap of more than two fermion lines. This is
exemplified by the following diagram of order m = 3 (see also
the complete list in Appendix H):

nCt Gm mé

;:1w

(—Ceni)noC1 g— 770(6 1)bg1 C17]1om(0 2)bs2

S
Il

1
X mGag s (4 3)basdcs ¢,
= n'mminz [—g~5' (6, 1)]ber [—g5! (5,2)]bsa

X [ (ric‘ (4 3)]})436@57(17
(33)

where, for the sake of compactness, we set gty —t;) =
g(k, 1).

By applying the above rules we notice that the multi-
plicative factors ¢ are always compensated by the product
]_[Z’:l(—g'k nx) and by the constraints 8, 4+, contained in the
functions fy; [Eq. (33)]. The multiplicative sojourn indices
are instead compensated solely by the products &;n; or n;—1§;
associated to each departing line (i.e., to the vertices). As a
result, each diagram presents, as a multiplicative factor, the
product n'n of the last and first sojourn indices times the
product of the n;’s of the internal sojourns which are not
compensated, i.e., the ones with zero or two departing lines.

We are now in the position to set the diagrammatic rules
for the individual states [to a full diagram will correspond the
product of the diagrammatic contributions from each state, see
Eq. (40) and the examples in Sec. IV E]. To each diagram we
associate the following:

(1) An overall sign (— 1) crossings,

(2) A sign given by the products of the noncompensated ¢
indices (namely, the ones of the blip states with zero or two
vertices) times the corresponding constraints. For example,
k8185 = —8g.—g and G518, ¢ = by, (because & = £1).
These constraints make the corresponding sums in the sum-
over-paths collapse.

(3) The product n’n times the product of the noncompen-
sated 7 indices, namely, the ones of the sojourn states with
Zero or two vertices.

(4) The products of the correlators —g}(# — ;) and the
associated phase factors by; of the central system for each
fermion line.

To exemplify this, we consider the following third-order
diagram:

0¢scn 0¢s—cy

nG Gm mé

— 'mmna—g =5 (4,1)bar [—g5! (6,2)]beo
[ g- n1(5 3)] 536(3,*(16@(17

(54)

where, as in Eq. (52), we used £130;,,—¢, = —8¢,,—¢, -

Another example is given by
5(2(1 5(3(1 5(3(2
G Gm o mé
— n'mmma[—eZ5" (4, 1)]bar [—g5: (5,2)]bss
x [—g751(6,3)]besdcs ¢, 0 .

’ ) (55)

where we used £1838¢,,, = 8¢y, -

By inspection of the diagrams in Egs. (53)—(55), one sees
that none of the correlators g bear the index n,. If also the
phase factors by; do not depend on 1,, as e.g. in the case of
the resonant level model, or in the noninteracting case [see
Eq. (42)], then by performing the sum over paths the diagrams
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with this topology vanish collectively due to the sum over
n2. A similar argument holds for all the diagrams with more
than two overlapping fermion lines of the same state i because
overlap of more than two fermion lines entails the presence of
sojourns with no vertices. This means, in particular, that

(i) the exact propagator for the resonant level model is
reproduced by the diagrams with at most two overlapping
fermion lines;

(i) for the noninteracting spinful level the exact prop-
agator is reproduced by the diagrams with at most four
overlapping fermion lines, of which no more that two can
belong to the same spin.

These results are in agreement with what has been proved
using a Liouville space approach in [45].

E. Diagrams for N-state systems

A full diagram for N > 1 and with diagonal hybridization
matrices is given by the arrangements of fermion lines, with
some fixed topology, connecting the transitions within the
paths of the individual system states i. As an example, con-
sider again the SIAM. A so-called crossing diagram (m = 2,
with crossing fermion lines)

can be obtained in the following ways:

7
i l

———————— | NCT)

The diagrammatic rules developed in the previous section are
thus applied to the two states o = {1, |}, according to how
the fermion lines are distributed among these electron states.
The resulting integrand in Eq. (40) is given by the product of
the contributions from each state. Also, in the interacting case,
the phase factors by, [see Egs. (42) and (44) and Fig. 7] de-
pend on the details of the paths of both states simultaneously.
For example, the second diagrammatic contribution above is
evaluated as

1
i

Tl ol

n'n'ntn — t2)]bl,,

(58)

- —t
[—&_,1 (ts — t1)]by; [~} (ta

with

bl — o # S Bt (0=11) p= 0 By (5-12)
(59)

bl = o~ HE EL(t=1) p— 5 E 1 )t —13)

with E, =€, +U/2 and E,(n) = €, + U/2(1 + 1) (see the
scheme in Fig. 7). In the absence of interactions E,, E; () —
€, and therefore b; — exp[—i;ﬁq(z@ —t1)/h] and biz —
exp[—i;‘llq (t4 — tr)/h], as in Eq. (35).

As an application of the diagrammatic rules developed in
Sec. IVD to the SIAM, let us consider the three diagrams
whose fermion lines involve both spin states:

(60)

The multiplicative factor 772T is brought by the overlap of more
than two fermion lines of the same spin state. Consider the
noninteracting case. While (A) contributes, the diagrams (B)
and (C) vanish collectively once the sum over paths (specif-
ically over r)zT ) is performed, as the phase factor B in the
propagator is independent of the sojourn indices [see Eq. (42)
and Fig. 7]. In the interacting case, (C) contributes because
there is a phase factor associated to ng due to the sojourn-blip
overlap, while (B) is still vanishing, as the sojourn-sojourn
overlap does not contribute to the phase factors (see also
Ref. [45]).

V. GENERALIZED MASTER EQUATION FOR
THE POPULATIONS AND THE CURRENT

In the absence of time-dependent driving, the propagator
has time-translation symmetry. It is therefore convenient to
Laplace-transform the population propagator order by order
and obtain a generalized master equation (GME) for the pop-
ulations and an integral equation for the current. The kernels
of these equations are related to each other and, in turn,
connected to the Green’s functions. This connection will be
elaborated in Sec. VII. In the following, we indicate as f ) =
fooo dt exp(—At)f(¢) the Laplace transform of a function f(z).

A. GME for the populations

Due to the nested time integrals in the definition of J™
[Eqg. (40)], the reducible contributions, i.e., the ones that can
be cut by a vertical line not crossing any fermion line, fac-
torize in Laplace space. For this reason, the populations and
current kernels collect the so-called irreducible diagrammatic
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contributions, the ones that cannot be cut by a vertical line not
crossing any fermion line.

Using Eq. (48), the zeroth-order contribution to the propa-
gator is

TONE;0) = 8y, (61)

and its Laplace transform reads as
A 1
O3y — Lo
g ) = Aa,,,,. (62)

Let us denote with n” the set of sojourn indices associated to
all states except i, namely,

n(l) = (""ni_l’ nl+1’ "‘)

and set the initial time fy = 0. The term m = 1 contains two
tunneling transitions. This implies the change in the occupa-
tion of one state at most. Thus, the first-order propagator has
composite indices 1’ and p that differ for at most one entry.
The resulting first-order propagator can be readily calculated
according to the definition (40), and the diagrammatic rules
set up in Sec. IV D, yielding

t %) .
M r )y — -+ E D)0 —11)
Jn,”(t,O)_ E /Odtz/o dt E e
i Id

x ' (=225t = 1)18,00.- (63)

If, for some i, n’* # 7', we have n''n’ = —1 because n = =+1.
Moreover, the sum over i collapses to a single term due to the
constraint 8,¢,«. Taking into account Eq. (61), this implies
that, up to first order,

In(@:0) = 137901, 0),

in agreement with the conservation of the total probability.
Let us introduce the irreducible kernel of order 1 using the
explicit form for the correlator (29):

N
My — 1 J 2: —1EMD)—elr
’Cn’r/(r) - HU n er
j=1 itiako

_ltia a|2 o
h—zkf—n’ (ék)5,7/<f>,1<i) s (64)

where we singled out the prefactor [ | j n'’n! = +1, common
to all orders (see the diagrammatic rules), by exploiting the
property that when two sojourn indices are the same they
contribute as (n')> = 1. In Laplace space, the first-order prop-
agator acquires then the form

N 1, 1
(1) _ (1
Jn,,,()») —X’CM()\)X, (65)
with
N 2 /12 o
N . —(Itiako |7/R7) f% i (€x)
KO0y =T1Tn"n/ : R/ AT S
i ,-UJ’ " L TR - ayn

iCiako
A (66)
If, for some i, n"' # ', then the prefactor is —1 and the
sum over i collapses to a single term, as for the first-order
propagator. This entails that, from Egs. (63) and (65), the

AN IS NN AN

FIG. 8. The three topologies of second-order diagrams. Each
fermion line can belong to each of the N states of the central system
S. The first diagram is reducible while the second and third are
irreducible.

diagonal elements of the irreducible kernel are related to the
off-diagonal ones by

Doy == R ), (67)

L

Since, as we show below, the rates I@fy}; (0) are the steady-state
rates of the master equation for the populations in the sequen-
tial tunneling approximation [34], Eq. (67) is consistent with
the conservation of the total probability.

Higher-order contributions can be calculated as well ac-
cording to the diagrammatic rules given in Sec. IV D. The
second-order contribution to the propagator for the popula-
tions is the sum of the three classes of diagrams in Fig. 8. The
first is a reducible diagram and in Laplace space is the product
of two lower-order diagrams

7(2) B N O T O
TA A ) =5 2 K V3K N5 (68)
,q//

Here, the internal sum over n has been singled out, allowing
for the use of the matrix notation

~(2) 1K(1)(A) o
TonN=3=—F5"""3

W (69

The full propagating function J @ in Laplace space, expressed
as the sum of the three diagrammatic contributions shown in
Fig. 8, is given by

2 1 [fc“)(,\) . P00

T30 =17 ) )

- (2)
L (”}, (70)
where the irreducible kernel of second order K(z)(k) is the
sum of the two second-order irreducible diagrams in Fig. 8
(the second and the third) in Laplace space. As discussed
in Sec. VI below, these contributions can be written as the
contraction of a matrix block with a vertex, as in Eq. (66),
with the difference that the block has now internal processes.
The same applies to higher-order irreducible kernels leading
to the final Eq. (97) below.

Going to the third-order propagator, it collects the contri-
butions from the 15 diagrams listed in Fig. 9 where, in order
to give a compact visualization, we introduce the symbols

2|=__ + X (7D

:E+>_<+><. (72)

The crosses have the role of exchanging the fermion lines
to produce the different topologies of diagrams. In the first

and
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FIG. 9. Compact representation for the 15 third-order diagrams.
The five diagrams in the left column are reducible and can be seen
as combinations of the first- and second-order ones (see Fig. 8). The
10 diagrams on the right are irreducible and their explicit forms are
the same as the ones listed in Appendix H for an individual degree of
freedom of S. The lower-right class of diagrams vanishes when each
of the three fermion lines belongs to the same state.

column of Fig. 9 are listed the reducible third-order diagrams
that can be obtained by combining the two second-order irre-
ducible diagrams in Fig. 8 and a first-order one. The second
column of Fig. 9 lists the irreducible diagrams divided for
convenience in the two classes with overlap of two and three
fermion lines. Irreducible diagrams containing n overlapping
fermion lines are called n-tier diagrams.

Along the same lines as with the second order, we can write
the third-order propagating function in Laplace space as the
sum of products of lower-order irreducible kernels plus the

irreducible third-order kernel k(3)(k), ie.,

IC“)(A) IC“)(A) K(z)(x)
Yoy=5 [( X + X A
2) (1

20 &0 kY0
+ x X + )L s (73)

where IACG)()\) collects the irreducible third-order diagrams in
Fig. 9 (the ones in the second column).

At this point we are in the position to derive the formally
exact GME for the populations and the current. The exact
propagator is obtained by summing over all orders m the
mth-order propagators as follows:

00 )
E j
m=0

1) (1 2)
=1P+K(M+<K;M>+me

J) =

K(l)(k) 3+ IC“)(A) K(z)(k)+lc(3)(k) |
A A A

o-(1) o (2) mn
(K(M K(M+m)

1
m/
>
o
I

by
—~

>
N
—_

(74)

where we introduced the kernel

Koy =Y K" (75)

m=1

which collects all the irreducible contributions to J. From
Eq. (74), M) —1=K0)-JO). By transforming back to
the time domain, this implies that J is the solution of the
following GME:

iJ(t) = / dr' K@t —t") - J@). (76)
dt 0

According to Eq. (19), the populations are obtained by mul-
tiplying the above matrix equation by P(0), the population
vector at the initial time ¢+ = 0, which results in

iP(t) = / dt' IK(t —t") - P@)). 77
dt 0

The asymptotic populations are the solution of the equa-
tion 0 = C(0) - P>, which is obtained upon applying to
Eq. (77) the final value theorem f(t — 00) = lim; o Af(A).

B. Integral equation for the current

In the present situation of diagonal hybridization matrices,
the current functional Z; [Eq. (13)], entering the expression
for the current through the lead / via Eq. (12), specializes to

T 6B = /dt S (v 0 — g,
0L,X,9,2
X 87,18y 41 (78)

The current functional has thus the same form as the phase
of the influence functional except that there is no integration
over the time of the last tunneling transition and there are
constraints on the contributing processes. This entails that the
diagrammatic unraveling of the current propagator, obtained
by expanding the influence functional as a series in the tun-
neling transitions, goes along the same lines as the one for the
populations. The differences consist in the last fermion line
of the diagrams bearing the constraints associated with the
current and the nested time integrals missing the integration
over the last tunneling time. The expansion of le, - (t, tp) starts
from m = 1 because, not being at the exponent, the current
functional adds two additional transitions to the ones gener-
ated by expanding the influence functional. This also implies
that, if there are no coherences in the initial state of the system,
then also the paths contributing to the current start and end
in sojourn states. The current propagator, in the discretized
plcture and in the occu ation-number representation, is then
(HOED lw(t 0), where

> /D’{r}mﬂzsl (PP, (P

paths,,

lnrl

Jim
1 " t;0) =

X constraints, (79)

with ), m; = m and B}, and ®!, defined in Eq. (41). To order
m there are 2m tunneling transitions, as for the populations,
however, in the case of the current the last transition occurs at
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I]H _

FIG. 10. Examples of diagrams contributing to .4;. The sojourn
of the degree of freedom i associated to the last transition is con-
strained to be ' = +1.

n'' =41

the final time ¢, yielding the definition

t m—1 5]
/Dl{t}in ::/ dth—l / dth—Z' ' / dtl- (80)
Iy Iy Iy

Going to the details of the constraints in the current calcu-
lations, they can be read off from Eq. (78). The first is that
the correlator of the last fermion line is not summed over
the leads but has the index [ of the considered lead. Further,
according to Eq. (32) the Grassmann variable associated to
the last transition (the paths start from and land in a sojourn)
is of the type £° ¢+ Then, the constraints in Eq. (78) translate
into ¢’ = —1 and —n'¢’ = +1, which imply 8,/ 4, namely,
the last sojourn of the degree of freedom i associated to the last
transition has to be +1. Summarizing, the current constraints
on the last fermion line are as follows:

(i) The last fermion line is specific to the lead [ so that
there is no contraction over the lead index o'.

(ii) The index ¢’ of the last fermion line is constrained to

be ! = —
(iii) The final sojourn of the state i associated to the
fermion line making the last transition must be " = +1 (the

sum over i accounts for all possible processes).

Examples of paths that contribute to .A; with associated
fermion lines are shown in Fig. 10.

The explicit expression for the term m = 1 in the expansion
of the current propagator is

[1 i im0 ) (1) —
7D @0 = Hn’/nJZ[ dtlze LEE GO 1)

X [_gf,f'nf(tz —1)]8,0y08ci—18,i 1y (81)

[cf. Eq. (63)]. In Laplace space

1(1) 1(1)

*) KZZ (A)%. (82)

Let us denote with KZ, =3, KZI(m)(A) the sum of all the

irreducible diagrammatic contributions to .,A41()L) with the last
fermion line satisfying the constraints given by the current
functional. Note that the reducible contributions to .21;()»)
are products of ordinary irreducible kernels K(A) with only
the last factor of the type It;()»). This is because only the
last fermion line bears the constraints of the current calcu-
lation. Then, we find that the exact current propagator is the

A7 S
t1 to

FIG. 11. Irreducible diagram of order 1. The vertex v is denoted
by the full dot. The two ends of the fermion line are contracted,
namely, the indices ¢, a, k, and o are summed over. The time
interval #, — #; is a blip only for the state associated to the fermion
line. Note that the states i are summed over in contracting the fermion
line [see Eq. (90)].

following sum over all orders m of the mth-order propagators:
~1 (1 ) (1) (2)
, K, ) ) D)
A =—"="]1
1(A) S |: t— . + .

) 1) 2)
A A
+<1c <>)+ic w K70 ]

A A A
= K0 A= ROor!
=R 00-J0, (83)
or, in the time domain
Ait) = fol ar K@ —t)-Ji@&). (84)
Similarly to the steady-state populations, the steady-state cur-

rent is found by applying to Eq. (83) the final value theorem,
which results in

I7° = e2Re Trg[A°]

. ~l -
lim e2ReTrs[K; (2) - 1J ()]

= e2ReTrs [IAC;(O) J%]

e2Re Z Ky (0P, (85)

where we assumed that the matrix elements of the asymptotic
propagator J* are independent of their column index, i.e., that
the steady-state populations are independent of their initial
values. In other words, in the asymptotic propagator matrix
each column is equal to the asymptotic population vector.

VI. EXACT FORMAL EXPRESSION FOR THE KERNEL
A. Block structure of the irreducible kernel

The diagrammatic contributions to the populations and
current propagators display an exponential dependence on
time [cf. Eqs. (29) and (42)]. This feature and the nested
time integrals enable one to express the irreducible kernels
in Laplace space as the contraction of products of blocks,
each equipped with a matrix structure, with an initial vertex.
The simplest example is provided by the first-order irreducible
kernel K(l)(k) in Eq. (66), which can be rendered by the con-
traction of the product of two matrices, associated to an initial
vertex v and a block h()\) which encompasses a free-fermion
line, respectively (see Fig. 11).
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The matrix blocks are indexed by the state index i and the
associated collective index

— (! (@)
_(g 7057](70,77 ) (86)
K

which includes path and leads variables (note that the compo-
nents of x depend on the state 7). The scalar product between
two generic blocks A and B is given by

[A-Bl, = > [AlY Bl . (87)
X’

We denote by the symbol (-) the contraction of a matrix
block C with an initial vertex v_,;. The contraction consists in
summing over the initial and final index « and &’ [cf. Eq. (86)],
namely,

(C-voy) o0 = Z[c“ V). (88)

As a result, the first-order kernel in Eq. (66) can be written as

N

— J VA

=[ 1" Y th) vt o (89)
j=1 i

which is the contraction of the scalar product

(G Vo hyingn = D ) MOy lVonli (90

N RS'd

(1)
’CU'VI()\)

Here, we have defined the matrix blocks of elements

.. 1
h(M)1Y), = - - 8,’/,‘8 'y
e = B ) — e x
Vi |tioo (€)1
[Vini]X’X = h i fir] (ek)SH
= v;n,-(lc)SifizS“. (91)

Graphically, the vertices vy are associated to the two pro-

cesses

o Vi
; U +nt
7 1 7' 1

92)

with the &£ sign of v being established directly by the form
of the influence functional. Note that, since we deal with the
population propagator, the paths start and end in sojourns, thus
the initial vertex is always of the type v_,. In all diagrams,
the two ends of each fermion line are contracted in this way.
Analogously, the matrix element of the irreducible current
kernel of first order KJ;“)()\) reads as

1(1) /
[ ()‘) l_[ n ]nj Z 517" +1 Clh()‘) Vi > )y
j=1 i'i
93)
where ¢ := 8¢ri 18w 1, SO that
[c/h(VT, Oci,— 10 Siibyy  (94)
T At ICEMD) — €l/h
[cf. Eq. (91).

tiy ta t3 U ti ta ty U3

FIG. 12. Irreducible diagrams contributing to J@®. A vertex is
denoted by a full dot. The two ends of the lines connecting two blocks
carry path indices that are summed over in the connection. The first
block is contracted with the vertex v and the right end of the last
block is also contracted.

Going to orders higher than the first, consider the four-
transition diagrams of Fig. 12: the time slicing yields a
block-product structure in Laplace space. The blocks are
shown in Fig. 13. Each of them is a matrix with state indices
i, j and the two collective indices x’ and y that specify the
path and lead variables according to Eq. (86).

The sum over paths is performed automatically by the
matrix multiplications implied by forming the diagrams from
blocks which, in turn, possibly contain internal processes. The
simplest examples of the latter are given by the bubble and
crossing blocks B and X of Fig. 13. The irreducible kernel of
order 2 in Laplace space acquires the following expressions in
terms of the blocks defined above:

-[B+X]-h-v_

(2) l_[ n/] n Z

i'i

I CL)

where the dependencies on A are understood.

The bubble and the crossing shown in Fig. 13 consti-
tute the building blocks of the important resonant tunneling
approximation (RTA) [47] in which diagrams with overlap
of more than two overlapping fermion lines are neglected
[see Eq. (106) below]. The third-order irreducible kernel in
Laplace space reads as, within the RTA,

(3)
]CRTAr] '

H 7 )

-[B+X]-h- V_n)l,'u

(B+X]-h

(96)

") (1)

Including in a formal way the contributions beyond RTA and
the higher-order irreducible diagrams with overlap of arbi-
trarily many fermion lines, we obtain a picture where the
kernel results from contraction of a dressed block, the irre-
ducible propagator ¢, whose definition is the object of the next
section.

h B X

1K 7 MK K7 Nk 1K —i'K
n(;:) _ | n(i) no) _Q_ n/(i) n(w) _E_ n/(i)
FIG. 13. The free propagator, bubble, and crossing blocks in-
volved in the diagrams of Figs. 11 and 12.
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B. Diagrammatic unraveling of the kernel

The sum of all irreducible diagrams can be obtained by
contracting with an initial vertex the dressed block ¢ which
gives the exact kernel according to

o7

N
Ky =TT Y @) vyl .
j=1 i'i |

¢ hy (vSy) (vSs

_’i/ﬁl B x> {

N D) 00
(N (%
m=1

<

1=0

—nt -

Notice that, for simplicity, the diagrams and the corresponding
formulas above them are both ordered from left to right here,
at variance with the convention used throughout the text,
where formulas are ordered from right to left. This formal
unraveling of the propagator constitutes a main result of this
work. It systematically encompasses the truncation schemes
based on the order in I" (e.g., sequential tunneling and cotun-
neling) and on the depth of the hierarchy of overlap of fermion
lines (e.g., RTA), as we exemplify below. In Eq. (98) we have
introduced h; = h and, similarly, for the blocks with higher
overlap of noncrossing fermion lines h,,. As in the definition
of the first-order irreducible kernel in Eq. (90), the symbol (-)
implies the contraction with an initial vertex of a fermion line,
in this case the most internal. The boxes | 2 |and | 3 | are defined

in Egs. (71) and (72), respectively. The box | 4 |reads as

T Zex X

and analogous definitions hold for the higher-order boxes.
Finally, S, contains the box that operates on n-fermion
lines by exchanging them in pairs and thus represents a class
of blocks.

From the schematic expression in Eq. (98) we find in
Laplace space

¢=>_ (h(Sv))'h

n=0

with (S,v) = B + X, the RTA self-energy, and h; = h (see
Fig. 13). In Eq. (100), we have defined the dressed self-
energies iteratively as

(100)

oo

Snfl = Z(hnfl <Snv>)ksn71 .

k=0

(101)

Summing the geometrical series in Eq. (100) we find the exact
result

¢=[h"— S
Thus, the function ¢ is the solution of the Dyson equation

¢ =h+hSv)é. (103)

(102)

The irreducible propagator ¢ can be seen as a block with an
incoming and an outgoing fermion line, similar to the ones
shown in Fig. 13, dressed by processes of all orders. Using
the notation introduced in Sec. V, with the boxes that per-
mute the fermion lines numbered according to the number of
overlapping lines, we can give the following (symbolic) exact
expression:

98)

The formal exact expression for ¢ generates the different ap-
proximations schemes used in literature by suitably truncating
the series expression (100) and/or the depth of the hierarchy in
Eq. (101). For example, the sequential tunneling (ST) scheme,
first order in I', is recovered by truncating Eq. (100) to n = 0,

¢sr =h. (104)

The next-order perturbative scheme includes the cotunneling
(CT) diagrams, withn = 0, 1 in Eq. (100) and S, = S,, so that
(S2v) = B + X. Then, the irreducible propagator reads as

écr = h+h(B + X)h. (105)

Retaining all orders in the series expansion for ¢ and trun-
cating the hierarchy in Eq. (101) to two overlapping fermion
lines, i.e., to the second tier, where S, = S,, we obtain the
Dyson equation for the RTA propagator

¢rra = h +h(B + X)¢gra.

This approximation scheme is nonperturbative in the tun-
nel coupling I' and corresponds to the scheme proposed in
[45,47]. Note that the propagator ¢ is readily recovered by
expanding @gra to order I'2. From the RTA, neglecting the
crossing block, we obtain the second-tier noncrossing approx-
imation (NCAZ2), to be discussed below, which is the solution
of

(106)

Oncaz = h + hBoycan

and reproduces the results obtained by Meir, Wingreen, and
Lee in [39] with the equation-of-motion method.

(107)

C. Dyson equation for the kernel in terms of dressed
bubbles and crossings

We split the exact, dressed self-energy of Egs. (102) and
(103) as (Spv) = B + X, according to whether the incoming
and outgoing fermion lines are the same or not. This yields

o=h"'"-—B+X) " (108)

Hence, the sum B + X is the self-energy for the exact propa-
gator ¢. The irreducible block B is a fermion line dressed by
processes of all orders, including crossings. In the dressed,

irreducible crossing block X, the incoming and outgoing
fermion lines are not the same, which implies the presence
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i K i K i K i K

n(fi) l L n/(?’) ,,7(/') l L ,,7/(/')

FIG. 14. Dressed, irreducible bubble and crossing blocks that
generalize the ones shown in Fig. 13. The sum B+ X is the
self-energy for the exact propagator ¢. Within the dressed bubble
approximation (DBA), the irreducible bubble diagram B is the self-
energy of the propagator ¢pp, -

of crossings involving these main fermion lines. These two
dressed blocks are shown in Fig. 14.

Let us introduce the dressed propagator in the dressed bub-
ble approximation (DBA) ¢pp,, obtained by setting to zero
the crossing block X. It satisfies the same Dyson equation as
¢, but with the dressed bubble self-energy alone; namely, in
Laplace space,

éppa =[h~' —B]™! (109)

or, equivalently,

$ppa =h +hBepp, . (110)

Truncation of the hierarchy to the second tier yields the NCA2
[Eq. (107)], where B = B. In terms of ¢pp,, We can cast the
exact equation for ¢, Eq. (103), in the form

¢ = dppa + dppaX9.

Due to the lack of crossings on the main fermion line, @pg, is
diagonal in k and in i (but not in n(l)), namely,

(111)

[¢DBA]3,(I;X = wﬁBA,,,,m,,m (’)37i 6k (112)

Componentwise in k, retaining the matrix structure induced
by @ = (..., "', »™*!, ...) and with the dependence on A
left implicit, Eq. (111) reads as
¢ (K, 1) = Ppa ()88
+ oA ) - Y X k) - ¢ ),

H

(113)
where @5, (k) is the left-contracted propagator given by

Pibpa(k) = Y bipa K’ k). (114)
i

The steady-state population kernel can then be written as

N
Kﬂ’ﬂ(o) = 1_[ 77/] n’ Z(¢ : V—n");,rlw’),,m

i

j=1
N .

=[1n'w Do ol 0@ v G, (115)
j=1

7K'k

As anticipated in Sec. V A, the steady-state populations P}°
are the solutions of the matrix equation

0=> Kyy(O)P. (116)
n

D. Current kernel

As shown in Sec. V B, the current kernel can be calculated
along the same lines as the population kernel provided that the
additional constraints

/
8 ¢ =08, 41818 -1

7]/i’,_,'_]
are introduced for the last fermion line.
According to Eq. (85), the general formula for the steady-
state current on lead / is
I® = e2Re Y K, (0P,
n'n

L'y (117)

where the kernel is in Laplace space and calculated at A = 0.
The current kernel formally reads as

N
-1 _ 1J ’ A\
K:l,n’ﬂ(o) = | | nn E 5,7””'+1<Cl¢ : V—r;/)n/(i’)nm

i'i

j=1
N .
= l_[ 0y’ Z 8,1,,»/,“0}4);/,‘(,»/)”(” («, V()
j=1 iK'k
(118)
[cf. Eq. (115)].

Summarizing, the steady-state populations and currents of
the N-state system coupled to multiple leads can be obtained
via Egs. (116) and (117), respectively. Both the population
and the current kernels are in turn directly given by the ir-
reducible propagator ¢ which is calculated via the Dyson
equations (110) and (111).

VII. PROPORTIONAL COUPLING AND CONNECTION
WITH THE GREEN’S FUNCTIONS

Consider the situation in which the central system is con-
nected to two leads (L and R) and the tunneling amplitudes
are related by

ltiro (€)1 = Virltizo (€)I*/viL

with yig + yi = 1 (proportional coupling). Current conser-
vation at the steady state /*° = I/° = —Ip° implies, for pro-
portional coupling, I®° = > [yirl — yilF ], where I =
e2Re Z"L” I@ll, I, M(O)P;o is the state-resolved steady-state cur-
rent and IC{,W”(O) is given by Eq. (118) without the sum over
the final state i’. Correspondingly, we introduce the current
kernel

K3p0) =Y [virKhy () = v Kig (0],

(119)
with the steady-state current obtained as
_ o1
I®= e2Re ) Ki, (0P (120)
'

Consider now the Dyson equation for ¢, Eq. (113). To obtain
the current kernel for the current on lead / we make a contrac-
tion with the vertex as in Eq. (118), which gives

(cj¢-v_y) = (¢|[dppa + Pppa - X - @1 -v_,;) (121
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or, in symbols,

d) X d)[)li.—\

(0] DA
AN AN AN W N
(122)

where we highlighted the last fermion line which bears the
cur-

rent constraints of the lead /. In the first term on the right-hand
side, the vertex from which the last fermion line departs is the
first vertex, the one explicitly appearing in the contraction.
On the other hand, in the second term, this vertex is irlside the
dressed block with crossing of the main fermion line X. Using
the relation f‘_",7 (ex) = 8y, 41 — nfY (&), both these vertices
[denoted with red full dots in Eq. (122)] can be split as

VLK) = 8y 41V (i) — 'V, (10), (123)
where vi(k) = —|tiuo (¢)|?/h*> does not contain the Fermi
function. Then, we can write the dressed crossing block by
singling out this internal vertex as follows:

X' (k') = v (k' )f(”(lclc)—v+(lc )x i(K'k). (124)

Taking the difference in Eq. (119), the terms not containing
the Fermi function, i.e., the ones with v/, cancel out for
proportional coupling, so that from (118), (121), and (124)
we obtain

]C;’ﬂ(o) l_[ 77,]77] Z 8,]/1 +1 yl/R (Ci‘b : V—W)i,;i(i’)”([)

— YL <C;e¢ . V—nf>;1,l(i’)n(1)]
= IV — e IR )5 .

'k’

(125)

with v? (IC) = V+(K)5a ; and
N .
QI'I'VI(K/) = l_[ 77"’77’5",,»/’4_1 Z [nlwgBA(K/)‘Si’i + @ppa (k)
j=1 i

x Y R kg :c)v"_,,i(:c)} :
e ,,r(i’>,,<f>

(126)

where matrix multiplication with respect to the composite
sojourn indices 7” is understood in the second line.

Using the above definitions and Appendix E, the sta-
tionary current with proportional coupling reads as I =
—2ReTrs[.A*°]. From Egs. (120) and (125)

Trs[A®] =Y K;, (0P

27 i

X DD (6 PO,
¢

_ o Y /de[fj(e) — FROIT(e)

(127)

where we used the property yirlig(e) = yirlipL(e) =
¥iLVirLii(€). On the other hand, from Eqs. (E3) and (E6),

—IYiLYiR

TsLATI=D

/ de[[fEe) — FRO)]Tu(e)Gae),

(128)
where G? is the advanced Green’s function of the central
system. Note that the blip index ¢ always multiplies the imag-
inary unit, as can be seen in the definition of the correlation
functions g which enter the diagrammatic contributions to
the propagator [see Eqs. (48)—(55)], along with the phase
factors by; defined by Eq. (42). This means that, in the time
domain, ¢ establishes the sign of the time variable and the
real part can be obtained by removing the constraint §, _; and
summing over {. We can thus make the following identifica-
tion with the retarded and advanced Green’s functions
5 LR Py

n'n

Gif () = (129)

where ¢ = +1 (—1) gives the retarded (advanced) Green’s
function. The exact steady-state current acquires, in the con-
tinuum limit, the form of the Meir-Wingreen formula [21]

FL(E)FR(G) L _ R
Z/ [FL(e)+FR( )],,f*(e) 1+(©)

[——Im g{,(e)} (130)

where Tiig(€) = 27 Y Ouo (€)ltins (€)]* and where we
used Re[—iG(€)] = ImGj(e) = —ImG};(¢). The function
—(1/m)Im G/ (¢) is the system’s density of states in the pres-
ence of tunnel coupling to the leads.

A quantity used to characterize the transport properties of
the setup in a nonequilibrium setting, namely, in the presence
of a voltage bias eV := uyp — ug, is the differential conduc-
tance 01/dV. At equilibrium, pu; = ug = u, the behavior of
the transport setup is described by the linear conductance G,
defined as the limiting value of the differential conductance
for vanishing bias. Setting pu; = pu +eV/2 and pugr = p —
eV/2, and using 8 fL/0V = —(e/2)d fL/de and 8 fK/0V =
(e/2)of f /d¢€, the linear conductance assumes the form [67]

_ TL()Tr(e) T 3fi(e)
¢= nGozi:/de[FL(eHFR(e)L de

X [—llm Q{,-(E)},
T

(131)

where, due to the vanishing bias, f(e) = fR(e) = fi(e).
Here, G, := 2¢? /h is the conductance quantum. At 7 = 0, the
derivative of the Fermi function is —§(e — w) so that

CL(TR(1)
G —_) = G __I r
=T OZ[FL(M)-FFR(M)],',[ w g”(“)}
(132)

In the following, we shall apply the general formalism devel-
oped here to two archetypal models, the resonant level model
and the SIAM.
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FIG. 15. Scheme of a spinless level of energy ¢, tunnel coupled
to two noninteracting leads.

VIII. RESONANT LEVEL MODEL

Up to here, we have considered a general interacting cen-
tral system connected to a number of noninteracting leads,
with possibly energy- and state-dependent tunnel coupling.
The only constraint has been given on the correlation matrices
in the form of Eq. (29). In Sec. VII, we have specialized the
discussion to the case of two leads and proportional coupling.

To exemplify the construction carried out so far, we con-
sider in this section the resonant level model (RLM). This
model describes a single, spinless level of energy €y coupled
to two noninteracting leads as shown in Fig. 15.

The model Hamiltonian is

H=¢aa+ E eo,kc;,mcwk(7

ako

+ ) [tk Cato + ycligal. (133)

ako

Due to the lack of interactions in the dot, this model admits
an exact solution and has been analyzed with a variety of
methods in Ref. [36] (see also [38]). According to the dia-
grammatic rules set up in Sec. IV D, the contributing diagrams
for a noninteracting system can have at most two overlapping
fermion lines for the same electron state. Since the dot is
equipped with a single state, the RTA, discussed in Sec. VI B,
provides the exact description of the resonant level. Hence, the
exact equation (111) reduces to the RTA, where the crossing
block X is not dressed by internal processes and the dressed
propagator ¢p is given by the bare propagator h dressed by
the bubbles B (see Fig. 16). As a result, the exact Dyson
equation (113) specializes to

ok, k) = oneaz (k)8 + neaz(k”)

x Y X kK" k), (134)

FIG. 16. Blocks involved in the propagator of the resonant level
model. Full dots represent the vertices defined in Egs. (91) and (92).
Dashed and solid lines at the bottom denote blip and sojourn states,
respectively. The sojourn index n assumes the values +1 and —1 for
occupied and empty dot, respectively. These internal sojourns are
summed over, the sum being included in the definitions of the blocks.

where the matrix structure in the sojourn index 7 is lost due
the fact that there is a single-electron state so that x = k with

k= (,ak).

The dressed propagator ¢ncaz(k’, k) = oncaz(k' )8 is in
turn given by

Wncar =[h~' —B]7!, (135)

according to Eq. (109).
In Laplace space the bare propagator h(:

1
—5 ,
¢(ex — €) +i0+ "

= 0") reads as

[h]e, = iA (136)
[see Eq. (91)].

The bubble block, the central diagram in Fig. 16, is the
contraction with a vertex of the internal fermion line (indexed
with 1) of the free propagator with two overlapping fermion
lines

-~ K 6

h k'K — L = ih €1,=¢ 5:@’1@.

[ 2} IZC(E;,,;—EM)—FiO"'

(137)

_

Here, the index ¢; is constrained to be equal to —¢ by the
diagrammatic rules [see Eq. (51) where the upper indices of
the correlation functions gg have opposite signs]. Note that the
block h; bears no dependence on the dot energy as the system
is in a sojourn state, denoted with n, contrary to the block h
in Eq. (136) where the system is in a blip state (dashed line,
see the left diagram in Fig. 16). Including the sum over the
internal sojourn 7 due to the sum over paths, the bubble block
is evaluated as follows:

]@ - S

 Vn(K1)d¢, —¢
= ic¢h —5n’n
=i Rzl €k — €, +1C0T
Z UACH Sy
- k*ﬁkl‘i’lCOJr K'K>
(138)
where we used Zn fn(ex) = 1 in the vertex
t, 2
Vy(k) = — (")' = o ). (139)

In the wide-band limit (WBL), i.e., for energy-independent
tunneling amplitudes using the result of Eq. (Il) we obtain

BKK_ o |l d - T AL
lox =2+ ZQJ I / 3 l—ek—1¢o+

- %T[ Z O, |t0l1 |28K/K
o

r
= — — S (140)
2h

where ' =27 )", Oulte]?. As a result, from Eq. (135),

onca2(8, k) = ich (141)

€k —60+i§'1—‘/2.
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The block X is given by attaching the vertex v,, to the outgoing
fermion line (with index &) in the propagator

Ser
hY], =ih—— 142
e e = e = ey 07 (14
resulting in
Xlew=" /.
iCh 32, vy(K') 5
T en — e 0TS¢
_ i ftar(en)l®
hoen — ep +iC0OT S TC
(143)

Here, as for B, the internal sojourn index 7 is summed over
due to the sum over path with the result that X does not contain
the Fermi function.

The retarded and advanced Green’s functions are given by
Eq. (129) via the function €2,/,, defined in Eq. (126) which, in
the RLM, adapts to

Q) = n'néy 11 |:77§0NCA2(’C/) + oneaz (k)

x Zx+(lc’, )Pk, x”)v_,,(x”)]. (144)

KK

The block x, [see Egs. (123) and (124)] is easy to evaluate
and from Eq. (143) reads as

ich >, B
€, — € +1C0T o

X4 = 0
Thus,

Qyy(&, k) = 8y 119nca2(S, k),
and the resulting expression for the Green’s function is

GO () = = = 3 Q€. P
n'n

1
€k —Go—i-i{l—‘/z’
(145)

— oena(e. b Y P =
n

where we used Eq. (141). Thus, as expected, the single-
particle Green’s function acquires a broadening I'/2 due to
the coupling of the resonant level to the leads.

Substituting G¢=*D(e) in Eq. (130), the current for pro-
portional coupling y.T'r = yrI'L (with y + ygr = 1), in the
WBL reads as'

oo _ f L __ R &
o h/dé L& = O — =
Iy T
22 LFRr(EO), (146)

IThis integral can be solved by noting that the denominator in the
integral splits as {[(e¢ — €y) —il'/2]! — [(€ — &) +il'/2]7'}/il’
and by applying Eq. (I6).

t _—_ ¢
v 4 N\
B

FIG. 17. Single-impurity Anderson model realized by a quantum
dot tunnel coupled to two noninteracting leads.

where I' = I';, 4+ I'g and where we defined

—u —ik
r(x) = Iml//<% n iw)

2 kB T
1 x—pg—it
Iml/’(z ke )
with W(x) the digamma function. Equation (146) provides
the exact, finite-temperature expression for the current in the
RLM.

Summarizing, while the RTA gives the exact irreducible
propagator ¢ and consequently the exact density matrix and
current for the RLM, the crossing diagrams do not contribute
to the retarded and advanced Green’s functions (and therefore
to the current for proportional coupling). Note that, as the dot
can host at most one electron, the system is necessarily non-
interacting and consequently inelastic processes are absent.
This gives the Landauer formula (146), where the tempera-
ture dependence is exclusively in the Fermi functions. Using
Eq. (131) for the conductance, with the imaginary part of
Eq. (145), we readily obtain the analytical expression for the
conductance at T = 0, where —9 f}. /de = 8(e — u), which is
of the Breit-Wigner form [22,23]

_ 262 FLFR/Z

 h (n—€)?+T2/4
For I', = I' /2 the conductance saturates to half of the quan-
tum of conductance Gy = 2¢? /h at resonance, i.e., for u = €.
In the noninteracting spinful model, where the dot can host

two electrons with opposite spin, the sum over o yields the
maximum G,y = Gy.

(147)

(148)

IX. SINGLE-IMPURITY ANDERSON MODEL (SIAM)

We now specialize the discussion to the simplest, yet
highly nontrivial, instance of the general model of interacting
nanostructure described by Eq. (1), the single-impurity An-
derson model (SIAM). In the SIAM, the central system is a
quantum dot that can host at most two electrons with opposite
spin states, the latter being denoted by o = 1, |. The dot is
connected to two leads, L and R, via a tunnel coupling which
we assume here to be spin independent. A scheme of the
model is provided in Fig. 17. The resulting four many-body
dot states are given by |0), | 1), | ), and |2), or, in terms of the
sojourn indices (n*, n¥),by | — 1 — 1), | +1 = 1), — 1 4+ 1),
and | 4+ 1 4 1), respectively. The difference in chemical po-
tentials produces at long times a stationary current which is
essentially determined by three energy scales: the interaction
energy U between the electrons in the dot, the tunnel coupling
I', and the thermal energy kgT. Despite its simplicity, this
model already displays a variety of interesting physical effects
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DBA, NCA  (oo-tier)
| NCA4, sNCA4 (4¢h-tier) |
| RTA, NCA2, DSO  (2ud-tier) |
‘ CT, ST (pert.)]

i — : : T
0 Tk r

FIG. 18. The different approximation schemes for the SIAM dis-
cussed in this work, in their range of validity (kg = 1). Dashed lines
indicate the expected regime of validity. Sequential tunneling (ST)
and cotunneling (CT) are perturbative in I" (first and second order,
respectively). The second-tier noncrossing approximation (NCA2)
and the resonant tunneling approximation (RTA) are nonperturbative
in I' and neglect diagrams with overlap of more than two fermion
lines (second-tier schemes). The first is obtained from the second by
neglecting the crossing diagrams and yields the Meir-Wingreen-Lee
result [39] for the retarded Green’s function. Higher-tier approxi-
mation schemes deepen the hierarchy of fermion lines. We propose
infinite- and fourth-tier schemes which neglect the crossings at the
first (DBA) or at all levels (NCA, NCA4, sSNCA4) and can be seen
as dressed versions of the NCA2.

and transport regimes arising from the interplay of these en-
ergy scales (see Fig. 18). For example, the Kondo effect [4-6],
an exquisitely nonperturbative many-body phenomenon due
to the correlation between electrons in the dot and the leads,
becomes relevant for temperatures around and below a certain
value Tx which depends exclusively on I', U, and the single-
particle energies €.
The full Hamiltonian of the setup reads as

H = Z €Ny +Unsity + Zeakcakacwka

ako

+ Z[takaj;caka + t:;kclkaao‘]a

ako

(149)

where « = L, R, and A, = a a,. The single-particle energies
€, are possibly split by an externally applied magnetic field
€; — €, = Ap. Note that spin-independent coupling constants
tok (and nonmagnetic leads) imply that the correlation matri-
ces g+ [Eq. (7)] are not only diagonal, but also proportional to
the identity, namely, [g+(t)]o'6 = 8576 g+(t) With

1 i
ga() = o5 )l fie)e 1%, (150)
ak

In what follows we use the compact notation of Eq. (22)
which, in the case considered here, adapts to

gl=g., gl=g¢, gl=g, gl=¢. 5D
In the WBL, the tunnel coupling is quantified by I :=
2w )", Oulte |2. The collective index y, defined for the general
case in Eq. (86), specializes in the SIAM to

=(k,n°), where k= (¢, k)

and where & denotes the opposite spin with respect to o.
In order to simplify the notation, from here on we make the

identifications

[

n°=v and n° =n,

with D = —v and 7 = —n, so that x := (k, n). The system
energies E; in the phase factors of Eq. (42) are in this case the
dot energies shown in Fig. 7. For the fermion lines associated
to the state o these energies read as

E, =¢,+U/2,
E;(n) =€, + (1 +n)U/2,

with similar expressions for E; and E5 (v).
The retarded (¢ = +1) and advanced (¢ = —1) dot
Green’s functions [Eq. (129)] adopt in the SIAM the form

& in a blip state
. . (152)
& in the sojourn

G (er) = —% D 28 P (153)
n'n

with

Q7,0 =n'ndv 41 Y [gog(:c)an.y + Vg (1)
s=1)

x> X7 (e k)P KWV (:c/)} E
k" K! n'ns

(154)
where we used (v)*> = 1. Here, the blocks in parentheses have
a 2 x 2 matrix structure induced by the sojourn indices n'n,
and the vertex is given by

|te (ek)l2

VoK) i= ———5—f%, (o). (155)

The Meir-Wingreen formula, which gives the current for a
general system in the case of proportional coupling with the
leads (130), adapts for the SIAM to

r.r
o=t RZ/de [f+(e)—f+(6)][——lmg’ (e)}.

(156)
The asymptotic population of the spin states o is the trace
over the occupation states of & of the SIAM populations P{°,
namely, p] =}, P;°. In terms of the expectation value of the
number operator 7,

Pl = (), pl=1— (). 57
These expectation values can be calculated either by solving
the master equation for P}° [see Eq. (116)] or self-consistently,
via the equations-of-motion technique [42], where, in the

wide-band limit,
1 1
(o) = - / de[TLfi(e) + FRff(e)][—;ImG;(,(e)},

(158)
with ' = FL + FR.

A. Approximation schemes

Despite the existing rich literature on the SIAM, an exact
analytical solution for the dot Green’s function (153), en-
compassing the whole regime of parameters U, I', and T, is
not known so far. In the forthcoming sections, we show how
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known perturbative schemes in I', as well as some nonpertur-
bative ones, are recovered within our approach. Furthermore,
an infinite-tier approximation scheme is discussed.

In Fig. 18 we sketch the regime of validity of different
analytical approaches derived from the diagrammatic unrav-
eling of the exact irreducible propagator in Eq. (98). The
sequential tunneling and cotunneling schemes are perturbative
in I' and thus valid when I' is the smallest energy scale,
namely, I' < kg7 for U =0 and I' < kgT, U for U # 0. In
order to access the regime I" ~ kg7 one needs to include
processes of all orders. The simplest way to do this is to
truncate the hierarchy of diagrams discussed in Sec. VIB
to a maximum overlap of two fermion lines. We call the
resulting schemes second tier. Iterating the insertion of the
bare bubble and crossing blocks defined above in the bare
propagator h and summing the geometrical series results in
the RTA [45,47], where the propagator ¢grs is the solution
of the Dyson equation (106). Neglecting the crossing blocks
of the RTA, one is left with a main fermion line dressed by
bubbles, a scheme which we call NCA2. It generalizes the
dressed second order (DSO), which accounts only for charge
fluctuations internal to the main fermion line [49]. In our
language the DSO considers the bubble blocks diagonal in
the index 7. On the contrary, the NCA2 takes into account
the full matrix structure of the bubbles and, along with the
RTA, recovers the noninteracting Green’s functions. These
second-tier schemes display artifacts such as the pinning of
the density of states at the particle-hole symmetry point, due
to the temperature-independent self-energy at this symmetry
point, and do not predict the correct Kondo temperature 7x.
Crossing diagrams contribute to inelastic processes but are
not expected to be relevant for investigating the zero-bias
anomaly. For these reasons, in Sec. IXD, we discuss the
infinite-tier approximation DBA which allows to recover the
NCA2 form for the Green’s function but with dressed self-
energies [see Eqgs. (210) and (215) below]. In Sec. IXF, we
explicitly evaluate such self-energies in a simplified version
of the fourth-tier scheme NCA4 (sSNCA4). In concluding this
section, we notice that the NCA scheme discussed here is
different from the slave-boson NCA for the SIAM reviewed
in [91]. We nevertheless use the same name since we similarly
neglect the crossing diagrams at all levels.

B. Perturbative schemes
1. Sequential tunneling

The simplest approximation, valid for kg7,U > T" (or
ksT > T if U = 0), consists in truncating to the lowest order
in I" the Dyson equation for the propagator ¢ [Eq. (103)].
This results in ¢gr = h, where the bare propagator with a sin-
gle fermion line reads as for the SIAM [h]“ o = h 8(, oOxxs
where

o : 1
hnn = = ih

------------ ) Cler — Eo(m] v a0+ (159

This propagator yields the current to the lowest order, namely,
the second order in the tunneling amplitude t (or first order in
I'). Note that the propagator ¢y is diagonal both in the spin
and in the remaining variables x. Using Eqgs. (153) and (154),

— 0.03
F 4 0.025
- E40.02 §
5}
3 .
= 4 0.015
- >
S
0.01 =
S
0.005
0
-1 —0.5 0 0.5 1
eVy /U

FIG. 19. Differential conductance vs the gate voltage V, and bias
voltage V in the sequential tunneling (ST) approximation. At low-
bias voltages, the current is strongly suppressed inside the regions
enclosed by so-called Coulomb diamonds due to charging effects.
The ST approximation does not account for virtual processes (of
higher order in I') which enable transport of charge also inside the
Coulomb diamonds. Degenerate case €, = g = —U/2 + eV,, with
temperature kg7 = 0.1 U and tunneling rates 'y, = ' = 0.005U.

the Green’s functions in the ST approximation are

oo srle) = — = Zn NPST (€5 KDY

= 160
Z € —Es (n) +1i¢0+’ (160)
where =>,P°  Recall that ¢gf (k)=

D e ¢§’}‘,’,’,n(fc’ , k) [see Eq. (114)]. In the ST approximation,
from Eqs. (157) and (160),

5)) +8(e — €5 — U){iis),
(161)

~ I, () = 8(e—e, (1~ (3

where we have used lim,_ o+ £/(x> + &%) = 78(x), and the
general formula (156) gives for the current
e FLFR

Kr=5—F ;{[fﬂea) — [{EeI(1 ~ (hg))

+ [fi(es +U) — fR(es + U)NiA5)).

The level’s populations are obtained by solving Eq. (158)
which yields in this case

(162)

Yo Lafi(esr)
T+ Y, Tafi(e) — Yy Tafi(es +U)

In Fig. 19, we show the differential conductance d/g;/9dV in
the degenerate case, obtained from Eqgs. (162) and (163) by us-
ing dfL/0V = —(e/2)dfL/de and A fR/9V = (e/2)0fF/0e.
The differential conductance is shown as a function of the
bias voltage eV = p; — g, and the gate voltage, which shifts
the position of the (degenerate) level via g = —U/2 + eV,.
Such plot, called stability diagram, highlights the resonances
which form diamond-shaped regions where the differential

(i) = (163)
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FIG. 20. Linear conductance within the NCA2, in units of the
conductance quantum Gy = 2¢2/h, vs the gate voltage €y — it in the
degenerate case €, = €y. The peaks shrink and move towards the cen-
ter as temperature is decreased. The curves at the lowest temperatures
display an unphysical pinning at the particle-hole symmetry point.
The tunnel couplingis I' = 0.1U with I', =T =T/2.

conductance is zero. In the central regions called Coulomb
diamonds, the dot populations are 0, 1, and 2, from left
to right, and the current is suppressed. This effect is called
Coulomb blockade and appears in the present regime of weak
tunnel coupling, where the Coulomb interaction dominates
and I'/kpT < 1.

A horizontal cut (V = 0) of the stability diagram gives
the linear conductance G = d//dV |y—o [see Eq. (131)]. The
linear conductance, which is suppressed at the center of the
Coulomb diamond, shows two peaks separated by the energy
U (see Fig. 20 below). A straightforward extension of the ST
which accounts for a I' broadening in the Green’s function is
discussed in Sec. IX C 4 below.

2. Cotunneling

The next improvement over the ST, also perturbative in
I, is the cotunneling approximation. It allows charge trans-
fer across the dot also in the parameter regimes where ST
processes are exponentially suppressed due to the Coulomb
blockade [34], i.e., around the center of the Coulomb diamond
Vo ~ 0 (see Fig. 19). In our diagrammatic approach, this oc-
curs via virtual processes encoded in the bubble and crossing
blocks B and X, i.e., according to Eq. (105),

¢cr =h+h(B + X)h.

As the sequential tunneling approximation, also this scheme
is valid when I is the smallest energy scale of the problem.

As already noticed in the case of the RLM, the diagram-
matic rules in Sec. IV D and in Appendix H imply that when
there are at most two overlapping fermion lines associated to
the same state (in the present case to the same spin state), the
fermion line of a bubble has the index ¢ opposite to the one of
the main fermion line. Similarly, in a crossing, the outgoing
line has the index ¢ opposite to the one of the incoming line.
These constraints do not apply when the spin states involved
in a bubble or in a crossing block are different. It is therefore
natural to distinguish these two cases.

(164)

The bubble block is obtained by contracting with a vertex
the internal fermion line (indexed with 1) of the bare propa-
gator with two overlapping fermion lines which can be of the
same [0 (0)] [see Eq (165)] or of opposite [0 (& )] spin. The

first is given by [h o) 1% ; o hg(‘r)(S(,r(,éKrK&”rﬂ, where

oK
T~k 6
S

hg(”) —

1
€k — €y ) +10H7 (165)

[cf. Eq. (137)]. Note that the block hg’) has a 4 x 4 structure
in the composite index (v, n) = (7, n°). The propagator with
overlap of two fermion lines with opposite spin is given by the
block [h{'197 = hJ@8,/ 8¢, with

/\(7R1 1

C(Ek - EU) + Cl(ek’l

— E,) +i0F

(166)
which has no structure in the sojourn indices. The bubble
block resulting from the contraction of the internal fermion
lines of the two above propagators with the vertices

Ity (€k)|2

Vi (k) = — (167)

14, (e0)

is given by [B]S’(:; = BZ,H(SJrJS,CrK. The function BZ’n is the sum

o _ polo) o(7)
Bn/n = B ’ + ]37]/,'7

nn
R~k

lhz VV K1 6{1 —
- S hniies,,,
k €;€1 —|—10
ihv_, (k1)
+Z<ek— )+ Ci(ens — Ep) 1i0F

(168)

The first contribution, which is diagonal in all the indices,
is calculated as in Egs. (138)—(140), and reads as B“(n")
—I'/(2h)8,, in the WBL. The second term in Eq. (168)
depends on 7 via the vertex and can be evaluated as well
in the WBL where ), — >, O [ de1. We obtain (see
Appendix I)

J5(€n)

i T, [V
2 —a [ ge IV
h ;QZ: 2 /w ‘e — &, + 1,0
1 o
: Iy 1 & — e
— Rey( = i —Fe
”72“:27171[ e¢(2+1 2k T )

1 5— — Ha
_Rew< orksT )}

Ty
=2 Sl En + €]

(169)
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where &, 1= E; + ¢{1(E; — €). All in all, the WBL expres-
sion for the bubble block reads as

o r r o
Bn’n = _ﬁ‘sn’n - Z 2;;;|:f_;7(5§1)
a8
. 7)§1 1 g{] - Moll
—i—/—R —+i—=—F . 170
7 ew(zJ” 2tksT (170)

Note that the second term, while depending on the sojourn
index 7, is independent of n’. Thus, in the WBL, the matrix
elements of the bubble can be written as the sum

o F o
B}, = 5500 + B, (171)

The crossing blocks, with overlap of fermion lines with same
and opposite spin, read as

iy v (k')

RUDSACIGCIEY W
(e, — epr) +i0F T

ih v, (k)
Cler — Ex) + (' (e — E5) +10+’

(172)
respectively. Here, in the spin-diagonal crossing block, we
include the sum over the internal sojourn v in the definition, as
done for the bubble with overlap of same-spin fermion lines
[see Eq. (168)].

In order to write the Green’s function, we use the cotunnel-
ing irreducible propagator in Eq. (164). This yields

QZ,»”CT(K) = )7/175‘}/,_5_1 {hgn(lc)&,/,,

+ [h” (1)B? (k)R (1)1,
+ Y Ivh? ()X (e, kD (K WV _ o (k)] }
” (173)

where, according to Egs. (123) and (124), we split the crossing
block X?° as

X (k') = V()X (ki) — v ()X (k). (174)

Now, from inspection of Eq. (172) we find that x{” = 0 due
to the sum over v (and in analogy to the RLM case) because
nothing else depends on v. We are then left with

sz‘;,fT(,c) =008y 41 [h;n(x)é,,/,, +hy, (B, (10)h?, (k)

+v ) h, (10X, (k. lc/)hfv(lc/)vﬂ(lc/):|,
—

(175)

where
inn

fa—E) Tt —Eyror (70

X737, (k. 1) =

Using the above result and Eq. (168) we can cast Q¢ in the
form

n'n

Q) = n'ndy 4 {h;;n(x)an,,, + b, (0B (0O, (1)

+in Z hy, ()], () + vi'h], (kD)]v_ (1) }
— (& — Eo) + §'(ev — E5) + 107
(77)
As a result, the Green’s function is the sum of the ST contri-
bution, given by the first term in Eq. (177), plus the terms of
fourth order in the tunneling amplitude (second order in I')
and reads as

i o
Gyocr(en) = =5 > Oy cr(@, Py
'

=G @)+ G yule).  (178)

For a comprehensive diagrammatic analysis of cotunneling
effects we refer to [34]. In the recent paper [88], interference
phenomena at the cotunneling level, where one needs to go
beyond the assumption of state-conserving tunneling, are dis-
cussed for interacting double quantum dots. In this work, we
rather focus on nonperturbative schemes.

C. Nonperturbative, second-tier schemes
1. Resonant tunneling approximation (RTA)

Iterating the insertion of the cotunneling blocks B and X in
the bare propagator h, one obtains the nonperturbative RTA.
The Dyson equation for the irreducible propagator ¢gry =
h~!'—B-X]! [Eq. (106)] can be given in terms of the
NCA2 propagator ¢ycar, = [h™! — B]~!(see the next section)
as follows:

Orta = Pncaz T Oncar XPrra- (179)

Componentwise in k, with the 2 x 2 matrix structure induced
by the sojourn indices n', n* left implicit, this equation reads
as

;T(:\(K/’ k) = §0§gA2(’C/)5m5a'a

+ @) D X7 (K k) $ i ).

(180)

The RTA is equivalent to the second-order von Neumann
approach [45] and in the noninteracting case reproduces the
current for the STAM, but not the full density matrix, contrary
to the case of the RLM which is fully described by the RTA.
Indeed, as discussed in Sec. IV D, for U = 0 the contributing
diagrams have at most four overlapping fermion lines, of
which at most two with the same spin.

In the infinite-U limit, the RTA admits an analytical solu-
tion to be found along the lines of [47,92]. In this limit, the
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blocks specialize to (consider { = +1)

oo . 1
[h]X/X = 1hm50108x/)(8,,’_1,
X7 = i ¥e &)

XX € — e +i0F T

_ Ve (k)
X% = ih——"—68. _,
Xy € — e +i0t ¢

X, Ve K" 4 v (k)
€ — € + 10T

[BIS = iny

o"k"

Soa8yy-  (181)
The 2 x 2 matrix structure of Eq. (180) is lost because n
can only assume the value —1, as induced by the interaction
energy appearing at the denominator of h for n = +1, namely,
the dot can be occupied at most by one electron. As a result,
we get the following two equations for the diagonal and off-

diagonal elements in the spin index (we omit the labels RTA
and NCA?2)

977 (e, €") = 977 (€)8(e — €)
+waa(e)/del/xaa(e’6//)¢0'0(6//’6)
+@GG(G)/dEHXo&(E,6”)(1)60(6”,6/), (182)

(156”(6,6/) — @66(6)/d6//xﬁa(6,6”)45“0(6//,6)

+(pﬁﬁ(G)/dE//Xﬁﬁ(e,6//)¢&H(6//,6),

where X% = X°° and X°? = X°? [see Eq. (181)]. Consider

now the degenerate system €; = €, = €. In this case ¢?7 =
G0

¢°? = ¢° and, by summing the above two equations, we
obtain
@7 (e, €") = ¢ (e)d(e — 6/)+</>"(€)/616”X(€, €")p7 (", €),
(183)
where
¢ (e, €)=Y ¢7(e,€),
X(e,€) =X(e,€') + X (e, €)
2
—ip Y T vile) +v-(€) (184)

€ — ¢ +i0t

[see Eq. (181)]. Solving Eq. (183), it is found that the real part
of ¢, the one which enters the current, as in Eqgs. (117) and
(118), reads as

e / de'? (e, € )v_y(€")

=G, ) [V + v (Ollp)f.  (185)
where C, is a constant depending on the initial vertex v_,. As
shown in [49], in this regime of large interaction U, the RTA
and the DSO (see Sec. IX C 3) display a qualitatively similar
behavior of the linear conductance, though the RTA predicts
higher peak conductance. Moreover, the two schemes share

the same prediction for the zero-bias anomaly temperature
scale, which is given in Eq. (198) below.

2. Second-tier noncrossing approximation (NCA2)

In the NCAZ2, the propagator ¢yca, is given by the Dyson
equation (107). As a result, the bare ST propagator is dressed
by the bubble diagrams B, namely,

$ncar =" —B] 7"

While being diagonal in o and k, the bubble blocks B have a
nontrivial 2 x 2 matrix structure in terms of the sojourn index
n [see Eq. (171)], a feature which accounts for charge transfer
by processes internal to the main fermion line. As a result,
they induce a 2 x 2 structure to the contracted (matrix) func-
tion @74, (k), defined by ¢;/gA2(K/, k) = @RZa2(K)8cb50c .

Neglecting the crossings in the main fermion lines results
in the Green’s function [see Eqs. (153) and (154)]

(186)

1; / oo o
G (@) = = 3002, (€ 0]

lé‘ oy (Y (a2
= — 5 2 [0RCanm (€ ) = 9REn 5 (C. 0]
n

(187)
The matrix elements of @yca,, from Eq. (186), read as
o |1 o
(paa _ (hT_Z’_)) B B'_I’_I
NCA2,mm = -1 ’
" [thg,)™ —Bg,][hgy) —Bg,] - BY B,
Phcaz,m = o
: -1 —1 ’
" [(hgrz) - B‘,;,]][(h;’) — B3 ] BB
(188)

where h7, is defined in Eq. (159) and where the dependence
on k of the block functions is understood. Note that the de-
nominators are independent of 1. Plugging these results in
Eq. (187), with pj given by Eq. (157), the dot Green’s function
reads as

g{(f() _ 1 — (f15) —— T
€ — € —i¢hBY_ + it MBS ——5irme
. (Aiz) )
€—€;—U—il B, +i¢hAB? = :Us —I(E[;[?iﬂt;?f] :

(189)

In the WBL, we can simplify this expression by using the
result in Eq. (171) and the property

>, =
n

which can be checked by inspection of Eq. (170). The retarded
(¢ = +1) Green’s function in the NCA2 reads as

(190)

1 — (s
Grole) = a)
€ — € +il/2+ o () s
N (i) ’
E_EU_U+1F/2 E”+(6)e —€y +13F/2
(191)
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where we have singled out the constant broadening iI" /2 and
identified the interaction-induced contributions with the off-
diagonal matrix elements of the bubbles via

S (€) = 1B, ()] =1
_ 011 1 g{] Ma,
=— Z Z |:77§1R0W< kel )

+im £, )},

with &, := E; + {1(E; — €) and E, = €, + U/2. Note that,
by virtue of the property (190), which implies

Yop(e) =il

we can express the retarded Green’s function in terms of a
single self-energy, e.g., X,_(¢€). Interestingly, the result in
Eq. (191) is equivalent to the one obtained by Meir, Wingreen,
and Lee in [39] with the equations-of-motion technique.

We now summarize the properties and predictions of the
NCAZ2. For vanishing interaction U = 0, we recover the cor-
rect WBL result for the noninteracting case

b 1
900 () = 2
As anticipated below Eq. (148), the zero-temperature conduc-
tance in the noninteracting limit
I T
O —ar+/ 1
saturates, at resonance and for I', = I' /2, to the conductance
quantum Gy due to the sum over the spin degree of freedom.
This can be seen by applying the general formula (131) to the
SIAM with the retarded Green’s function given by Eq. (194).
For finite interaction, on the other hand, the NCA2 displays
a zero-bias anomaly at a characteristic temperature 7* =
Tneaz- This temperature is defined as the one at which the
real parts of the denominators vanish, causing a peak in the
density of states —Im[G. (u)]/m. By virtue of the property
(193) satisfied by the self-energies, this condition is the same
for the two terms in Eq. (191) and reads as
U)—30%/4 + URe[Z,_(w)|r-] =0.
(196)
For sufficiently large interaction energy U, away from the
condition u — €y = U/2, we can approximate the real part of
the self-energy in Eq. (192) as

ReE()|~Fln u
o= W = 50 M\ 2k )

(192)

Yoyle) =— (193)

(194)

(u —€0)( — €0 —

197
3 197)
Then, assuming U > T, solving Eq. (196) for T* = Tncas,
we find

(n—€p)(n—€g—U)
2 - our

(198)

~ —e¢

2
Notice that this result differs from the Kondo temperature 7k,
which has the prefactor 7 in place of 27 at the exponent [5,6],
namely,

kgTncaz

VJUr
2

with limy _, o kg T o< exp[—m (u — €9)/T].

(n—€p)(u—en—U)

kT = o e (199)

Another problem of this approximation scheme is the
temperature-independent behavior at the particle-hole sym-
metry point (sp) u — €p = U/2 at equilibrium in the degen-
erate case [40]. Indeed, since £+ — u = F(e — u), we have
f+(&+) = fo(E2). Also Rey(x + iy) = Rey(x — iy). Thus,
from Eq. (192) we find that the self-energy is purely imaginary
and temperature independent

TP (e) = —il'/2. (200)
Consequently, the retarded Green’s function becomes
i 1 — (75
Gisp(e) = 2 —

+
e-U/2+1'/2+ 1(F/2)6+U/2+13r/2

This feature causes the onset of an artifact in the linear
conductance G when the temperature decreases below I': a
pinning at a temperature-independent value of G at the sym-
metry point. Note that inclusion of the crossings does not lift
this problem: This can be seen from Fig. 3 of Ref. [44] where
a scheme equivalent to the RTA, which includes the crossings,
is used.

The linear conductance from the NCA?2 is shown in Fig. 20,
for the degenerate case, as a function of the gate voltage
€9 — pu for various temperatures. At high temperatures kg7 >
I, there are two temperature-broadened peaks separated by
the energy U, in agreement with the ST result shown in
Fig. 19. Upon decreasing T, the peaks get narrower and
closer, witnessing the transition to I"-broadened conductance
peaks, where the dot energies are renormalized by the tunnel
coupling to the leads. This is captured by the nonperturba-
tive character of the NCA2. As anticipated above, at low
temperatures kg7 < I', the pinning of G at a temperature-
independent value appears at the particle-hole symmetry point
€0 — i = —U/2. The onset of this artifact signals the break-
down of the approximation scheme. As shown in Sec. IXF,
introducing higher-tier processes which dress the NCA?2 bub-
ble diagrams, this problem is lifted as the dependence of the
self-energies on the temperature is restored.

3. Charge fluctuations only: Dressed second order

The DSO is the simplest, nontrivial approximation scheme
nonperturbative in I, being the dressed version of the sequen-
tial tunneling [see Eq. (104)], where the main fermion line
is dressed by charge fluctuations [49,93,94]. The diagrams
retained are formally similar to the ones of the NCA2, namely,
they consist in dressing the main fermion lines with bare
bubble diagrams. The difference is that the DSO only accounts
for charge fluctuations of the main fermion line, meaning that
the sojourn states before and after a bubble are the same,
n=mn; =---=n'. As a consequence, the charge in the dot
does not vary by more than one unit between the two ends
of the main fermion line, net charge transfers being operated
solely by the latter. In this scheme, the kernel connects the
same states as those connected by the sequential tunneling, the
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states that differ by no more than one electron in occupancy.
Note that the same is not true for the NCA2, which includes
also processes that vary the dot charge also within the main
line (pair tunneling). The fact that the internal processes leave
the intermediate sojourns unchanged means that the bubbles
in the Dyson equation (208) for the function ¢’ have a
diagonal structure yielding the solution

1

T T o o (202)
(hrm) 1 _B'?’I

oo
90,;/,7,1)50(/{) =

Thus, according to Eq. (187), the retarded DSO Green’s func-
tion assumes, in the WBL, the form

1 —(A)
€ —€; +1I'/2 — X;_(€)
n ()
€—€ —U+il'/2 — o (e)’
with ¥,,(e) given by Eq. (192). Note that, contrary to the
NCA2, the correct result in the noninteracting limit is not
recovered within the DSO. However, in the limit U — o0, the

DSO reproduces the NCA2 result in the same limit, namely,
one obtains

oo (€) =

(203)

1 —(fz)
€ —€; +il/2 — 25_(e)

lim G (€)= (204)
U—o0
The corresponding prediction for the Kondo-type temperature
Tbso is in this limit

87271(#*60)/1"’

kBTDSO ~ i (205)
2

and is the same as for the NCA2 and RTA, with the wrong
prefactor in the exponent. Nevertheless, the DSO is the sim-
plest scheme, namely, the one with the minimal collection
of diagrams, which captures the emergence of a zero-bias
anomaly at low temperatures kg7 < I'. A comparison be-
tween the linear conductance calculated within the NCA2 and
the one from the DSO is shown in Fig. 21, for kg7 /T" = 0.2,
where the linear conductance follows qualitatively the DM-
NRG result, down to kg7 /T" = 0.002, where both schemes
break down. The parameters are chosen so as to allow for a
direct comparison with Fig. 6 of Ref. [35], where the scheme
EOM2 (equation-of-motion method) behaves similarly to the
NCA2.

4. T broadening of the ST

Dressing the main fermion line exclusively with the
temperature-independent bubble, namely, the first term of
Eq. (168), amounts to neglecting in the DSO retarded Green’s
function the temperature-dependent self-energies X, (€)
[see Eq. (203)]. The only internal process retained here
corresponds to the temperature-independent diagrammatic
contributions in Ref. [52]. The resulting Green’s function is
that of a I'-broadened version of the ST approximation, where
the single-particle energies acquire a broadening I" due to the
coupling to the leads and reads as

o)=Y L
n

ek — E;(n)+1il'/2° (206)

DM-NRG ——
DSO ——
NCA2 —
kT = 0.04 U
O 05 i
O
0 4
1 : : : : :
ksT = 0.003 U
S 05 ]
S
0 n . . . n
1 : : : : :
kpT = 0.0004 U
SENER ]
O
0 i — . ‘K ;
) 15 1 05 0 0.5 1

(o —m)/U

FIG. 21. Linear conductance within the NCA2 and the DSO
schemes compared with the curves from the numerically exact DM-
NRG. We consider the degenerate case €, = €, for three different
temperatures. The tunnel coupling is ' =0.2U with I') =Tz =
I'/2. The parameters are chosen to allow a direct comparison with
the results of [35].

This scheme is the same as the EOMO reviewed in [35],
which is derived with the EOM method. With this result for
the Green’s function, the general formula (130), gives for the
current in the ST approximation

1o — %rLrR;/de [FE(e) — R

y [ 1 — (As) (Aiz) ]

(e —€)+T2%2/4 (e—¢,—U)+T2%/4
_ el g
T h T

D 1A = ())r(eq) + (s )r(es + U],

207)
where r(x) is defined in Eq. (147).
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G/Go

—0.5 0
(o= p)/U

FIG. 22. Linear conductance within the I'-broadened ST
[Eq. (206)] vs the gate voltage €y — u in the degenerate case €, = €.
Lowering the temperature, the peaks shrink until kg7 >~ I" but they
do not move towards the center. Their height grows as 7~'. The
tunnel coupling is ' = 0.01 U with 'y, =T =T1/2.

In Fig. 22, we show the linear conductance G, obtained by
inserting the retarded Green’s function (¢ = +1) of Eq. (206)
into the general expression (131). The linear conductance is
plotted, in the degenerate case, where €4 = €, = €, against
the gate voltage. Decreasing the temperature, G is suppressed
around the particle-hole symmetry point €g — u = —U/2, the
central region between the two peaks separated by the energy
U, the separation being independent of the temperature, con-
trary to the NCA2 (cf. Fig. 20).

D. Infinite-tier schemes I: Neglecting the crossings
in the main fermion line (DBA)

From the considerations above, the second-tier approx-
imations well describe the behavior of the SIAM above
temperatures of the order kg7 ~ I'. Also they capture the
onset of a zero-bias anomaly at low temperature. However,
artifacts occur when the temperature is lowered even further.
As shown in the next sections, the problems with the Kondo
temperature Tx and the pinning at the particle-hole symmetry
point are mitigated by deepening the hierarchy of internal
process including third- and fourth-tier bubble diagrams.

Let us go to the exact formal expression for ¢, Eq. (102),
and assume that the main fermion line does not undergo cross-
ings, which yields a diagonal irreducible propagator in o and
k. Within this assumption, the equation for ¢ — @pp, is

éppa = [h' — B! (208)
[see Eq. (109)]. The propagator is dressed by internal pro-
cesses according to the hierarchy of Eq. (101) with (S,v) —
B, = B, where the block [B]%,¢ = B, ()8,58, is given by
the contraction of a free propagator dressed by all possible (ir-
reducible) processes, including crossings. The diagrammatic
of this dressing is in fact the same as the exact irreducible
propagator ¢ itself (see Fig. 14).

As the bare bubbles of the NCA2, the dressed bubbles
are diagonal in all indices except for n, inducing a 2 x 2
structure to the contracted (matrix) function @pg, (k). Along
similar lines as in the NCA2, the matrix elements of @pg,

read as

o \! RO

(paa _ (hiﬁl) - Bi]ﬁ
DBA,ny — T = J E— -
" [lg,) " - By )[(hg) " — Bg;] - By By,

on = B

N7/ ~ 1 ~ ~ )
[(hgnyl - Bgn][(hgfz) - B%ﬁ] - B(';UB%W

where the bare block B has been replaced by the dressed one
B. Similar to Eq. (187), the dot Green’s function in the co-tier
scheme reads as

1 — (fs)
€ — €, —iChB? _ +ichB? _
(fg)

€—e,—U—ilhBY, +ig hB7 | U KhBL, LBT ]

—t e—e,—i¢hA[B7_+B7,]

(210)

@) —
go'{a_

e—e,—igh[B? _+B7,]
e—e,—U—i¢h[BY, +B7_]

+

As above, the dependence on « is understood. Thus, neglect-
ing the crossing of the main fermion line, we obtain a general
structure for the retarded Green’s function by a simple 2 x 2
(block) matrix inversion. The matrix elements of the dressed
bubbles are schematized by

0 ————— 0
By = K\§l + f
1 —— — Ul -

Here, the bare contribution (no internal processes) to the first
bubble diagram is diagonal in 1’y and is also independent of
the value of the sojourn 7, as it does not include interactions.
This bare bubble is the same as the one of the NCA2 and,
in the WBL, is evaluated to be —1I"/2% [see Eq. (168)]. In
the presence of internal processes, the first dressed bubble in
Eq. (211) depends in principle on the sojourn 5. This occurs
when the latter has overlap with a blip of the o path. However,
in this case the block vanishes because the overlap implies
overlap of three fermion lines of the state o, resulting in a
factor v that makes the whole diagram vanish upon summing
over v, as exemplified in the diagram (B) of Eq. (60). As a
result, this block is independent of the value of the last sojourn
n’. The same independence of 1’ holds for the second block
because the sojourn 7', although involved with interactions,
lies outside the block itself. On the contrary, the initial sojourn
is relevant for both bubbles because it determines the vertex
of the fermion line of spin & according to the definition in
Eq. (92). Summarizing, on the basis of the diagrammatic rules
we conclude that the dressed bubble B possesses the same
property of the bare bubble, namely,

_ r -
B,,= — z—hla,]/n + By, (212)
where, again, boldface objects indicate diagonal matrices in
the indices o and k. Exploiting the symmetry in Eq. (212),
we can simplify the form of the Green’s function in Eq. (210).
In particular, the retarded (¢ = +1) Green’s function in the
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WBL reads as

0= T — 234
o o= U+iL—3,(e)

(z)

U+ 1_ — g1 (€)

U

+

9
€—€, +177}] (€)

213)

€ — €5 —

where

Se(€) = Toyle). (214)
n

Equation (213) is one of the main results of this work. The
problem of calculating the retarded Green’s function, and thus
the relevant physical properties for proportional coupling, re-
duces to that of determining the retarded, dressed self-energies
f)m], here identified with the off-diagonal elements of the
dressed bubbles via

Yoy(€) :=1MB7, (K)]r=+1. (215)
The evaluation of these self-energies remains complicated due
to the inner processes dressing the bubble B.

The retarded Green’s function in Eq. (213) has the same
form of the one found in [42] with a self-consistent trunca-
tion of the equations of motion. As such, provided that the
self-energies have the correct form, the DBA can in principle
reproduce the unitary limit at 7 = 0. In the degenerate case,
the latter is obtained if, at the particle-hole symmetry point

€0 — i = —U/2, the dressed self-energies acquire the values
- T (2ksTx , .ImE,(n)
Yo ( ):j:—ln( >+1 (216)
+(U = T B
in terms of the Kondo temperature, Eq. (199), so that
ImG! (n) = —2/I". We next introduce an approximation

scheme, the noncrossing approximation (NCA), where also
the internal crossings are neglected. Note that this scheme,
obtained by systematically neglecting the crossings in the di-
agrammatic unraveling of the self-energies, does not coincide
with the NCA well known in the Green’s functions literature
[67]

E. Infinite-tier schemes II: Neglecting all crossings (NCA)

In the absence of crossings at all levels, the hierarchy in
Eq. (101) simplifies to

C(hv)h, o = [0, —BYATT, 217)

with h, = 1h, denoting the bare propagator with n over-
lapping fermion lines and h,, the corresponding propagator
dressed by higher-tier bubbles B)“* = (h,v). In particu-
lar, BYCA = (h,v) = B, where hy, = [h;' — BY°A]™!. In the
followmg we drop the indices and make the identification
BYCA = B. The dressed bubble B in Eq. (211) is then schemat-

ically described by the following sum of two contributions:

Ro  _ polo) | Ro(o)
Bn’n - Bn’n + Bn’n

u (218)

Here, the white rectangles indicate the dressing of the prop-
agators h, with two overlapping fermion lines by iteration
of third-tier bubbles. Specifically, the dressed bubble of type
o (o) is given by the following contraction of a dressed prop-
agator with 4 x 4 matrix structure in n = (v, 1):

B - 2 (T )

v v

(219)

where b’ is obtained by dressing the bare propagator 1hJ ‘"’
[Eq. (165)] with the third-tier bubble B *’, namely,
io(o) (o)1
B3 = [[1h5"]

_ f;g(<’>]_l (220)

The third-tier bubble B’ is in turn given by the sum

i

n' 1 —

~o(oa)

Vop) + I/II/<}~1§’(:,Z>V_V>

= V'vB,, (n) +VvBE,,(v).

!
=v'v(hg,,

(221)

The prefactor v'v stems from overlap of three fermion lines of
spin o, according to the diagrammatic rules [see Eqs. (53)—
(55) and also Eq. (HS5)]. Note that these third-tier bubbles
can in principle change the occupation state of both spin de-
grees of freedom. As a result, they capture spin-flip processes,
which are virtual processes by which the state of the dot
with single occupation changes spin due to multiple (virtual)
transitions as, for example, in

t— (1) — L.

We anticipate that, since in the SIAM we deal with two de-
grees of freedom, the 4 x 4 structure of B‘T(”) is the largest in
the hierarchical analysis.

The other second-tier bubble in Eq. (218) is B“@). It is
calculated as the contraction of a dressed propagator which
bears no structure in the sojourn indices

Ba(a)

n'n (ha(a)v—ﬂ)’

(222)

where ﬁg((}) is obtained by dressing the bare propagator hg((})
in Eq. (166) with the third-tier bubble Eg(”) according to

(57"

@ = ~BJ9] (223)
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The third-tier bubble entering this equation is

— ﬁ
By ﬁ\ ’
e LT

=2 Zhg(f ) Z Zhg(n”?

(224)

Note that also the bubble f}g(ﬁ) has no structure in the so-
journ indices. Moreover, we have included the sums over the
sojourns internal to the bubbles in the definitions. The corre-
sponding self-energy £{7)(¢) := 1hB”(“)(K)|;,+1 is given by

o I 1 & -
E(U) - _ _(x - O+ o
on () ”Xa: 2 [1#(2 T

1 g_ - Ma . F
Yyl -+i——— )| —i= 225
w(2+12nkBT )} ) 225)
(see Appendix N), where
ggl =€ + (e, —€)+ 5§1,+1U
+¢Re £ —i[lm £ |. (226)

Note that for vanishing third-tier self-energies, given by
Eq. (L8), one recovers the NCA2 self-energies X, (¢) [see
Eq. (192)].

The task of finding the dressed self-energies ¥,,(¢) has
thus been reduced to the evaluation of the dressed bubbles B
together with the inversion of the 4 x 4 matrix in Eq. (220). In
turn, the propagators h; in Egs. (221) and (224) are given by
dressing the bare propagators hs with overlap of three fermion
lines with the fourth-tier bubbles By, namely,

hs =[[h;]™' — B4, (227)
where we made no reference to the spin of the fermion lines.

The hierarchy of internal processes proceeds similarly for
higher overlaps of fermion lines. Note that the dimension
associated to the matrix structure in the sojourn indices varies
between 0 and 4 (never exceeding this upper bound in the
SIAM) according to the number and the spin of the overlap-
ping fermion lines.

F. Fourth-tier scheme: NCA4

Up to this point, the description of the hierarchy of dia-
grammatic contributions to the second-tier bubbles, namely
to the self-energies [see Eq. (215)], is exact, within the ap-
proximation of neglecting the crossings. The truncation of
the hierarchy in Eq. (217) to the level n = 4 gives rise to a
fourth-tier scheme where hy = hy, namely, B, = B,.

The fourth-tier bubbles B4 are similar to the NCA2 second-
tier bubbles BZ’n [see Eq. (168)], except for the additional
layers of fermion lines, and the products of sojourn indices
associated to the overlap of three fermion lines of the same
spin. The fourth-tier bubbles dressing the propagators h; in

Eq. (221) are schematized as

BU(U5) _

4,v'v

o(oo)
B4,n’77 -

(228)
Analogously, the propagators h; in Eq. (224) are dressed by
the fourth-tier bubbles

Ba’(&a) _

4v'v T

o(6a)
B4,n/n -

=D (g ve) + (0] vy
v (229)

Note the prefactor n’n in the last line which is absent in
Eq. (228). The structure of the dressed propagators l~1‘37 is
the same as the one of ¢, [see Eq. (188)] and of @7F,
[Eq. (209)[ and their matrix elements read as (we omit any
reference to the spin)

iy h3 55 — Ban
am = = ,
[03.3) = Baan] (0335 — Ba.gn] — BaaBasy
B3 = 1= T (230)
[h3 m B4Jm][h3,%fz - B‘Wn] B y7Ba.in

Finally, the bare propagators with overlap of three fermion
lines are diagonal 2 x 2 matrices with elements

oK
— 0K

ho(o&) T NGky _ 1oy
3.y " Clex — exy) + Colen, — E5(v)] +107F
h(;_ o_o_) _ T N0k _ ih(sn/,q : 7
M s ; Clek — €xy) + Coler, — Eo(n)] +10F
231)
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and
}cr(&a) _ Qg;; o ih(;l,fl,
v v Cler — €ry) + Ciler, — E5(v)] +1i0+
/\ZT\ X
ha’(ﬁ'ﬁ) _ T NGk _ lhd,,rn
B e Ci(en, — €xy) + Clex — Ex(n)] +10+7

(232)
where E,(n) =€, + (1 +n)U/2.

The determination of the dressed second-tier bubble B?(®)
[Eq. (222)] and in turn of the self-energy £(7)(¢) [Eq. (N7)]
relies on the calculation of the dressed NCA4 third-tier
bubbles (224). On the other hand, evaluating the dressed
second-tier bubble B?(®) [Eq. (219)] is more involved, as we
need in principle to invert and contract a 4 x 4 matrix whose
matrix structure is inherited by the one of the dressed third-tier
bubbles (221).

As shown in Appendix K, a closed formal expression can
be found for the bubble B?(*) with a two-stage procedure that
yields

— _
50(0) _ _ T o(0)
By = @ - 2715”'" + (K v,
N —"2 — ’/}’
(233)
where, as a key result,
AAC
o(o) __ +
o (234)

n — .
([05) " +1/8)° — AAgAAS

Here, the functions AAi/ 7 are differences of the dressed prop-

agators ﬁ;(:n”) or flg_(v"v&), as seen in Eq. (K37). They lead to
a nontrivial, temperature-dependent, renormalization of the
self-energy £7)(¢) := ihﬁgn(’)(/cﬂ;:“ [see e.g. Eq. (241)
below]. We notice that Zn Kg;") =0, therefore, the cor-
responding self-energy has the property Zn f]((,‘;)(e) =0.
On the other hand, it is easy to see from Eq. (N7) that
>, £)(e) = —il". The dressed self-energies have thus the

property

> Boy(e) = To(e) = il (235)
n

where
ia‘n = 2((;;]) + i((;?,’)

This is the same property as the one obeyed by the bare self-
energies in the NCA2 [Eq. (190)]. Therefore, in the NCA4,
the retarded Green’s function, whose general noncrossing-
approximated form is provided in Eq. (213), simplifies to

1 —(ns)

Goo(€) = . 3
€ —€, +il/2 + Eg_(e)m
(fiz)
+ . 3 v
€~ —U+il/2 = 30i () 15

(236)

The important difference with the NCA2 is that the self-
energies are now dressed by higher-level processes, and
specifically by third-tier bubbles [see Eqs. (219) and (222)].
This crucial feature lifts the pinning problem at the symmetry
point u — €g = U/2, as the self-energies remain temperature
dependent. Using the sum rule (235), we can give the retarded
Green’s function solely in terms of the self-energy %, _.

Consider the degenerate case €; =€, = ¢ at equilib-
rium pu; = ugr = . As for the NCA2 and the DSO, a
zero-bias peak in the conductance appears for temperature
below a certain value T* for which the real parts of the
denominators vanish, causing a peak in the density of states
—Im[G! _(w)]/m. This condition is

(n— ) — €0 — U) =3I /4 + U Re[E5 _(w)l7-] =0,
(237)
which is formally the same as for the NCA2, except that here
the self-energy is dressed. In the degenerate case, AAT =
AAS = AA,, and a decomposition of Eq. (234) in partial
fractions allows us to express

o(o) 77|: 1
Ko = =
T 21 4T /R — AAL

S } (238)

(b1 '+ T/h+ AA;
Notice that AA, = (ar + iay)/h is a complex function. This
leads to a temperature-dependent renormalization of the prop-
agator hJ”) [cf. Eq. (165)]. Explicitly, we define I's(T) =
I' £ ag(T); the imaginary part ay(7") yields energy renormal-
ization. As seen in Eq. (K37), AA, shares with the Green’s
function (236) the same renormalization of the dot energies
Es(v) [E,(n)] which thus occurs also at the level of the self-
energy and in principle at all (even) levels of the hierarchy. We
find (not shown) a similar structure for the third-tier bubbles
that renormalize the dot energy in the self-energy f)((,‘z])(e).
Lastly, we notice that, at the particle-hole symmetry point
€0 — n = —U/2, and in the degenerate case, the equilibrium
NCA4 retarded Green’s function in Eq. (236) acquires the
particularly simple expression

i3r/2
U/2+iT/2)(=U/2+3T/2) + U, _ (1)
(239)

Goo() =

In what follows, by discarding the nontrivial, off-diagonal
contributions from the fourth-tier bubbles, we obtain an ap-
proximate fourth-tier scheme easier to handle for analytical
evaluations.

1. Simplified NCA4 (sNCA4)

To provide an easy-to-handle, analytical treatment that im-
proves on the NCA2, we consider a simplified version of the
NCA4 propagators hs. Specifically, we neglect the second
terms in Egs. (228) and (229). This approximation yields, for
all the fourth-tier bubbles, the simple result B, = —I'"/(2k)1,
where 1 is the two-dimensional identity in the index 1 or v. As
a consequence, the bare propagators in Eqgs. (231) and (232)
simply acquire a broadening I /(2/) and the dressed propaga-
tors in Eq. (230) become diagonal, as the nontrivial parts of B4
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are disregarded. Note that this treatment repeats what is done
in the I"-broadened sequential tunneling approximation (see
Sec. IX C4), but at the fourth level of the hierarchy rather than
the second. In this case AAi and AAY are real. In addition,
the third-tier bubbles Bg“’), dressing the dot energy in the
self-energy s f,? (¢) [Eq. (N7)], are real at the symmetry point.
Thus, contrary to the NCA4, the sSNCA4 only accounts for the
renormalization of the lifetime but not of the energy in the
arguments of the self-energies. In Appendixes L and M, we
give explicit expressions for the simplified third-tier bubbles
of Eq. (221), and for the functions AAi/ 7 defined in Eq. (M1).
The resulting dressed second-tier bubbles are calculated in
Appendixes M and N. They satisfy the properties

o(o)
Bﬂﬂ

r - L - -
o(o) o(6) _ fpo(d)
—ﬁ&m + B]—?77 and B’?”l = Bi]ﬂ . (240)

Thus, the sum Bj;, = BU(“) —l—B‘;(”“) respects the property
given in Eq. (212) with the general, co-tier DBA scheme of
Eq. (208). We find for the correspondmg dressed, retarded

self-energy 2(”)(6) = 1F1B (K)|§ —+1
()
1AAZ| 1 Ty(T) .€— o
1AA%| Z [ <2+2nkBT+12nkBT
Cp(T) € — la
—ilm , 241
i w( 2ksT +12nkBT>j| (241)

where T+(T) =T £ i(AA]AAT)"2. Further, £7)(e) is
given by Eq. (N5) with iéi?n approximated as in Eq. (L8).

G. sNCA4 results at equilibrium

In what follows we consider the symmetric coupling to
the leads I'y = 'y = ' /2. Assuming that the parameters are
such that the dot is close to the center of the Coulomb di-
amond, i.e., g — u, U —€p+ > I', we can approximate
the self-energy in order to obtain a simple expression for
the Kondo-type temperature from the condition in Eq. (237).
From Eq. (N5), retaining the first term for sufficiently
large U, away from the condltlon uw —€g =U/2, the real
part of the self-energy E ’ is the same as in the NCA2
x [cf. Eq (197)]:

@) Y
Re[ 2, ()] =5 <2nkBT>' (242)

As shown in Appendix M [see Eq. (M7)], the retarded self-
energy of type (o) is calculated to be

£ () =~ —1n [
o\ = 2wkgT )’
and the resulting value for the Kondo-type temperature 7* =
Tincas 1s

(243)

QU3 R

AT (244)

kpTincas =

which essentially reproduces the one obtained in [41]. The
result of the simplified NCA4 deviates from the true Kondo
temperature Tx [Eq. (199)]. This deviation is ascribed to the

DM-NRG ——
o sNCA4 —
<ﬁa>sNCA4 -t
ksT = 0.04 U
© 05t ]
0 ! . . . I
1 , , , , ,
ksT = 0.003 U
O o5t i
)
0 ! . . . e
1 , , , , ,
kT = 0.0004 U |
O o5l |
) S
0 ! . . . T
-2 ~15 —1 —05 0 0.5 1

(o —p)/U

FIG. 23. Linear conductance of the simplified NCA4 vs the
gate voltage for three different temperatures. Degenerate case €, =
€9 with ' = 0.2U. The dashed lines depict the expectation value
(fiy) = (A,). The parameters are chosen to allow a direct comparison
with the results of [35]. The Kondo temperature [Eq. (199)] for this
choice of parameters is kg7x =~ 0.004 U. The sSNCA4 conductance
has a very weak dependence on temperature in the lowest two panels,
a hint that the Fermi-liquid regime is approached (see also Fig. 25).
However, in contrast to the DMNRG curve, the unitary limit G = Gy
is not approached.

fact that, in the dressing of the third-tier bubbles, only diag-
onal contributions were included, yielding a simple structure
for the fourth-tier bubbles. Diagrams describing spin fluctu-
ations involve the fourth-tier bubbles in the second column
of Eqgs. (228) and (229) which are arguably relevant in the
low-temperature regimes. In fact, as shown exemplarily in
Eq. (K37), they lead to a temperature-dependent energy shift
in the self-energy.

In Figs. 23 and 24 , we show the linear conductance calcu-
lated within the SNCA4 scheme considered here, for I' = 0.2
and 0.4 U, respectively. In both cases we consider three val-
ues of the temperature. The SNCA4 reproduces the DMNRG
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FIG. 24. Linear conductance of the simplified NCA4 vs the
gate voltage for three different temperatures. Degenerate case €, =
€9 with ' = 0.4 U. The dashed lines depict the expectation value
{(fy) = (). The Kondo temperature [Eq. (199)] for this choice of
parameters is kgTx ~ 0.04 U. Note that the SNCA4 performs better
at low temperature with respect to the case I' = 0.2 U (cf. Fig. 23).

curve quantitatively until temperatures slightly above Tx over
the whole gate voltage range. After that, the conductance
has only a weak temperature dependence, as expected in
the Fermi-liquid regime [4]. However, it fails to reproduce
the saturation predicted for the SIAM to the plateau value
Go = 2¢*/hfor T — 0. We notice that the SNCA4 has a better
qualitative behavior at the larger value of I'. As in Fig. 21,
the parameters of Fig. 23 are chosen so as to allow for a
direct comparison with Fig. 6 of Ref. [35], where different
approximation schemes, some of which are derived with the
EOM technique, are contrasted with the NRG results.

1. Particle-hole symmetry point

At the particle-hole symmetry point ¢ — u = —U/2, and
in the degenerate case, the retarded self-energy simpli-

fies to By (1) = £ () + £ (1) = ReS,_ () — il /2,
where, from Eqs. (M8) and (N8),

. 3T 1 r
ReS, _(n) = — Rey | = L.
eXo, (1) yp [;p CW(Z + 2nk3T> (245)

In turn, the arguments 'y read as

'y = F|:1 + EImgb(l + L/ +i v/ >:|
T 2 2mkgT 2kgT
From Eq. (239), this entails for the density of states
r/2n
U2/443T2/4 —UReZ, (u)
The linear conductance saturates at zero temperature and, as
shown in Appendix O, displays a Fermi-liquid behavior at

low T.
The zero-temperature expression for the self-energy

5 _3r I 1+ (2/m)arctan(U/T") T
o) =10 n(l — (2/7t)arctan(U/F)> )

1
_ _Imggo(u) = (246)
T

o i (247)
along with Egs. (132) and (246), provides the saturation value
Gr=o = —GoI' )", ImG/,_(n)/4 for the SNCA4 linear con-
ductance.

Figure 25 shows the linear conductance at the particle-hole
symmetry point as a function of the temperature, for both
values of I" considered in Figs. 23 and 24. In the limit 7 — 0,
the SNCA4 displays saturation at values lower than the correct
value Gy, which improves for larger I'. In fact, saturation to
G is attained in the limit I" >> U since the theory is exact
in the noninteracting case. An improvement over the SNCA4
results is expected at the NCA4 level. Here, the inclusion of
the off-diagonal contributions in the fourth-tier matrices B4
naturally leads to an energy shift also in the self-energies
[see Eq. (K37)], which becomes crucial below the Kondo
temperature. The predictions of the full NCA4 will be the
subject of future investigations.

H. Nonequilibrium properties of the SNCA4

The simple form of the SNCA4 self-energies [Eqs. (N7)
and (241)] allows us to use the NCA4 Green’s function (236)
to address the nonequilibrium situation. An insight on the
peak structure of the differential conductance in the degen-
erate case, for different values of the tunnel coupling I, is
given by Figs. 26 and 27. Specifically, we show the differential
conductance as a function of the voltage bias eV = p; — ug
with u; = u+eV/2 and ugr = u —eV/2 at the two gate
voltages shown in Fig. 26(a) (see the cuts of the stability
diagram). In Fig. 26(b) the differential conductance vs bias
voltage is shown at different temperatures for I' = 0.1 U. The
same is done in Figs. 27(a) and 27(b) for ' = 0.2U and 0.4 U,
respectively. As above, we consider a symmetric coupling to
theleads 'y =T =T7/2.

The Kondo temperature Tx [Eq. (199)] is a function of
€9 — u; for this reason to the two values of the gate volt-
age considered there correspond different Kondo temperatures
at a given I'. For ' = 0.1U [Fig. 26(b)], the temperatures
considered are larger than T for both gate voltages and the
Kondo peak at zero bias is absent, although one can see the
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FIG. 25. Temperature dependence of the linear conductance in
the simplified NCA4 and NCA?2 at the particle-hole symmetry point
€9 — i = —U/2. Degenerate case €, = ¢y with ' = 0.2U (upper
panel) and I' = 0.4 U (lower panel). The red dashed lines are at the
values of the Kondo temperature 7x given by Eq. (199) while the
vertical solid lines correspond to the three temperatures considered
in in Figs. 23 and 24. Consistently with the DMNRG results, well
below Tk the SNCA4 curves depend only weakly on the temperature.
However, the unitary value G is not attained.

onset of the peak at the lowest value of 7. The same holds
for I' = 0.2 U [Fig. 27(a)] at the particle-hole symmetry point
€0 — u = —U/2, where kgTx < 0.04U. In contrast, the gate
voltage € — u = —U/4 yields kgTx > 0.04 U. This second
situation is reflected by a zero-bias peak which develops
fully as the temperature is decreased. For the largest value
of the coupling, namely, I' = 0.4 U [Fig. 27(b)], at both gate
voltages the lowest value of T used is lower than Tx. This
entails that the two plots in Fig. 27(b) show the same features,
namely, fully developed zero-bias peaks.

1. Effect of an applied magnetic field

In the presence of an applied magnetic field, the Zeeman
splitting of the dot energies €, is given by Ap = €4 — €, with
€4 = €9+ Ap/2 and €| = ¢y — Ap/2. We address the result-
ing nondegenerate situation in Fig. 28, where the conductance
is calculated as a function of the gate voltage both at equi-
librium (zero voltage bias) and in nonequilibrium (eV = U).
The same scheme of the stability diagram shown in Fig. 26(a)
is reproduced in Fig. 28(a) and presents the conductance at
zero applied magnetic field for two fixed values of the voltage
bias, corresponding to the horizontal cuts. In Fig. 28(b), we

( ) kgT/U =0.1 ——
0.05
0.2 | 1 0.01 —— |
5 |
~
S
g 0.1 | L i
0 f I I I h I I I I I

-2 -1 0 1 2 =2 -1 0 1 2
eV/U eV/U

FIG. 26. Effect of the temperature on the sSNCA4 differential
conductance for I' = 0.1U, with I’y = 'k =I'/2, in the degener-
ate case. (a) Scheme of the stability diagram for the SIAM (cf.
Fig. 19). The curves are the differential conductance for two values
of the gate voltage at kg7 = 0.04U. (b) Differential conductance
vs voltage bias eV = u; — ug, for different temperatures. The gate
voltage is set to the values shown in (a), namely, € — u = —U/2
(left) and €y — u = —U/4 (right). At the particle-hole symmetry
point, €9 — u = —U /2, the Kondo temperature, Eq. (199), is kg Tx =~
0.00006U.

consider different values of Ap for the two values of the bias
shown in Fig. 28(a). According to the chosen bias voltage
eV = u; — ug, we obtain multiple-peak structures with dif-
ferent relative magnitudes. The peaks in the conductance are
split by the effect of the applied magnetic field.

X. CONCLUSIONS

In summary, we have illustrated how the Feynman-Vernon
approach, well known in the study of the dissipative dynamics
of quantum particles in bosonic environments [64,79,82,95],
is also a useful tool in the context of nonlinear transport in
interacting nanojunctions. Integration over the reservoirs’ de-
grees of freedom enables one to obtain an exact path-integral
representation for the reduced density matrix and the cur-
rent for a general open system connected to several leads.
Dealing with fermions, the path integral is given in terms of
fermionic coherent states. Here, the Feynman-Vernon influ-
ence functional, a functional of the system paths, accounts
exactly for the effects of the leads on the system’s dynamics.
While the residual integration over the Grassmann variables
can be easily performed for noninteracting systems [15], this
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FIG. 27. Effect of the temperature on the sSNCA4 differential
conductance vs voltage bias eV = pu; — ug in the degenerate case
and for (a) ' = 0.2U and (b) I' = 0.4 U. The gate voltage is set to
the same values as in Fig. 26, namely, ¢y — u = —U /2 (particle-hole
symmetry point, left) and €y — u = —U/4 (right). At the particle-
hole symmetry point, the Kondo temperature, Eq. (199), is kgTx =~
0.004 U in (a) and kgTx =~ 0.04 U in (b).

is no longer the case when local interactions are present in the
nanojunction, a situation which is the topic of our work.

In the first and general part, we show how this difficulty
can be overcome by expressing the path integral for the prop-
agator in the occupation-number representation. This allows
for a systematic expansion of the Feynman-Vernon influence
functional in the system-leads tunneling amplitude and its
diagrammatic characterization. The diagrammatic expansion
is carried out for a general system provided that the tunneling
matrices are diagonal in the system’s states, meaning that the
tunneling is state preserving. In practice, we exclude from
the discussion situations like those of noncollinearly polar-
ized leads, or when orbital coherence is important [84-86,88—
90,96]. This assumption enables us to consider exclusively the
populations of the nanojunction. Since, due to Pauli exclu-
sion principle, a single fermionic degree of freedom can only
be empty or occupied, we exploit this “two-level” character
to parametrize the propagator paths in terms of “blips” and
“sojourns,” in analogy to the spin-boson model [79]. The di-
agrammatic contributions to the propagating functions for the

v

0.5 F 'AB/U:(J' _ ]
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FIG. 28. Effect of the magnetic field on the sSNCA4 conductance.
Symmetric coupling to the leads with I' = 0.1 U, and temperature
ksT = 0.01U. (a) Scheme of the stability diagram for the SIAM.
The solid black curves are the differential and linear conductances
at zero magnetic field and for two values of the bias voltage eV =
L — Mg, namely, eV =0 and eV = U. (b) Linear and differential
conductances vs the gate voltage, calculated for the two values of the
bias voltage shown in (a), for different values of the Zeeman splitting
Ap =€y — €.

populations are summed to yield a formally exact generalized
master equation (GME). Similarly, an integral equation for
the current is derived. In the last part devoted to the general
formalism, we give hierarchical diagrammatic expressions for
both the kernels of the GME and of the integral equation for
the current, which constitutes a major result of this gen-
eral part. We have reported crucial steps of the derivations
in numerous Appendixes. This allows nonexpert readers to
get acquainted with some mathematical intricacies. At the
same time, readers not interested in the elimination of the
Grassmann variables can start from the diagrammatic rules
discussed in Sec. IV and continue with the derivation of the
GME.

In the second part of the work, the formalism is applied to
two important archetype models: the exactly solvable resonant
level model and the single-impurity Anderson model (STAM).
Due to the vast literature on the topic, we found it important
to show how seemingly different treatments or approxima-
tion schemes can be reconciled within our formalism. For
example, the nonperturbative resonant tunneling approxima-
tion proposed in [47] is soon recovered by truncating the
hierarchy in the kernel of the GME to the second tier. Also,
the famous Meir-Wingreen formula for the SIAM retarded
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Green’s function, derived with the equation-of-motion ap-
proach [39], is obtained here within a selection of second-tier
diagrams, which we call second-tier noncrossing approxima-
tion (NCA2).

While the resonant tunneling approximation and the NCA2
already capture the onset of the Kondo zero-bias anomaly
upon decreasing temperature, they both have some drawbacks
that can be overcome only by going to higher-tier treatments.
To this aim, we develop first an infinite-tier approximation, the
dressed bubble approximation (DBA). Then, we proceed with
a simplified version of the DBA which neglects the crossing at
all levels, the NCA. Here, the evaluation of the STAM retarded
Green’s function is formally reduced to the inversion of a 4 x
4 self-energy matrix and the Green’s function self-energies be-
come dressed by virtual tunneling transitions. Being interested
in analytical solutions, we investigate the outcomes of our ap-
proximation within fourth-tier schemes dubbed NCA4 and the
simplified NCA4 (sNCA4). Here, like the Green’s function,
also the NCA4 self-energies acquire a finite lifetime and an
energy shift. While inclusion of the full NCA4 self-energy
is still intricate, its simplified version allows for a complete
analytical treatment of the STAM. Exemplarily, we show that
the conductance is well reproduced from high temperatures
down to the Kondo temperature for moderate interaction. The
validity of the SNCA4 in this parameter range was checked for
the equilibrium SIAM against exact numerical renormaliza-
tion group simulations. While the sSNCA4 solves the pinning
problem and displays a Fermi-liquid behavior at low 7', pre-
dicting a saturation of the conductance at zero temperature,
it still does not yield the expected unitary value G = 2¢?/h
for a Kondo impurity. A full NCA4 treatment at the level
of the fourth tier is expected to improve the low-temperature
predictions for the SIAM current-voltage characteristics. We
defer the study of this full fourth-tier scheme to future inves-
tigations.

Finally, the purpose of this work is to introduce an an-
alytical approach to interacting nanojunctions based on the
Feynman-Vernon influence functional, and to apply it to
archetypal models such as the resonant level model and the
SIAM. Due to the generality of the method, more com-
plex situations encompassing multilevel or multidot systems,
state nonconserving tunneling, or junctions subject to time-
dependent drive, can be included in the theory. We hope that
this potential will stimulate further investigations using the
Feynman-Vernon approach.
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APPENDIX A: PATH-INTEGRAL EXPRESSION
FOR THE SYSTEM PROPAGATOR

In the absence of an external time-dependent driving, the
propagator for the quantum state of the full system, from the

initial time 7 to time ¢, reads as

Ult, 1) = e~ #1100, (A1)

with H the complete Hamiltonian of the transport setup,
Eq. (1).

A path-integral expression for the reduced density matrix
of the central system can be obtained in the coherent-
state representation [72]. The fermionic coherent states for
the central system are defined as |§) = exp(— Z[S"&Z)IO) =
[T exp(—&7a)|0;) = [T;(1 — &'aDI0;) = [1,(10:) — &'[1:)),
where the Grassmann variables § = (..., &%, ...) and & =
(...,&™, ...) have one component for each electronic state
i defined by 4;|&) = &'|&) and (§|a] = (£|£™. The Grassmann
variables obey the relations {¢/, £/} = {¢/, £/*} = 0, meaning
that (£9)> = 0. Analogous definitions hold for the leads’ states
|@) in the coherent-state representation. Using the notation
from Cabhill and Glauber [73]

/dzg" = /dsf*dg", /d2§ = f []4%' and
g8 =) &,

the identity in the Hilbert space of the central system reads as
I= / e ) @

The overcompleteness of the set of coherent states is manifest
in the overlap between coherent states

(&,18,) = e 5,

The trace of an operator in the coherent-state representation is

(A2)

(A3)

(A4)

Tr{A) = / d*g e E (- AlS), (AS)
and the Gaussian integrals are performed via
/ d?E e METEE Y — Je M MY (A6)

Assuming the factorized initial condition p(fp) = p(f) ®
Pleads for the total density matrix, the matrix element
(&,1p(2)|&,) in the coherent-state representation of the system
RDM p(¢) is given by the following trace over the leads:

(Ep(0)IE) = (€| Trieaas (U (7, 10)pror (t)U T (2, 10)} 1)
- / d*pe P (—E,lU 1, 10)p(to)

® Pleads (1)U (2, 10)|9E,,),

where |@) is the state of the leads in the coherent-state rep-
resentation. At this point we apply the standard procedure
of dividing the time interval ¢ — fy into K small intervals
of length 8¢ and introducing the identity for the composite
system

(A7)

Iy = / d*E(t)d>P(ty) e & W&

x e ¥ W g (1E)) (Et )P (AS)
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at each time instant #;, both in the forward and in the backward
propagators U (¢, to) and U (¢, tp). This results in
Elo0ig) = [ de [ e85,
« e~ Eobo—Eod , 900000
X (=E.0|U (¢, 10)|ho&o) (Dol 0 (10)
® Preads (10) | Bo€o) (Bobol U (1, 10) | $E,).  (A9)

Explicitly, setting &"(tx11) = &, &(tx11) = &, (d(tx+1)| =
(—@|, and |p(tx+1)) = |@), the path-integral expression for
the matrix elements of the forward and backward propagators
reads as

(=&, 01U, 10)IPo&0)

K
_ / l—[ A6t d> (1 et BE0~$ W)

k=1
K+1 _
% 1_[ & W-EU- )+ (1) (1) o= 1 HIE (16), 67 (1), 611, d (1118t
k=1
(A10)
and
(Eool U (1. 10)|9E})
K - - - -
= /1_[d2?;-(tk)d2$(tk)e—E*(tk)-E(tk>—¢*(tk)-¢(zk)
k=1
K+l = Pe - it pe =
% 1_[ &8 t-1)-5)+¢ (tk—l)'(b(tk)e%,H[E (te-1).9 (tk—l)qf(tk)~¢(tk)]5f’
k=1
(A11)

respectively. Collecting the above results, we obtain the ma-
trix element of the RDM at time ¢,

(&, lp()E) = / d*E,d*E\T (£, &, 1: €0, &, 10) (&gl p(10)1 &),
(A12)

J

where the propagator has the following path-integral expres-
sion:

«.7(52’ gbv ta E()v é;’ tO)

& & , Y
:/ D¢ | DEes!SEHSEDF (e g EE). (A13)
& &
Here, the integration measures of the Grassmann-valued
paths are defined by [ D& = [[]i, d&id&, and [ DE =
[TIE, d&d&,. The functional containing the action of
the central system is given by Eq. (5) of the main text.
The Feynman-Vernon influence functional F(&*, &, B =
exp[®(£*, £, &', £)] is a functional of the Grassmann-valued
paths of the central system which encapsulates the dissipative

effect due to the coupling to the leads. Its phase reads as
[15,65,74]

PELEEH
_ _ Z/ d[,/ dt//[gij(t/ _ t//)si*(t/)%-j(t//)
7 Jn f
+ g;i(t/ _ t//)éi*(t//)éj(t/)]
_ Z/ dl‘// dt”{gij(t' —t”)éi*(t/)fj(t”)
7 Y )

— g —t[EFW) + EFH]IE ") + E (¢},
(A14)

with the temperature-independent and temperature-dependent
correlation matrix of elements g;;(¢) and g ;;(¢) defined as

1 _i
gij(t) - ? Ztiaktjakaae heakt’

ako

1 _i
grii) = = D tiako U S5 (€)™ 14,

ako

(A15)

1

respectively, where f¢(e;) = [1 4 ef«(“~#)]71 is the Fermi

function of lead . We also define

g—ij(t) :==g;ij(t) — g4,;()

APPENDIX B: PHASE OF THE INFLUENCE FUNCTIONAL

The terms in Eq. (A14) can be rearranged in a convenient manner:

0@ 8F D =-2 [ ar [ g — eI + G0~ 1R )
ij I Iy

] i
5 Z tiako U S (€1 )€ T (A16)
ako
where f%(€;) ;=1 — ff_‘(ék)-
+ Z/ dﬂ/ dt'[geij(t —tEXAE () + giij(t — tEX(HE (")
ij fo to
(BD)

+ gt —tHEFAE () — g it —tE*(HE ()]
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Further, exchanging the order of integration and using the relation g;;(—t) = g7%,(r) [see Eq. (A15)], the influence phase in

Eq. (B1) can be cast in the following compact form:

¢(§*, E7 E*» é) - _ Z/ dl‘// dt"[g,-j(t’ _ t//)%.i*(t/)sj(t//) + Q}‘i(t/ _ t//)éi*(t//)gj(t/)]
ij fo Iy

#30 [ [t =) + g~ E ORI
ij o I

gyt —tEFWNE (") — g it —1EFEHE (") + & it —1")EF(E ()
+gi_ji(t/ _ t//)éi*(t//)é-j(t/) + gj—,ji(t/ _ t//)si*(t//)g_-j(t/) _ g*—,ji([/ _ t//)é.i*(t//)é-j(t/)]

— _ Z/ dl// dt”[g—,ij(t, _ t//)gi*(t/)gj(t//) _ g+,ij(t, _ t//)gi*(t/)éj(t//)
ij t to

_ g+,ij(t/ _ l‘”)éi*(t/)éj(l‘”) + g—,ij(t/ _ t//)éi*(t/)%.j(t//) _ gi—,ji(t/ _ I”)fi*(l‘//)fj(l‘/)
gt it —tERAEN (W) — g — ERE(W) + g5 it — tEFEN()]

== [ar [ ar[gwr o —rsah 50y e )50

—Et) g (=1 EC)-E) g (' —1t") ECHHE W) gt —1")- &1
+EC) g —1")-EC)—EC) g 1) EW) - EW) gt — 1) &)

t t
= —f dt’/ dt”
fo T

x,y,z=%1

Y xE@glC —1EFW, (B2)

where we used the anticommutation property of the Grassmann variables and Eq. (A16). In the last line, we established the

notation

ok

gl=g &l=g¢ &l=f ¢l=F,

+1 __
g+1 =8+

gi=g, gi=¢g. gl=¢. (B3)

Equation (B2) is the form of the influence phase used throughout this work.

APPENDIX C: LEADS’ FORCE OPERATOR
CORRELATION FUNCTION

The correlation functions g+ ;;(¢) are related to the corre-
lation function of the (fermion) baths force operator which
appears in the quantum Langevin equation for the dot operator
a;(t). Indeed, given the full Hamiltonian (1), the Heisen-
berg equation of motion for the leads’ operators Cyis () =
i[H, caio (t)]/ 1 is solved by

Coko (t) = Cuko (to)e_%eak(t—ro)
i t
1 . )
T h Zt;aka/ dt'e 1+ =g ). (CI)
- "
J

Plugging this result in the Heisenberg equation for the system
operator a;(t),

(1) = 2 1H. ()] = 21Hs, ai0)] = = 3 bk Cator (1)

ako
(C2)
we obtain the quantum Langevin equation
. i 1
ai(t) = T lHs, ai(D] = —5 3 tioko ks

jako

t .
X / dr'e 1 g () 1 &), (C3)

to

(

where the baths force operator reads as
n i il
G =—= D ko™ AT e (10) (C4)
ako

(see, e.g., Ref. [97]). The correlation functions in Eq. (A15)
are thus related to the correlation function of the baths’ force
operators via

(D8 =g — 1),
(GO @) =gt —1). (C5)
APPENDIX D: PATH-INTEGRAL REPRESENTATION OF

THE CURRENT AND THE GREEN’S FUNCTIONS

Consider the current on lead /. Using the definition
fL(ex) :=1— fL(&), the current functional Z in Eq. (13) can
be rewritten as

T 85 = / dt' (& Ot —ED)

— &g+t —1)EC) +EC)H]}, (D)

where

1 i
ij = [gri@®)+g_1O];; = 7 Ztilkatjlkaefﬁm{ (D2)
ko
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With this expression, recalling the relation between the operators a; and the corresponding Grassmann variables &, the current
I;(t) = —2Re Trg[.A;(¢)], with the path-integral representation of .A4,(¢) given by Eqgs. (11) and (12), can be seen as the path-
integral representation of the following trace over system and leads’ degrees of freedom:

Trs[ Ay ()] = = / dr’ {211t — 1) Trila]U (1, 1)a;U (', 10)pa (1)U (2, 19)]

— g1ij(t =) Trla U(t, t)a;U(t', 10)por(to)U (2, 10) + a] U (2, 10) por (t)U (¢, t0)a,; U (¢, 1)1}

=-> f dr'[guij(t — 1)) (Da; (") = g1t — 1) {{a] (1), a; (O]
ij “to

= ihZf dt’ [guij(t —t)G; (" — 1) = g1t — )G —1)]
ij J1

- ih/ dr' Tr[g(t —t)-G=(t' —t) — gyt — 1) - G —1)], (D3)

Iy

where the last trace is in the matrix sense. The lesser, retarded,
and advanced Green'’s functions are defined by

[G=(, )]y = ila()a; (")) /R,
[G7(t,1)]ij = —i0( — 1) ({ai(2), [t} /A,
[G(t,t);; = (G (¢, ]y
=1i0(t' - t)<{a;(t/), a;i(t)}) /h, (D4)
respectively. Note that the Heaviside function is already taken

into account in the time integral that guarantees the ordering
1<t

APPENDIX E: TWO LEADS AND
PROPORTIONAL COUPLING

Let us confine ourselves to the case of diagonal correlation
matrices g ,. Having diagonal correlation matrices implies
that, in the continuum limit,

[To(€)]ij =27 ) O (€]t (€83

In a typical transport setting, the system is connected to
two leads, « = L, R. In the case of proportional coupling,
the tunneling coefficients in the Hamiltonian are related by
tirs (€) = /Vir/ViL tiLo (€) with yir +y;r = 1. Since I7° =
—Iz°, the current I; is asymptotically equal to the current
I(t) =Y .[yirliL(t) — yiLir(t)] which we can directly write
as

I(t) = e2Re Trs[A(1)]. (E1)

The path-integral representation for the dot operator with di-
agonal elements A;;(t) := yip AiiL(t) — yir Aiir(t) is formally
the same as the one in Eq. (11). The current propagator 7'
for A(t) is similar to J,’ [Eq. (12)], the difference being the
functional Z(£*, £, &) in place of Z;(&*, £, &), where

I(¢*, 88 = Z/ dt'E* Olyirg it —1')

— Yieg+ir(t —OIE ) +E @] (E2)

Here we used the property f%(e) =1 — f{(e) in the defi-
nition of the correlation matrices. In the calculation of 7(¢)

(

for proportional coupling, the temperature-independent term
involving the lesser Green’s function in Eq. (D3) drops and

Trs[A(®)]

D i Ain () = vieAir(1)]

t
= —iFlZ/ dt'[yirg+ it — 1)
i vl

— yiL&+ir(t —1)1Gi(t —1). (E3)
In the continuum limit ), — Y [ d€ 0uo (€), With 04 (€)
the density of states in energy space of lead «. We define
I'(e) =T (e) + I'g(e), so that, for proportional coupling,
Eq. (E3) reads as

10 = 328 [aetshe) - ric)

t .
x Im [F,-,»(e) / dt'e et >gg.(ﬂ—t)] (E4)
fo

Asymptotic limit

In the limit# — 5 — o0, the time integral in Eq. (E4) yields
the Fourier transform with

Z YiLViR / f+(6) — f+(€)]1m [F”(G)gﬁ(e)]

(E5)
Taking into account the definition of the matrix I'(¢), the
current formula (E5) coincides with the well-known result of
Meir and Wingreen [21]. We have

iLYi !
o Z Mfd [fEe) —ff(e)]Fﬁ(e)—Im Gi(e)
e B I'L(e)Tr(€)
- Z/dé[f+(e) f+( )]|:FL(€) + rR(G)]lz
x [—llm g,-’,.(e)}, (E6)
b4

where we used the relation Im Gf(e) = —Im G/;(¢).

125417-40



FEYNMAN-VERNON INFLUENCE FUNCTIONAL ...

PHYSICAL REVIEW B 105, 125417 (2022)

APPENDIX F: INTEGRATING OUT THE GRASSMANN
VARIABLES IN THE SIAM

In this Appendix, we show how to trace over the Grass-
mann variables associated to the paths of the central system
for specific instances of paths. This procedure yields ulti-
mately the diagrammatic rules that can be traced back to the
anticommutation property of Grassmann numbers. First, we
exemplify the procedure for the simplest case of a central
system consisting of a single, spinless level, the resonant level
model. Then, we make the calculations for the more involved
case of the single-impurity Anderson model. Here, due to the
Coulomb interaction, the phase associated to the action of the
dot in the path-integral expression for the propagator produces
the phase factors that couple the diagrammatic contributions
stemming from the individual spin paths.

In order to perform specific calculations we employ the
formula that connects the coherent-state representation of the
propagator for the populations to a given order m to the corre-
sponding occupation-number representation

I, 1)
— ML) T () / PEdPE T E By 1360, B 1)
x (&oln)(n|&),

where n = (...,n/,...) with n’ =0, 1. The projectors are
defined by

(F1)

N 1
) =[[ M), M@ =[]0"0m), F2)
i=1 i=N
with
n*<0)=/ds*s*, n*(1)=fds*,

H(0>=/dé§, n(1)=/d§. (F3)

Resonant level model

In the RLM, the central system consists of a single, spinless
level with energy €. We start by considering in full detail
specific instances of paths with low number of transitions,
situated in the forward and backward paths. In this case the
occupation of the level is the single degree of freedom of the
central system. Let us use Egs. (F1) and (F2) to evaluate the

(a) J— —
5 p gk Ekﬂ ém— ]5111 n
&6 - Glibrl&] ST Y
3 . - —
&% v && - & &n &én
sojourn (00) o —l;liE) ?16)- o sojourn (00)

contributions to the propagator at different orders in I" given
by specific instances of paths.
According to Eq. (15) we have

(£010)(01&) = 1 (ol 1)(11&0) = £7E.
To order zero, using Eq. (5) and defining p := —ieét /h,

and

I (t310) = T,(0)IT%(0) f d*&0d*E0 T O Ep, 1380, B 10)
X (£010)(0]Z))

N
- 2 2F £
= [ dbveibindsi g []dsd e o
n=0
o N+1 o
X e—f,,*En 1_[ eé:‘i“n—ll’ne&:;,]énpz

n=1

= /d§N+1§N+1dE;\k/+1€;\F/+1

N

2 28 ,—ErE, ,—ErE,

x [[d&d*E e 55 e 5"
n=0

=1, (F4)

with £ | = &F and &y4; = &,. Here we have used the prop-
erty exp(y) = 1 + ¢ and Eq. (14). These properties imply
that, for all n, the terms in the rightmost product contribute as
1, otherwise there would be either products of same Grass-
mann numbers (> = 0) or integrations not compensated
by the corresponding Grassmann numbers in the integrand
(f dy = 0) [see Eq. (14)].

On the other hand, along the same lines one can see that a
path with no transitions cannot join two states with different
occupation, namely,

IO 1) = MDA / Ped’ B TOE By 1360, B 10)
X (£010) (012)

N
= /d§N+ldé‘;+l Hdzsnd2§ne*$:$ne*$:$n
n=0

N+1
x T etitemreebibors
n=1

=0, (F5)

‘Ta - &k G

- B t,

6 c = x| F | F*E
&& GG & G

qaY

¢ lexlE o c ¢
Em_1€m Emﬂé‘n:r] fwfyf

sojourn (00) blip (01) sojourn (00)

FIG. 29. Two examples of paths with two transitions, either in the forward (a) or in the backward (b) time branch. The Grassmann variables
boxed in red are the ones appearing in the influence functional for the examples of paths considered. Note that we use the same time direction
for the two branches with the consequence that £ and £* creates and annihilates an electron in the dot, respectively.
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where, again, we used the properties of the Grassmann inte-
grals (14). In the following we associate the color red to the
tunneling times and the colors black and blue to the sojourn
and blip times, respectively. These are the time intervals when
the RDM is in a diagonal (respectively off-diagonal) state
(see Fig. 5).

n=k n=k+1

the contribution from path (a) in Fig. 29 is obtained as

m m m k k+1
[[d% = d&:‘( [1 dsn_lds:> dg,, []d% =[] 4% =dE, (1‘[ déndé,f_])dék,

n=k

Going to first order in I', we first consider the path in
Fig. 29(a) with tunneling transitions in the forward branch.
Specifically, an electron is created in the central system at
time f#;, and subsequently annihilated at time #,,. The path is
thus identified by the sequence &/, &, (see Fig. 6). Using the
preliminary results

(Fo6)

n=m n=m

T oo(t:to) = T1,(0)IT7(0) / d*&0d &0 T L) (&, &y, 160, & 10)(0]0) (01Eo)

N+1

' n N - s
= [ [ dn [ dBvidsigi []dsdhe Soe 60 [] eomedi o, g 0, - wle;
fo fo n=0

n=1

t tm N k=l N
= [t [ dn 1~ 00 [ dgidnnbasi [ e 5 [Jae 5o [] agets
fo Iy n=0

x ds:( I1 dsnlds:)dsm<

n=k+1 n=k+1
t tm
Z/ dtm/ dry [_gj.(tm — i)l
Iy Iy

Similarly, the contribution from path () in Fig. 29 is

n=k+1

J(l)

n=0 n=m+1

1_[ g:%—nlpn) %-mé:]j

m t 153 .
[T » / A& dEnbnty —> / dty / diy [~ (1 — 1)]e <. (FT)
to fo
~—

=1

(003 10) = TT,(0)IT;(0) f d*60d*E0T ) (&1 & 1180, E . 10)(£00)(01o)

N+1

t I N _ _ _
£ E 2 PE g Bk Euipn i B E z
= [t [t [ dbviibidst g [] e e 68 T] et edibngy 5., - 1k
o i n=0 n=1

t I ~ ~ N .
= [ [ angion — 1) [ a5t idivainsi, [ 2ee v
to to

n=0

k—1 N k+1 m
x [[d*&e™55 T] dzénegffg”dé,f,(]_[ déndéjl)dék( I1 5,1"15"172)52&
n=0 n=m+1 n=m n=k+1
t Im m _ o t %) .
= [ [Cangin - [ 5 [ dEidtEs — [ a6 [ dni-ge et @)
To To n=k+1 ¢ b i fo
=—1

Hence, the two propagators for the specific paths (a) and () are the complex conjugates of each other.
Next we consider the two paths contributing to J'(1, ¢; 0, #y) which are depicted in Fig. 30.
The contribution of path (c) is evaluated similarly to those of paths (a) and (b). Explicitly,

T8 0t 10) = TL(DIT(1) / d*&d*E0 T ) (&L B 160, &5 10)(5010) (01&o)

N+1

! tm N o o
= [t [ an [ dvdsi []eabe 560 68 [T eoometiboig, g, 0, — ol
fo fo n=0 n=1

t I _ k—1 m—1 . .
= [Cann [Cani-gin -0 dsNHds;H]'[dane-m1‘[d2sne—§~f"ds:<
to ) n=0

n=0

N
1_[ d%_nldg::)

n=k+1
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© t > > (d) t‘"ﬁ

13 %—kl &b SS 7 - ] Enbme1 -+ Enénn
50*50 ék*-lgk-l t 17*7—7*7’ 6050 ‘f] 5] gm-lgm-l

13 = : Em st 6N SNt E%—Ikl 7k*gk+1 *T:»lgm EN* EN:]

&& ~ &bl

&8

sojourn (00) blip (10) sojourn (11) sojourn (00) blip (01) sojourn (11)

FIG. 30. Paths with two transitions, one in the forward and the other in the backward branch. The boxed Grassmann variables in red are
the ones appearing in the influence functional for the examples of paths considered.

N m+1 N
x d&( [] & pn)s;+,szN+ld§; (1‘[ déndéz_l)d§m< I1 é:_lénp;)éséNHpm,éms:

n=k+1 n=N n=m+1

t tm k—1 m—1 _ o N N
= —/ dtmf dry, [—gi(l‘m _tk)]fl_[d251197$"$" l—[dzgneénén< 1_[ d%‘n—ld§:>< l_[ S:%‘n—lpn)pN+1
o fo n=0 n=0 n=k+1 n=k+1
m+1 N
x (1‘[ dends:_l)< I1 s:_ls,,p:)p;;+1 [ dstdagte;
n=N

n=m+1
N+1 N+1

t tm o
= [an, ["ani-giw -1 T] »u [T 7 [ asidtatues
fo fo n=k+1 n=m+1
t Im m t 1) ;
=~ [t [ ani-gion -1 T] o [ e [ an g - e i (F9)
To To n=k+1 To fo

Analogously, for the path (d) in Fig. 30 we obtain

Tt - 1) = TL(DITH(1) / d*60d E0T 5 ) (51, b 15 €0, &7 10)(£010) (01Z0)

N+1

¢ tm N o o B
= [, [Can [ abveder., [] e oo 68 [T eitmdiingg o, -
fo fo n=0 n=1

' tm B k—1 . m—1 _ - N
/ dtm/ dty g4 (ty — tk)/d§N+1d§;+1 Hdzgne_énén l_[ d2€ne—$n§nd§;( l_[ d§n1d§:>
fo fo n=0 n=0

n=m+1

N k+1 N
X dgN( l_[ S:Enlpn>§;+1§NpN+ld§1T/<n dénd§:1>d§k( 1_[ éjlénp2>§:/§N+1p}kv+1§;§k

n=m-+1 n=N n=k+1

t I k—1 m—1 B . N
[ [ - [ l"[dzsne—fnf"l'[dzsne-%ds:;( I dsnlds,’f)
fo fo n=0 n=0

n=m+1

N k+1 N

X did§;+1 ( l_[ S:%—n1pn>‘§1ikj+1§NpN+1d§N+ld§;:/ (1_[ déndé_::])dék( 1_[ ‘i_::]énp:>§;§N+1p7v+1§;§k
n=m+1 n=N n=k+1

N+1 N+1

t I _ -
- / dty, / diegitn—t) [ o [] P} / dErdEERE
Iy Ty

n=m+1 n=k+1

t tm m t 153 )
[ [ gt —01 [] ot = [ d [ e - lebe (F10)
Iy Iy fp fo

n=k+1

We notice that Eqs. (F7) and (F9) only differ by a sign and the same holds for Egs. (F8) and (F10).
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FIG. 31. Path with four transitions, two in the forward and the others in the backward branch. Here, only the collective path is represented,
with diagonal and off-diagonal states depicted with continuous and dashed lines, respectively. The boxed Grassmann variables in red are the
ones appearing in the influence functional in this example.

Now we consider the specific four-transition path (second order in I') individuated by the ordered sequence of Grassmann
variables {£] , &,, &, &,} and shown in Fig. 31.

The contribution of this path to Jé(z))(t; 1) is evaluated along the same lines as above:

T2 00 (t:10) = T1,(0)IT;(0) / d*&0d 80T (& &, 1160, & 10)(010) (01&o)

ki—1

[[ e
n=0

ky—1

4 ) — — N * - ExE N - ExE
=/ dtk4"'/ dr, /d§N+1€N+ld%—1T/+1§1T/+1 ST dwe 5 [[ &S [] dP&e ™
1o 1y n=0

n=ky+1 n=kz+1
ky ky ko+1 k3
xdé,i‘,< [1 dsn_lds,:*)dsm( [ s:sn_lpn)ds,:;(l"[ dsnds,fl)dskz( I s:lsnp:>
n=k;+1 n=k;+1 n=kj n=ky+1

X A& [ =g (1, — 1))E £, 85 (e, — 16)EL, + &, [— & (e, — 1)IEE & g4 (thy — 11, )6k, |

t tk2 _ _ _ _
=/ d%'"/ dty, /déjl:dé4d$1:d§k2{éjkzé:l:ék4$/:[_gi(tkz —ti)Ig" (t, — try)
I to

k> ks
FEEE Bl (e, — t))g (e — 1)) [T po [ 2o

n=k;+1

- f dty- f dn{[—g} (12 — I[—g" (ts — 13)] + [~} (ts — 1))~ (65 — 1)]}e ™7™

Note that a product of the type g(t4 — #2)g(t; — 1), implying
a crossing of the fermion lines, is not present for this spe-
cific path because we have fixed the Grassmann variables at
the transition times and the form of the influence functional
prevents the fermion lines from joining two starred or two
nonstarred charges [see Eq. (6)].>

From the examples above we can draw some conclu-
sions:

(i) Integrations over the sojourn time intervals yield an
overall phase factor 1.

(i1) Integrations over the blip time intervals yield the phase
factors exp(—¢iet/h), where 7 is the blip length and ¢ = +1,
depending on the nature of the blip.

n=k3+1

e*%E(M*fs)

(F11)

(

Once the trivial integrations over the sojourns and blip time
intervals are performed, we are left with a final integration
over the Grassmann variables associated to the transitions. As
a result of this procedure, neither the Grassmann variables in
the integration measures nor the ones in the integrands are
time ordered. Specifically, please note:

(i) In the integration measure, the backward variables ap-
pear to the right of the forward and, within these two classes,
starred variables are to the left of the nonstarred ones. This
reflects the original order of the integrations.

(i) In the integrand, the Grassmann variables appear as
a sequence of pairs whose order depends on how they are
coupled by the functions g(t; — #;).
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=1 t=+1 =1

FIG. 32. Path with four transitions distributed in the two sub-
paths of the spin variables 4 and |. Note that the path for ¢ =1
is of the type (c) in Fig. 30, while o = |, undergoes a sequence of the
type (a) in Fig. 29.

SIAM

We now generalize the procedure used for the RLM by
analyzing specific instances of paths involving both spin
states in the SIAM. To avoid adding further indices we de-
note the Grassmann variables associated to o = 1 with the
usual & and the ones associated to o = | with the letter
Y. As for the RLM, instead of using the collective so-
journ index 5 = (1, n), we indicate the initial and final
occupation of the spin states of the dot in the argument
of the propagator. The integration measure has the property
d’& = de*dy*dE dyr = —dE*dE dyr*dy, so that d*§ d%E =
d&*de dy*dy dE*dE dr*dyr = d*€ d*E d* d*. We use
this property to factorize the integrations over the Grassmann
variables for the two degrees of freedom.

For the SIAM, the coherent states are expressed, in terms
of occupation-number states, as

&) = (1 —&ay)(1 — ¥a))]0,0y)
=1040,) 4+ [1;0,)& 4+ [041,)¢ + [141) ¥&,
(] = (0,041 —a,y™")(A — a4&™)
= (0,041 + ¥ (1,04 + 70, 14 + E" 9 (1, 141
(F12)
|

FIG. 33. Path with four transitions distributed in the two sub-
paths of the spin variables 1 and | . Note that the subpaths are both
of the type (c) in Fig. 30.

As aresult, the populations are found by calculating the matrix
element of the impurity RDM,

(Elpl&) =Poo+ -+ Y P Poy + - + E*E Pyg
4+ EYTYE Py

and applying the projectors defined in Eq. (F2) via P, =

Pnn = Hb(")“;(")(aﬁ |'§>
Let us introduce the abbreviations

(F13)

overlap: O =e 5,

Of =eVith,

Hy : 'pnT Zef,ffnflpﬂ’ 75; — eg,f_lénpﬁ’ (F14)

fpni :ewﬁ‘w,xqpi’ fpnl — el/?,f,llﬁnp’ﬁ’

interaction Z/[n :ef,ffn—lw,flbn—lurz’ Z/_{n — e,g,;llérﬂ&;,l]‘/;n"i:7
where pf :=1— (i/h)e;8t, and u, := —(i/h)U8t,, with U
the interaction energy. Consider the path in Fig. 32. From
Egs. (F1) and (F2), the contribution to Jl(g?oo(t;to) given by
the path reads as

T3 10,003 t0) = TIH(HIT(O)ITL*(O)TT*(1) / d*E\dE, T ) (& B, 1180, E). 10)(810) (01F,)

t iy _ ~ ~ N ~ _ o
= [ [Cn [ dbvidinen dveid i viads [ Pedvdd,0,0,0,0;
) T

N+1

n=0

< [1PIPYPIP Ul [ - (1, — te)IES Vi [~ (1, — 1)1V,
n=1

ki—1

t iy _ N _ _
— / diy, - / dr, f dsNHds;;H<]"[ d.g;ds,Zo;)dggj( I1 dénldé,fP,I)dsNP[I,HPII,Hds;
fo fo n=0

n=N n=kz—1

n=0 n=ky+1

Now, since [see Eq. (F14)]

[ [d&:d&.0n = 1, d&;dEe % =1 and  [],d&1d&P, = || déurdéress =T ] pa.

n=k;+1

k3+1 0 N _
X <1_[ déndé,jlﬁyT)dék;( 1_[ dé:dé;—:,,éjl) ék;[_giT(tk_; - tkl )]E]:d&NJrl &Nﬂdlﬁm*ﬁ&ﬂ (Hdlﬁ:dlﬁ”OV%)

n=0

kr—1 ky N
x (1’[ dw:dwnoi)dwg( [1 dwn_ldwmu,,)dm( [1 dw:dwnoi>wk4[—gf(tk4 — )Y, (F15)

n=ky4+1

(F16)
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we get
‘ %, N ks N
2
T 10.00(t:10) = / dty,- - / dn, [ pb T @b +uw) [T piri—gl @, —a)l—gt (o, — )]
fo d n=k;+1 n=ky+1 n=k3+1

x / dEnd&y dEEdENPY, Ph o dEvdELEGES dTnas Une1d Wiy Vi d U d Y Vi b,

t iy N+1 ky N+1
== [an [Tan TT ol TT @b [T pli-eli - no-e o, - )
fo o n=k;+1 n=ky+1 n=k3+1
X / A&} dE &L EL Ay dyn i, W
! 2 i i
== [t [dn et gl - )l 5 - ), (17)
fo fo

where we have used Eq. (F6) and the properties that couples of Grassmann variables commute with other Grassmann variables
and that variables belonging to different spins anticommute.
Next we consider the process depicted in Fig. 33, which contributes to p;; 11. As above, we have

J((;))ll,oo([;[()) = Hg(l)Ht(l)Hi*(l)Hg*(l)/d2§0d2§0‘7(;2))(§z, E, 1:8, &), 10)(£,10) (0]&)

t Tty _ _ N ~ ~ o
= / dty,- - / d, / dEyp1dyn o AV dEy | | dP6d > vd?E,d> 0,00 0501 0}
fo 1)

n=0
N+1
< [T PIPYPI P UL E ] (ty — ti)IEL P [~ (1, — i)W,
n=1
t Ity ki —1 N
= / dt, - / dt, / dsN+1ds;+l<1"[ dé,fdsno,I)ds,:( I1 ds,l_lds:P,I)dsNP;H
fo fo n=0 n=k;+1

k3+1 0
x %ldézs(l"[ dE,dE; P} )d%( I1 dé:d§n01>ék3[—gl*<rk3 — 1),

n=N n=kz—1

ko—1 N
x d¥y1dyy, (1"[ dﬁd%@%)d%( [1 dwn_ldx/f:wun)dwm“u]vﬂ

n=0 n=k,+1

kq+1 0
x751t+lz/'f~+1dn/?;<1"[ dtﬁndﬁ_,ﬁja,)d&h( [1 d&,’:d%éﬁ)&m[—gf(rh—zk2>]w,:;. (F18)

n=N n=ks—1

Again we use the definitions of P, and O, to integrate out the terms in parentheses and get

t Ty N N N N
J((;))u,oo(t?t()):/ dtk4"'/ dty, l_[ ph H (P} + un) l—[ Py l_[ (P + ud)—gV (g — t)—Y (1, — 11,)]

fo fo n=k;+1 n=ky+1 n=k3+1 n=ky+1

X / dEys1dE}y, dES AENPY \Ph dEydEGEGES dUnd vy dy dYn Py U Py Uy dWid Ve Ui v,

p e, N+1 N+1 N+1 N+1
=/ dtk4.../ dt, l_[ p) H (py + un) l_[ ph 1_[ Py +ul)
T fo

n=k;+1 n=ky+1 n=kz+1 n=ks+1

X [_gl*(tkz - tk] )][_gf(l‘k‘; - tkg)] / ds]:dék3§k3‘§lj]d¢lzdlpk4lﬁk4¢:2
t %) . .
- f iy f dy e Fer B g HEH g T gy 1) (1 — )], (F19)
to fo
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It is already apparent that the interaction is present in the time intervals where both spin states are occupied either in the forward
or in the backward branch. Simultaneous double occupation in the two branches, as it is the case for the sojourn states (11,11),
leads to a cancellation due to the sum of u, and i at the exponent. To better clarify this point, consider the example in Fig. 34.

This path contributes to J(gf)oo (t;19), the contribution being

Tior00(t:10) = TI) (O)IT; (DIIL*(DIT]*(0) / A&, d”E T ) (60, &y 1180, &) 10)(E010) (01E))

t iy _ _ _ N _ ~ o
= [ [Can, [ dbvideadive a3 adiagi []d6dnaEd,0]0:0]0;
Iy I

N+1

n=0

< [ PIPYPIPIUE: &L (1, — te)Er, i, [— 124 (11, — 1)1V,
n=1

t tk2 _ _
=/ dtk4"'/ dty, /d5§+1d§N+15N+15§/+1<
0] T

N ka1 ki+1
I1 dé:dsno,t> (]‘[ dé,;*déﬁi)dék’; ( I1 déndé,f_,ﬁj)dél

n=0

n=N n=ky

0 fo—1 N
X( 1_[ dé:dégnOz)éé[—gl(% —tkl)]ékldl/f1>:1+1d1/_fN+l(l_[ dll’;‘dl/fn03>d1/f1f2( 1_[ dl/fnldllf:fpyf>d¢N
n=0

n=k;—1

k3+1
X,P]%H—ldlp;\‘/ﬁ[%’-&-] (H dlﬁndlﬁ:ﬂ%)d‘ﬁkz (

n=N

0 ky
1_[ dlﬁ:dlﬁnéi> l_[ Z/_{nlﬁkg [_gi*(th - tkz )WZ; .

n=k371

n=ky+1

(F20)
n=k3+1

Once the trivial integrations are carried out as before, we are left with

t tkz N ky ky N
J((;))OI,oo(t;fO)=/ dfk4"'/ dty, H Py l_[ P l_[ (P +u) 1_[ Py —gl (t, — ti)]

fo fo

n=ko+1  n=k;+1

n=kz+1

n=ks+1

x [—g¥* (1, _tkz)]/dé:;\;Jr]d§N+1§N+1§;+1d§]:d§1§I:§kld¢;\</+1dlﬁN+ldw:2dwN,P1\l/+ldlﬁ;ﬁ]t+1d¢k3¢k3WI:;

N+1

t ty ky ky
:/ d;k4.../ dn, [ b T1 pi* T] i+

Iy fo

n=ky+1 n=k;+1

N+1

n=k3+1

< [T pii-gh @, — t)l—gf (t, — 1,)] / d&} d&\E} B A dy, Vi Uy,

n=ky+1

t %) . .
_ _/ a’m---/ dty et =) g U= _ot (1 1 )[—gt (13 — 1)),
T fo

In the above examples the phase factors stemming from the
action of the dot have been factorized as ]_[;le exp[—%E Tl
in order to reflect the time intervals t; between transitions.
One can recognize that these phase factors are related to the

(h) _
(00) (o1) (00)
T + = FoooTTTTTT .
Mo=-1 & G =-1 Sy Th=-1
1 (00) Ve (10) an
=1 =1 7, =41

FIG. 34. Path with four transitions distributed in the two sub-
paths of the spin variables 1 and |. Note that the subpath ¢ =1
is of the type (b) in Fig. 29, while o = | undergoes a sequence of the
type (c) (see Fig. 30).

(F21)

(

blip and sojourn states of the underlying spin paths according
to the example in Fig. 7.

APPENDIX G: INTEGRATION MEASURE [ D{¢)

To see how the parametrization of the integrals over the
Grassmann variables associated to the transition times works,
consider the example of path shown in Fig. 35(b). Following
Eq. (46), the integration measure reads as

— mdé{dérdé5(dés) ., (dE5)—p,dEs
{défdézdéfd&dég‘déé,
dédEdE; dEedELdéy,

m=-1
n = +1

(G

125417-47



LUCA MAGAZZU AND MILENA GRIFONI PHYSICAL REVIEW B 105, 125417 (2022)

(b) ~1 +1 -1 +1 72 +1 ~1
tl tz t3 t4 t5 t6
LT PR e R iﬁ
1 &2 3 [€4]—ns [€5]-n, €o
(c) —1 +1 —1 +1 72 (3 -1
tl tg t3 t4 t5 t6
------ - C------|3—)
GG P el @S0 S
FIG. 35. Six-transition path. General case (a) and two specific examples: In the first n, is left unspecified while no = n; = n3 = —1 and

&1 = & = ¢ = +1 (b). In the second also ¢3 is left unspecified (c).

As a further example, we leave also 3 unspecified [see Fig. 35(c)], so that the integration measure reads as

d&fdErdESdEsdESdEs, M= —1,03=
défdEdEdEgdEdEs, my = +1,03=+1
défdEdEdEdErdEs, ny=—1,03=—1
défdE,dEdEsdEdEy, m=+1,0=—

—MaladE dErdE] (dEs)_y, (dEs) " (dEe)f =

(G2)

Carrying out an integration over the Grassmann variables associated to the tunneling transitions is straightforward in the present
derivation: The integral yields simply an overall sign, due to the order of the variables to be integrated, times the factors (—n{x).

APPENDIX H: FURTHER EXAMPLES OF DIAGRAMMATIC CONTRIBUTIONS FROM AN INDIVIDUAL STATE

For the sake of compactness, in the following expressions we set (¢; —#;) = (j, i). Then, the 10 third-order irreducible

diagrammatic contributions 5, (P;)®;, (P) [see Eq. (40)] take the form

3
@ H Cnnn ﬁoClg:gﬁ (67 1)}b61 [Clnlg% (37 2)]b32 [42772&% (57 4)]b54 5(3,C1 5(2,C1

¢ Gm Can2 n=1

= 7//77 [7g:"1 (6v 1)]b61 [7g$]11 (37 2)]b32 [—gf,; (5’ 4)]b54 5(3-,(1 5(2-,41’

?

e

(1) TT (=Camn) [m0Crg=5 (5,1)]bs1 [Cimig)! (3,2)]bsz [Can2852 (6, 4)]bes Ocs—ci0cy

m¢ Gm Com2

3
Il
-

= 77/77 [_g:CI (5? 1)]b51 [_g%i (37 2)]b32 [_gr% (67 4)]b64 5(3,*@ 5CQ,C17

3
@ DT (=¢amn) oGrg” °L(3,1)]bs1 [C1m18S (6, 2)]bez [Ca2gS? (5, 4)]bsa Oy, ¢y 0ca
n=1

G Gm Can2

= 77 n [ g_fyl (3» 1)]b31 [_g% (6’ 2)]b62 [_gr% (57 4>]b54 6(3,*416@,417

3
m (+1) I (=Gam) [MoC18=5" (3, 1)]bs1 [CimigS: (5, 2)]bs2 [Cam28S2 (6,4)]bea Gy i Ocs—c

nC Gm Gana n—1

=n'n [—g75 (3, 1)]bs1 [—g5! (5,2)]bsa [~ (6,4)]bes O, ., Ocsn—crs
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3
@ T (=Gemidinoa g=52 (6, Dber [Gimigst (5,2)]bsz [méag” 2 (4, 3)basde, ¢,
k=1

ot G mGe

= n'mminz [—g75' (6, 1)]ber [—g5t (5,2)]bsa[—g 5% (4, 3)basde, c.

m (=1 1] (=Ckmr) oG g;ﬁg(G, 1)]ber [Cimgs! (4,2)]bas [771C2g:7<ﬁ (5,3)]b530¢5,—¢20¢0,—¢y

ot Gm mé 1

[

=~
Il

= _77,77771772 [_g:gl (67 1)]b61 [_g% (472)]b42[ g_ n1 (5 3)]b53 5(3@15(2, C1s

(=1)

::]w

(—Crmi)[moC1 825 (5, 1)]bs1 [Cim1gS (6, 2)]bez [m1C2g—5? (4, 3)]basdes —c,

M6 Gm mé

~
Il

1

= n'nmine [—g_5! (5,1)]bs1 [—g5! (6, 2)]bea[—g 5 (4, 3)]bas d¢y,—c,» )

3
@ H Ck’]k ’/041 g—nu( )]b51 Klfllg ( 72)“)42 [nlCQg:f]i (673)]1)635(31*(15(21*(1

nG Gm mé

= 777/77771772 [7g:7<,1 (57 1)]b51 [7g$/i (47 2)]b42[7g:7<]j (67 3)]b63 5(3-,-@ 6(2,—41 )

3
H —Crni) [N0C1 g_,,0(4 1)]bas [Cﬂhggﬁ (6,2)]bs2 [m@g:fﬁ(5,3)]b535<37_<l5<27<1
7]0(1 C17]1 méa k=1

= —n'mmnz [~ 75 (4, 1)]bar [—85! (6,2)]be2[—g 75" (5,3)]bss dc—¢, Ocacy

w

H Cknk 7]O<1 g—r;g (5 1)]b31 [Clnlgm( 72)“)52 [UlCngfﬁ (673)]b635433426@341

7]0(1 C1 m méa

= —n'mmna[—g 75 (4, 1)]bar (=51 (5,2)]bs2 [~ 75! (6, 3)]Desdc, ¢, ca s - (H4)

We also evaluate the following irreducible fourth-order diagram, which is relevant for the scheme NCA4 introduced in Sec. IX F:

nC Gm mé 12C3
4
H —Ckmk) | UoClg:g (8, 1)]bs1 [C1mest (7, 2)]bra [71C28752 (4, 3)]bas [12C38= 52 (6, 5)]bes dc,.c,
k=
=n'nmns [-g_, °1(8,1)]bs1 [—g5! (7,2)]bra [—87;? v (4,3)]bas [—g~ 772(6 5)|bes 0¢,.cy- )
APPENDIX I: CONTRACTION INTEGRALS IN THE WIDE-BAND LIMIT
(i) Integral not involving the Fermi function (¢ = %1)
w 1
Ih&;¢) = dx————— >~ —i W > &). 11
0(&:8) /_W xx_g/ﬂ.;gﬁ g (W> &) I
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(ii) Integral involving f_,(x),where n = %1, with f, (x) = [¢#*~®) 4+ 1]~ the Fermi function and f-(x)=1— fi(x).
Assume & independent of x, with £” > 0 and W > &', u,

w w F
_ J+(€) _ J+(x) F _ -1 T~
L& = /_W e /_W @ ikl ¥k SO =@ DT W =WkT]

kyy

. fr@ . 1 N1
ik Zj: es’{z (€ — ) /keT +1&" kT } ik ; ik + 1/2) — (& — ) /keT +i€7jksT 2

Ky

1 ¥4
- g K+ 1/2+ & /QukeT) +1(& — p))QrkeT) 2 (12)

Now, since W — o0, the sum can be extended to infinity. Following Ref. [48], if £ is independent of €, we single out the k = 0
term in the sum over k£ and add and subtract the Euler-Mascheroni constant yg = limg_, oo Zszl 1/k — In(K). At this point,
using the definition of digamma function ¥ (z) = —yg — 1/z — Y o, [1/(k + z) — 1/k], we obtain

B 1 &—-i&"—u w = 1 & —i&—nu
I+(€)—Re1ﬁ<§+1 ) IHZJTkBT 1|:— Im¢(§+1—>],

2JTkBT 2 27TkBT
w W
J-(x) / 1 —f()
17 g = d _—— = d S —
©) /,W oevie T Ly Tx—evier
1 &—i&—pn w = 1 &—-i&—pn
— —Rey| =~ 1 —i| Iy = +i—— )|, I3
W(z“L1 2k T >+n27thT 1[2+mw<2+1 2k T )} (3)
where we used Eq. (I1). Thus,
w
J=n(x)
I(&;n) = dx———"—
&m /,W oerie
1 E—i&" —n w T 1 E—i& —nu
= —p|Rey( = +i —1 —i|Z FpImy( - +im—— )| 14
'7[ elﬁ(zle 2ksT ) n271kBT:| 1[2+"m¢<2+1 2k T )} ()
Further,
w
J=n(x)
I*(&n) = dx———F—
&m /,W x—e—ier
1 &—i& —pn w N 1 & —i&" —pu
= —p|Rey (= +im—o ") -1 Zoppmy( - +i——— ") 15
"[ e¢<2+1 2ksT ) n2rrkBT:|+l|:2+nmw<2+l 2ksT )] (15)
Then, collecting the above results we can give the compact expression
W
f—n(x)
I(&;¢,m) = dx————
(&:¢.m f_w xx—5/+1;5//
1 &—-i&—u w M E: 1 & —i&"—pu
= —p|Rey (= +iZ—"F ) -1 —ic| = +pImy( = +i—— ) |. 16
"[ ew<2+1 2k T > n2nkBT] 1§[2+7’1W<2Jrl 2k T ﬂ (1e)

(iii) Special case, £” = 0T

w /
S (x) _ L& —p\ Wl / I
/_W B e icor ”[Rew(z +127rkBT) In anBT] i f-n(€) an

[see also Eq. (E1) of Ref. [48]]. Here we used the property

1 1 1 & —nu ,
—F —Imy| =+ = 1
2 7w <2 1271'kBT> F=(&) (18)

and also f_,(x) = 6,41 — nf+(x). Note that

v 1 v fon(x)
dx———— = dx——1"2 _ — _jrm,
f_w & Ficor Zn:/—W e ticor 8T
in agreement with Eq. (I1).
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(iv) We assume that, in general, £ = £(¢, n) and consider the distinct cases £(7) = &, and £(¢) = &;. In the first case,
summing over n

1 & —i&l —nu 1 & —i& —nu
St = Jrev( 4SS (1))
n

, | & il - | & i -
— I S o s L P ( Z4j=—= ") I
1 [” + mw(z T eT ) mw(z et )] ()

Note that if £ is independent of 5, then Zn I(&;¢,n) = —i¢m. Likewise, when £ = &,

1 'g/_ig//_'u 1 5’_—151—,11«
1E -t = -l Rew (L 41719 TR _pey (L 42T TR
E ¢IEsE,m) 77|: el/’(z"’l 2rkT ) (31'//(2_‘_1 2mkgT )]

¢
1 & —i& - | & i~
i my (= +it ) g (- i = ) 110
1[”+"m¢(2+1 dksT >+"ml/’<2+1 2ksT )} (110)

If £ is independent of ¢, then Z§ cIE; ., n) =2icImI(E;¢,n).

APPENDIX J: EVALUATION OF THE NCA4 FOURTH-TIER BUBBLES B{°” AND B;"”

The fourth-tier bubbles B”(‘m) and BU(: ;) have the same structure as the NCA2 second-tier bubbles By, and By, [Eq. (168)],
respectively, except for the addltlonal upper layers of fermion lines, and the products of sojourn indices assomated to the overlap
of three fermion lines of the same spin. They are schematized as (in view of calculating the retarded self-energy we consider
. =+1)

———— 0K — 0K
0K, leﬂ
— T~ 0K» 0K>

BT =1 = s m =3 v i1 + VBTV ) e
14 v YV —@mmmmmmm 4 n

Z U/V ihV7V<K;3)
¢=+1 Clew — €xy) + Colen, — Ez) + (3(eny — Ep) +10F le=41

1h2 VH(K'?»)(SC?,, C2
= Z
Clen

—€x,) + Coler, —€x,) +10F burv

B Z —iCohv(K3)0¢y,—c, N Z V'viGshv_,(Ks3)
€ky — €ky — Ca(€r — €, ) — 1C20T burw €y — B + Ca(ep —€xy) + C3C2(€k2 — B) +i¢30T

= (o ZQ@|t | /d63 43—412420+ _Jut ZC?»Z Oz/ (63)

€3 75<4> G0+

. (4) (4)
I T, 4) (4) 1 1 g — Ha 1 5,7 Z — Ha
= — —0,, —V e N * (& - —|R —+i—— | — R —+i =
o wz o {f_x o)+ 12,(E20) V| 5+ |5+
o F l (0-5>
= — 550w — VST an
where E;, = €, + U/2 and v, (k) := — (|t (x)|*/1?) f¥(€) (note the product v'v given by the overlap of three fermion lines with
spin o). Here we used the property (I8) to define the fourth-tier self-energy
r 1 &Y —n 1 &Y —pu r
$@0) . Ll S /s S IRV (BT S L [ IO Sl 12
diov ";2,,[‘”<2+‘ ket ) V2 T ok 2 (12

where

EY =, £ (a1 — )t a5 — €) + 811U
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Analogously,

= 7NNy + (7,

_ Z ih Z VV(’{S)é(S, (2 +Z ihv_ n(l’ig)
Cler — exy) + Caler, — €xy) +10T o' Cler — exy) + Caler, — Bo) + G(eny — Ez) +10T

_ —ICQHV(H3)5<3 —Co 4 Z ngﬁV,n(lig)
~ €hy — €k, — Q((er — €x,) —1G07 o' €rs — B + (3C(ex — €x,) + G3Ca(er, — Ey) +1i¢307T

Sco—to (6‘)
=C7 ZQa‘t ? /d63 C (0" Oy = ZC‘SZ / €3 €3 — E; Caj—1<30+
r

ﬁ 1 .g&,+ — Mo go’, — Ha
Rey (2 ke T ) Rw( omkpT
S SRS (0

27TL n'n % 4,0m > (J3)

T IS @ o
- ﬁén’n - Z ﬁ {fn(g5,+) + ffn(gﬁyf) -

where E(”) is defined as in Eq. (J2), with v — n and 0 — &. Note that the fourth-tier self-energies X, , are formally identical
to the second tier NCA2 self-energies [see Eq. (192)].

APPENDIX K: DRESSING THE BUBBLE B°© IN THE NCA4
The dressed bubble B?(®) is obtained by contracting the dressed propagator

8¢,
0 = [[1h1' —BI], where hJ“) =in——~ K1
g [ ] ? {(ex — €,) +107T (KT)
[see Eq. (220)] according to
S
o(o) _ hote )
Bn n @ - Z Z 77 nVV>
n —h2 —r
= Z Zho(g) v+ uvvy))
2,m 77 1/ —1 +

- Zh2f1r/ )¥)+ D0 thg(n)ny v)ve)

-~ T on 77"+Zzyh2nny v)v+)

__1 o(o)

= %5U'U + <Kr] n V+> (K2)
where we have introduced the 2 x 2 matrix K of elements K" := 3>, 3", vh]'%) (v/, v) and where the vertex reads as

e (Gk)l

vy, = 13 (&x). (K3)
In Eq. (K2), we have used the splitting of the Fermi function f,(x) =8, 1 + vf+(x) in the vertex. Also, we assumed that
hg g;’ ,)7(1)’ , —1) has no poles in the upper complex plane, so that the contraction with the temperature-independent vertex v simply

yields —I" /24, as in the nondressed case [see Eqs. (140) and (170)]. The matrix flg(") has a 4 x 4 structure in the collective
sojourn index § = (v, i) induced by the third-tier bubble B

In order to avoid the inversion of a four-dimensional matrix to evaluate hy, we exploit the specific form of the third-tier
bubbles forming Bg(") in the NCA4 and use a two-step procedure. We start by writing the matrix element of the 4 x 4 third-tier
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bubble as
— —_
(o) TN ﬂ A /. H»B
Bsom= v C+ » s =B3,,(n) +VvBs,.,(v).

(K4)

o(05) 00)
n B;.u’u ]]/ 1 — An'n — 7

Note that Bg ., (V) is independent of v and B4 , () is independent of 7', as shown in the above diagrams. It is convenient

3,v'v

to define separately the first and second contributions to B;'(; ,)7, in Eq. (K4) as two 2 x 2 matrices, denoted with A and B,

respectively. Let the first, BA(n) be a matrix in the indices v'v with explicit dependence on the vertex index 7. Specifically, the
matrix elements of BA (n) are given by the contraction of a propagator dressed by fourth-tier bubbles

B3,V’v(n) (hg(vgfj) *ﬂ)’ (KS)
where
(06) (05) (05)
ha(aa) (hg \:71)(7 ) BZ :va ha(aa) BZ ;7”‘7 (K6)
3,0 Do (05) ’ 3,0 DU(GU)

with h'9% given in Eq. (231) and with D°©%) = [(hg”(lj'f))_l — B [(hI7)~1 — BZD] — BB 4 function of the

3,v'v 4\)1) 3,00 4vv 4uv 4,0v

energies, independent of the indices v'v. As shown in Appendix J, the bare fourth-tier bubbles BZ,(:'S)’ with NCA2 structure, are
. r
B;YY = —55% + VVF),  where F\7) = -7 fo’:v) (K7)

The symmetries of the fourth-tier bubble imply

(06)
hd(a(r) (hg fvg ) + F/ZFI _ F\%G) fo(os) _ F\(JG) (KS)
3ov T Do (0d) Do(0d)’ 3,00 T Do@d)’

Thus, Eq. (KS5) yields

(h357) " + /28 Fy 5 Fy”
3 V"( )_< Do(0d) Ven | = Da(a(’r)V7’7 A (U’ n) - D(r(m?)an ’

F()
BY,,(n) = ~\ Dewar V- |- (K9)

For later purposes, let us define the matrix given by the sum over the vertex S := Zn ]?/3‘(77) and its off-diagonal elements

o = ([F) /D7 D). (K10)

We can express S5 in terms of its off-diagonal elements as

o(od) (r(ao) A _
3vv‘ Zh3w h3vu ZAG(V 77)— f)___+sv1
A _ o(o0d) o(oa) _ A
i i = Q035 Von) = (0357V) = —s7, (K11)
n
where we used Y-, A% (v, ) = )", sh =), ((hg(vaf) + ﬁ;(lfv”))v ) = —T'/h, assuming that the function
- 1
ha(aa) + h(r(_mr) — _ _
MU (gean ! gge) _ potea) G550 LY
3,vv 4,vv 4,vv (hf’("“’) 1_32(57‘76)_'_32(%5)
ich
= (K12)

: (06) U
€ — e +hla, — Es (W] +i0T/2 — i) — e

is analytical in the upper complex plane. Here, we used Eqgs. (K7), (K8), and (231), and E5 (v) — E5 (V) = vU. Note the formal
similarity with the terms of the NCA2 Green’s function [Egs. (189) and (191)]. As a matrix with indices v'v, Sg‘ reads as

r/1 0 s —¢A r
+ —
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Analogously, we introduce the 2 x 2 matrix BB (v) in the indices n'n with explicit dependence on the vertex index v [see the
second term in Eq. (K4)]. The matrix element of BB (v)is

BY,,v):=(RI\7v_,), (K14)
where
o(oo)\—1 o(oo) o(oo)
o) _ (hs,fm ) — By foo) _ By (K15)
3,mm Do(@o) ’ 3,0n Doa)’

The bare fourth-tier bubbles BZ(;]’,Z), with NCA?2 structure, can be written as

r ; ; i
a(00) G G (00)
Bl =570+ F@)  where F) = —7 %0 (K16)

(see Appendix J). As above, also in this case the diagonal elements can be expressed in terms of the off-diagonal ones, which

results in
(h 7)) + T /2h F 3 F)
3 77’7(1)) = Do(oo) Vv Dzr(zr(r) =4 (n’ V) - D(r(mr)V_U ’

F(d)
3 ’I’I(U) = Da(aa)

with D°©@?) = [(h”(“)) ' BJU[(h77) ! — B — BB, For the matrix S% := 3" BE(v) of indices 1'n we

(K17)

4nn 3,0m 4rm 4mz 4.1mm
get
_ o(oo) O'(O'G) o B __ B
3nn' Zth *” h3rm ZA (r),v)—,-?————i—sn,
(K18)
B . o(00) o(00) B
S3J7n ) Z(h3 V- ) <h3 nna >_ Sy
v
where s ([F(")/D"(‘”’)]V) Similarly as for 4 ,,,, we used Y~ A% (n,v) — DS =2, (hg(n"ng) — ﬁ;(ﬁ”n"))v_v) = —TI'/h,
assumlng that the function
1
hg(aa) ha(oa)
n 3.0 0(0o)\_1_po@o) _po(@o)
o(oo) o(oo) a(aa) (hy ) =By =B
(h% m ) - By m +B, m (hf’(”")) ! B"<;y>_B§<;;>
ich
= _ ¢ ) i (K19)
€ — €+ {hlay — E; +1¢1/2 = ¥y o) o e —F miear)s
[see Egs. (K15), (K16), and (231)] is analytical in the upper complex plane. In matrix form, with indices n'n,
r/r o s8 8 r
S =—— b ) =145 K20
3 h(O 1>+(Sﬁ s’i) h + (K20)
The dressed bubble B?(®), with 2 x 2 structure in 1’7 [see Eq. (K2)] is then obtained as the contraction
T
55 = () /A
B, = + - - - +..., (K21)
n'n -- C A -- - A B A =
7 —— h2 — 1 —— h2 BS h2 —

where fl*z‘(n) is the propagator dressed solely by the ﬁg‘ bubbles.
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First, we evaluate ﬁfz‘(n), considering its matrix structure in v and dependencies on ', n explicit. It is given by the series

/\
hs'(n',m) 7N v N +
R [

N n

|
+

= 10576, + b3 B ()hg ™ + 037 > B (n")ng B (mh3 7 + ..

,r]//
— 1056, , + b3 BL (S + 103 s4nS I BA (N 4.
olo h"(") B
= 1h2( )577’,77 + 2 B?(n)

1ng' 7}~ - 8¢
= 1056, + C B4 (1),

(K22)
where Sg‘ has been introduced above and
CA .= L (K23)
1[h5 1! — 84
Inversion of the matrix in the denominator of C# then yields
o h@ [h“(”)] +T/h—s —sA
([0S +1/R) ([0 ] +T/h— st —s4) —sft M7 + T/ —st
A _A
h”(")h"(")[l + h"“”( | A)] (K24)
SHE
where
o) N S ! and = Z = — D”<”>r v). (K25)
0] +T/n (0] +1/h—st

Now that we have a closed form for ﬁg‘(n’, 1), let us switch to representing every quantity as a matrix in n'n while making
explicit the dependencies on v" and v. This is natural for B (v). On the other hand, as an intermediate step, we express h‘i‘(n/, n)
[Eq. (K22)] as the matrix element

B3, (v v) =038, 8, + > CH L V)BE,, (0v), (K26)
where the product v”v is associated to the overlap of three spin-o fermion lines in B3 ,m(v/, v) [see Eq. (K4)]. Due to the sole
dependency on the first-sojourn index 7, the following property holds:

B3, (V. v) =B, (v, v). (K27)
Moreover, from Egs. (K9) and (K17), B3 - n(v v) and B3 (V) have the symmetries
B3 ,,(v.v)=A°(v,n)+B5,, (v.9), B} ()=A4(nv)—B} (). (K28)

From Eqgs. (K24) and (K25), the function CA(V', v), which does not depend on 7, reads as
CA(v', v) = h RS (8, + Ry s2). (K29)
Therefore, as a matrix in (n', ),

B} (v, v) = 1h P8, , + Y CA VBV, v). (K30)

v
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Finally, let us introduce the matrices

th W, v): ha(a) Zv&y » + KA,

KAW) =) v T VOB, ), K =) KA. (K31)

Note that the matrices K#(v) and K# inherit the symmetry (K27).

We are now in the position to iterate the third-tier bubbles BB as outlined in Eq. (K21). Accounting for the factors v and v’
associated to overlap of three spin-o fermion lines in BZ, the second term of Eq. (K2) yields the matrix in the indices 1'n:

K@) — Z Z Uflg(a)(l)/, V)
= Z Z vhe (v, v) + Z Z Z | O Wi Z BE(" W'hi (v, v)
+ Z Z Zh W, v Zﬁg(vi”)vi” Zflé(v”) V"W Zﬁf(v”)v”ﬁé(v”, V) +

— KA + KA Z BB(U//)U// Z hA(U//

KA ZBB(UW)UZU Zh (l)w v///)v/// Zf;g(]}//)vu Zﬁé(‘)//v DR

piv

— KA 1
N 1-Y, BEow)wy hyo/, v’
1
[Eq. (K31)] = K* ey — —
1-hy"'S5 — >, B3 (v)vKA(v)
1

[Eq. (K20)] =

‘ ©) © & : (K32)
1(1 + T /i) —hg s — Y BEw)VKA(v)

From the properties of the third-tier bubbles [Eqs. (K9), (K17), (K27), (K28) and the definitions of K4 and K*(v), Eq. (K31)],
we have

K, = > CH L A% (v, ), {Z ﬁg(v)vKA(v)i| = > v CH, v)AT (', v)AT (v, ). (K33)

n'n v,v

After some lengthy manipulations one obtains the following results:

Kj, =n AAT R, S B (VKA (v) = (1AAT AAT + P) ] RI),

(K34)
where AAT = A%V (4, 4) — A7 (=, ),
with P, = Py, This latter property, along with s? = s¥ . yields, upon inverting the matrix K, the key result
o(o AA&
Koy = (M7 + F/h;2 — AATAAT (K35)
Note that the above expression implies for the retarded self-energy ¥ ((fn)(e) = ihﬁg;a)(/cﬂ;:“ the property
> B9 =0. (K36)
1
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The explicit expression for AAS = A%(+,+) — A°(—,+) is found from the definition of A%(v,n) [Eq. (K9)], adding
(T'/R)/D°“?) to both the contracted functions in the difference, and using Eq. (K12). The result is

(h3“7) ™" + /28 (h;’f?) +T/28 ]
Do(@d) Do(od) -

AA% =

ich
= — vV_
€ — € + ;;2[€k2 Es (+)] + 1§F/2 -0 E‘(&f—‘t)—e—ekl+{§2[€k2flE(,(—)]+i§3r/2

ich
- lex, — E5 T2+ 5507 U -
€ — € +0le, —Es (D +IT/2+ 5%, ,~ = &, +C e, —Ex (11312

=Y v iy i v_ ), (K37)
~ \e, —E;(V)+¢0(e —e,) +i0I7/2 — ez o9) U '

4,00 €, —E5 (V)¢ 8o (e—€xy )+igp30 /2

where the contraction involves the innermost fermion line indexed with k, and where we used ¢% = 1. Here, E5 (v) = €5 + (1 +
v)U /2. A similar result holds for AAS . Note that this expression displays the same structure as the one for the Green’s function
(236); this makes evident that the renormalization of the dot energies E5(v) [E,(1)] occurs also at the level of the self-energy
and in principle at all (even) levels of the hierarchy.

APPENDIX L: EVALUATION OF THE DRESSED THIRD-TIER BUBBLES IN THE SIMPLIFIED NCA4

A simplification of the NCA4 is obtained by setting to zero the nontrivial parts of the fourth-tier bubbles, namely, setting Effv)
in Eq. (K37) or, equivalently F{”> = F{") = 0 in Egs. (K7) and (K16). As a result, the definition in Egs. (K9) yields

—k

R\ B < 1
(

A% (v,m) ~ l/]QE p —— Vn>
71— R+ hS (1/1/ )) + F/2h

_ iCo v
€hy — Fs(V) + (Cale —er,) +iGI/2 7"
: w Qo
_ ! 2 [ (e2)
- h;@&zhaz‘ %:Cz /_Wde2 o B0 —Glle —a) 1T

(L1

o(od)

where E; (v) = €5 + (1 + v)U/2. Here, the vertex v, (k) is defined in Eq. (155), the propagator h; |/
the width I /27 is graphically rendered by the dashed box which is the sum of the geometrical series

RS = + Q + QQ + ... (L2)

Using Eq. (I6) to solve the integral we obtain

5 i Iy C(El €)+ E;(v) —il'/2 — pq §(€—€1)+E () —il'/2 — uq
AT ) = th:Zn{ {Rw( 2k T ) Re w( 2k T )]

is given in Eq. (231), and

Ller—e)+Es(v) —il'/2 — o (6—61)+E () —il'/2 — pg
I I 9
+ 1[” +n mlﬁ( 2ksT Fuimy| 3 2ksT
(L3)
where I’y = 2704ty |> and >, T = I'. As a further approximation, we fix the argument €; = ¢, which yields

. |1 1 1 ry/2 E;(v) — 1y
A(T , ~ _ | = _I — . L4
w.m) Xa: 7 [2 T ml/’(z o T 2nkeT 4
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A similar calculation for A? (1, v), defined in Eq. (K17), gives

11 1 2 -
A“(n,v):—zg[z+v;lmw<z+ L2 4 Em ““’)]. (L5)

h 27‘[](]3 T 27TkBT

o

The third-tier bubble of type o (&) does not have a matrix structure and is given by the contraction of the propagators in
Eq. (232), dressed by the simplified fourth-tier bubble B, = —I"/2, with the vertex vy = —|ta(ex)|? S (er) /hz, where x stands
for n or v. It is the composite bubble

— 0K — 0K
3 - .. -

R

_ Vo2 (€ry)0¢5,—¢ V2 (k2)0c, ¢

_h%: [XV: [/2 —i¢(ex — €x,) — iCier, — E5 (V)] - Zn: ['/2 =i (e, — €x,) — iClex — Eo(n)]
_i¢ v 52 (e2)

_EZQOQltaz'QZ/; dEQ 62*€+<41[E5(1/)761} 71<F/2

LG , fi?(e2)
Zgaz|ta2‘ Z/ e &2 — €1+ CG[Ex(n) — e —1GT /2

(Lo)

where E; () = €, + (1 4+ n)U/2. From Eq. (I6) we obtain

s0@) 1 6—§41(GU+U—€1)—1F/2 Mo\ ( €—§§1(€ —€)—il'/2 — pg
B; _h; {5R6w< YksT ¢Rey 2ksT

- o U_ - F 2 o — - — _ F 2 o
+§]Re1//< € tgi(e +2NkB;) ir/2—p ) CRGW( @ cL(e znZT ir/2—p )
+i|:27r—1m1p< €—§§1(60+12Jn—k§1T)—1r/2 ua>+1 w( - thie ;;IL;T—lr/z ,La)

| a8l +U-6)—il/2— e I e —the —e)—il/2 — pa

Taking € = €| = 1, the retarded (¢ = +1) third-tier self-energies ig‘;){ : 1hB |; —+1 read as

S (6) ~ 1 51(60+U Ma)+1r/2> l_ ;1(65 Ma)+1r/2
Hioe = ; 21 {R w( 2mkg T Rey 2kg T

+§]Re1//<1

+i|:2n—1m1//<1 g“1(60Jr’;mq:*o:)Jrlr/2> Ilﬁ(l t1(es 2:]:B)T+ir/z>

—Imw<1 e + U~ Ma)+11“/2> Iw<l—§l(€” ““)+ir/2>”. (L8)
27TkBT ZkaBT

§1(6¢7+U M) +il7/2 1 Cl(ea M) +il7/2
— GiRey | -
27TkBT 27TkBT

Consider the degenerate case €, = €, = € at equilibrium 1, = . At the particle-hole symmetry point u — €9 = U/2, Eq. (L8)
simplifies to

£ ir lj:ZI v 1 /2 +i v/ (L9)
~ —1 — 1 .
3o, % 2nkBT 2k T

125417-58



FEYNMAN-VERNON INFLUENCE FUNCTIONAL ... PHYSICAL REVIEW B 105, 125417 (2022)

APPENDIX M: EVALUATION OF THE DRESSED BUBBLE B> WITHIN THE SIMPLIFIED NCA4

Within the simplified NCA4, we can give an explicit expression for the functions AAi/ 7 appearing in KZ,(W") [Eq. (K35)].
Using the simplified third-tier bubbles [Egs. (L4) and (L5)], we find

] r.[1 I T2 et U—pg\ 1 1 T2 e — e
AAT = — — | =I — . Z i
+ Xa: T [n ml”’(z Yok T 2nkeT > - ml”(z kT T 2T

r.[1 I T2 et U—pg\ 1 1 T2 e — e
AT = =S 2 Dy (= ~ Cmy( - . MI
+ Xa: f |:7r ml”’(z Yokl T 2nkeT > - mlﬂ(z T T 2keT (M1)

a(a)

We can write K
AA? 1 1
2BATAAD | [0 T/ + (AATAAT)2 [0]O) 4 T/ — (AATAAT)2 |

Since the above expression is independent of 7/, the bubble B?*) = —(I'/2/)1 + (K°“)v_) has the property [see Eq. (K2)]

olo) _ _
Kn’n - n

M2)

- r -
o(o) __ o(o)
By = =550 + By (M3)
Noting that AA7" = —|AA7/?|, the off-diagonal elements are

. i AAT v (e1) t (e1)
B@) — [Ke@y ) = ign J1adi] o e / d + - + , M4
= K5,V R 2\ 1AAT ZQ" 1 YN —e—icly e —e—icl_ M

where 'y = I £ i(AAS AAi)l/ 2, Using Eq. (I5) to perform the integrations we obtain for the corresponding retarded self-
energies

S(€) = By (k)11
|AA ry € — g 1 r- € — Uy
—R Z
1AA%| Z 2 + 2kl | 2mkgT V2T kel T ket

g (24—t €T e ) Dy (L T €T e (M5)
—1ifIm i —Imy( = i .

27‘[kBT 27TkBT 2 27TkBT 27TkBT
Note that these self-energies maintain the property of the full NCA4 result in Eq. (K36). At equilibrium, @, = ug = ¢, and in
the degenerate case, €4 = €, = €,

- r 1 r — U 1 | LE— U
) ~ _ ni [ Z + o - . M6
on ()= =550 {1/’ (2 okl 2nkBT AR T T (M6)
The self-energies are well behaved in the limit 7 — 0, though they do not yield the correct unitary limit for the conductance.

Moreover, the correct behavior for the exponent of the expression for the Kondo temperature is not captured by this scheme. In-
deed, for u — €9, U — n + €9 > T, from Eq. M1) AAi = AAS ~ —TI'/h and the dressed self-energy Effj(pc) is approximated,

at low temperature, by
£ () ~ L[Rew (l + 2T ) — Rew<l>] ~ LRew (l + 2T ) (M7)
2 2mwkgT 2 47 2 2mwkgT
As shown in the main text, the prefactor yields an incorrect exponent in the Kondo temperature. At the particle-hole symmetry
point u — €y = U/2,
5w = —nl{Rew(l S ) — Reyr (1 + s )} (M8)
4 2 2mnkgT 2 2mkgT

where, since AAi = AAT = AA,, the arguments of the digamma function read as

My =T 4 hAA, =T| 14 2tmy (L4 L2 4 U2
= = —1lm - .
* + - 2 2mkgT | 2mksT

Note that, according to Eq. (L9),
50, = —ily. (M9)
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APPENDIX N: EVALUATION OF THE DRESSED BUBBLE B®

In the NCA, the dressed bubble B@) is given by iteratively inserting the composite third-level bubble B in Eq. (224)
which results in the geometrical series

EZ’(:):< o(3) —11 ~a(c‘r>v_">’ (ND
[h2'] " — B3

where the bare propagator hg(ﬁ) is given by

hy? = in ! . (N2)
C(ex — Ex) + Gi(ek, — E5) +i0F

and E, = €, — U/2. From Eq. (N1), the retarded (¢ = +1), dressed self-energy of type (&) reads as
$E)(€) = it hBY 7 (k)| =41

iy (It (61, )P/ £ )
—i¢ (e — €5 — U/2h) — iG1(ex, — € — U/2h) — hB])|

t=+1

14, (€1
o [t de —
Sealul Lo [ der v

—le5 + Ci(eg —€) + 8¢, 11U —

r=+1
2 (€)
=Y oY f dey — ~N3)
; s ; W e — e+ hilee —€) + 8, Ul = B,
By summing over 1 and applying Eq. (I1), one finds in the NCA (and in the lower-tier schemes)
(@) —
Z En©= (N4)

Within the NCA4, and further assuming the third-tier self-energies to be energy independent, i.e., given by Eq. (L8), the integral
in Eq. (N3) is readily solved as

- f2,(e1)
£~ Y el Y f dei - d
! Z Z [e(—, + C1(ee —€)+ 8, 11U + ¢1Re Zgg);] — i Im I

30 &1
12, (1)
= ZQ““ ? Zﬁ/ der - ; & 1 @
— &5 + Q16 —€) + 8, 11U + CiRe £57), | + i [Im 237, |
1 5+1 1 & — e T
=— —Fi—— |-V i) | iz, N5
"Zzn[ < 2tksT ) v <2+1 2ksT 2 (N5)
where, in the second line, we used explicitly the fact that the imaginary part of iéi,);l is negative [see Eq. (L7)]. Here, the
energies in the arguments of the digamma functions read as
&y =€+ 016 — €) + 8, 11U + iRe £ —i[lm £ |. (N6)
In the degenerate case, €4 = €, = €, at equilibrium, p, = u:
£ r 1 20+U—e+350) —u (1 =0 —u\] r ~N7)
A R TR 2ksT ~v 2+1 27ksT 'y
At the particle-hole symmetry point u — €9 = U/2,
29 (w) U Ry (L4 L+ Rey (+ 4 = 1L (N8)
= —n—|Rey| = —Rey | = —i—,
on =y 2 " 2rksT 2 " kT 2

where we used Eq. (M9).
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APPENDIX O: FERMI-LIQUID BEHAVIOR WITHIN THE sNCA4

Assuming a symmetric coupling I';, = ' = I'/2 in the degenerate case ¢, = €y, Eq. (131) yields for the SIAM linear
conductance

G(T) = GO%/d6<—8fg€(€))g(e,T), 1)

where Gy = 2¢?/h is the unit of conductance and g(e, T') := I'[-ImG’ (e, T)/]. Integrating by parts Eq. (O1), using the
Sommerfeld expansion for the resulting integral, and expanding g(u, T') to second order in 7', we obtain the following low-
temperature expression for the linear conductance [98]:

T 2 2 2,242 2
G(T) ~ Goa[g(u, 0) + 0rg(i, 0)T + 078(1n, 0)T?/2 + mkg 97 g(1n, 0)T>/6)]. (02)

From Eq. (246), we find for the temperature derivatives of the function g(e, T'), calculated at the particle-hole symmetry point,

3UT? 87ReS_ (1, 0)
27 [D(n, 0))?
3UT? [D(u, 0)]*02Re (1, 0) + 2UD (i, 0)[drReE_ (1, 0)]
2n [D(w, 0)]* ’

where D(e, T); = U?/4 +3I'?/4 — U ReX, _(e, T). The relation v (1/2 + z) = 2¢/(2z) — ¥ (z) — 2 In(2) and the asymptotic
expansion of the digamma function ¥ (z) ~ In(z) + 1/2z — 1/12z% [99] give, in the low-temperature limit, with Z = X + iV,

the approximation
1 Z 1Z| . Y 1 (27ksT\*
- ~1 t (—) — . 04
w<2+2nkBT) n(anBT>+larcan X +24< Z ) ©4)

Allowing for a temperature-dependent argument Z = Z(T') and using the above expression we obtain

8Tg(/~'l” O) =

bl

(03)

92g(u, 0) =

_— 1+ Z(T) 1+ (kg )? T 1 (kpT)? or Z(T)
"P\2 " 2nkgT T ' 3[Z(T)P Z(T) 3[z)p | " ’
1 Z(T) 1 (kg)? (kg)? 1 (kgT)? 1 (kpT)?
Ryl +—= )~ = — ar Z(T - a7 Z(T).
Tl/f<2 2nkBT) 72 T azaor T " szae Yz T szaor )" Az T szae ) AT
i 05)
These results can be applied to the self-energy %, _ (i) = fl((,”l (n) + f]((,”l () at the particle-hole symmetry point
S (T 3r Rey 1+ ' (T) Rey 1+ r_(T) I (06)
o~ T) = —{Rey | —Rey| 5+ -—— )i,
—H 4 2 " 2mksT 2 " 2mksT 2
with
2 1 ry/2 U2
ro(ry=r|1+ -1 = .
(1) |: b4 ml/l(Z + 2kgT +12nkBT>:|
Equation (O4) also yields
lorki  T?U
T (T) = E T. 07
rTe(T)=7F 3 T2+ U2y (07
As aresult,
37 S0, (1£,0) =0
4 P5._(10) k3 1 1 1 N 1 16I"2U ©08)
an o—(1,0) = — — .
7o 4 |\ OF P/ \r0 ' T-0)) 7@ +0%)
From Eq. (O3)
3UT? 2ReS, _(u, 0)
Irg(n.0) =0, d7g(n,0)= Lo 0. 09
r8(1, 0) 781, 0) o [U2/4+3F2/4—UReEG,_(M,O)]Z# (09)
The general expression for the NCA4 Green’s function at equilibrium, conveniently rewritten as
— €, —U+13I'/2+U(ns
GR (e) = i +BU/2 + Ulns) (010)

(€ — € +i'/2) (€ —€; —U +i3T/2)+ U, _(€)’
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yields for the derivative with respect to € of the function g(e, T') calculated at the particle-hole symmetry point and in the

degenerate case

I'/n ~ -
32g(u,0) = ————[7T + 2Ud.Re%, _ (1, 0) + (3/2)TU3’Re%, _(u, 0
g(i, 0) [D(M,O)]z[ +2Ud.ReZ, _ (1, 0) + (3/2)TUDReZ, _ (1, 0)]
I'/m 3 2 S 2
+ ——= 112> = 3T'U~|o.ReX, _ (1, 0)| . (0O11)
DG OF [ I
For an energy-independent argument Z we have for the derivatives with respect to the energy [71]
1 Z LE— 1 sin(g) +1 cos(p)
) = = -
¢ 1”(2 kel | 2mkaT . Z
e=u, T=
: (012)
83 " 1 n Z ; €— _ cos(2p) — i sin(2<p)7
2 2mkgT 2kgT |Z|?
e=u, T=0
where Z = |Z| exp(ip). Using Eqs. (M6) and (N7), this entails
- I' sin(e4) 9 & I' [ cos(Rey) 1 rf1 1
oReXy _(un,0)= — — , 0ReX¥y _(u,0)= —| ——— — — —| = - =, 013
eReXo (1. 0) = = =17, ReXo- O =\ =z 1| T 2T ©13)

where ¢, = arctan(2u/I'y) and |Z,| =

JQ2u)?+ Fi. The vanishing linear term in the low-temperature expansion of the linear

conductance, Eq. (02), and the resulting quadratic dependence on T indicate that the SNCA4 displays at low temperature a
Fermi-liquid behavior. Nevertheless, the saturation value at 7 = 0 differs in the SNCA4 from the correct value g(u, 0) = 2/m.
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