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Zusammenfassung (Summary in German)

Bei stark korrelierten Materialien bricht das Einteilchen-Bild fiir Elektronen zusammen und
faszinierende emergente Phinomene treten zutage. Diese Effekte kénnen durch Korrelati-
onsfunktionen erfasst werden. Fiir Systeme im thermischen Gleichgewicht gibt es zwei gut
etablierte Formalismen. Der Matsubara-Formalismus (MF) baut die Gleichgewichtsbedingung
durch eine Wick-Rotation in Korrelatoren ein. Diese verwandelt sie in Funktionen imaginérer
Zeiten oder Frequenzen. Wéahrend MF-Korrelatoren direkten Zugang zu statischen Gréfien
bieten, erfordern dynamische Observablen eine analytische Fortsetzung auf die reelle Achse,
um sie mit experimentellen Ergebnissen vergleichen zu kénnen. Leider ist die analytische
Fortsetzung numerischer Daten ein &uflerst schlecht konditioniertes Problem. Im Keldysh-
Formalismus (KF) sind Korrelatoren Funktionen von reellen Zeiten und Frequenzen, was
einen direkten Vergleich mit experimentellen Daten erméglicht. Dieser Vorteil geht jedoch auf
Kosten einer zusétzlichen Indexstruktur und kontinuierlicher Frequenzargumente. Das Haupt-
ziel dieser Arbeit ist, eine Reihe von vielversprechenden Methoden der Quantenfeldtheorie
(QFT) voranzutreiben, die im KF mit reellen Frequenzen formuliert sind.

Im ersten Teil stellen wir eine Real- und Imaginérfrequenz-Studie mit zwei verwandten
QFT-Methoden vor: die Parquet-Gleichungen und die funktionale Renormierungsgruppe
(fRG). Die Vorhersagekraft dieser beiden diagrammatischen Methoden wird typischerweise
durch die verwendeten diagrammatischen Trunkierungen beeintrichtigt. In Kombination mit
anderen Methoden sind sie jedoch vielversprechende Kandidaten fiir die Untersuchung von
stark korrelierten Systemen. Hier liegt unser Schwerpunkt auf algorithmischen Entwicklungen,
fiir die wir das Anderson-Storstellenmodell als Benchmark-System untersuchen. Die Arbeit im
KF (anstelle des MF) fiihrt zu einer Reihe von numerischen Herausforderungen. Daher wurden
in fritheren Arbeiten typischerweise weitere Approximationen fiir den Vierpunkt-Vertex oder
fir die Gleichungen verwendet. Um den Weg fiir weitere Entwicklungen zu ebnen, zeigen
wir hier, dass es in der Tat moglich ist, auf weitere (als die in den Methoden inhérenten)
Approximationen zu verzichten. In dem Bereich in welchem konvergierte Parquet-Ergebnisse
vorliegen, finden wir eine gute Ubereinstimmung mit Referenzdaten aus der numerischen
Renormierungsgruppe. Die 1-Loop-Flussgleichungen der fRG liefern zwar Ergebnisse fiir
einen grofleren Parameterbereich, aber die Abweichungen sind dafiir in der Regel grofier als
bei den Parquet-Ergebnissen.

Im zweiten Teil gehen wir der Frage nach, wie Matsubara-Korrelatoren analytisch zum
KF fortgesetzt werden kénnen. Unsere Arbeit baut auf der Spektraldarstellung auf, die von
Kugler, Lee und von Delft hergeleitet wurde. Sie fanden heraus, dass Korrelatoren mit forma-
lismusunabhéngigen, systemabhéngigen partiellen Spektralfunktionen (PSF) und formalismus-
abhéngigen Kernen aufgebaut werden kénnen. Unter Verwendung ihrer Ergebnisse entwickeln
wir eine allgemeine Strategie fiir die analytische Fortsetzung von Mehrpunkt-Korrelatoren.
Wir gewinnen zunéchst alle PSFen aus analytischen Fortsetzungen des Matsubara-Korrelators.
Wenn wir diese in die spektrale Darstellung von Keldysh-Korrelatoren einsetzen, erhalten
wir MF-zu-KF-Fortsetzungsformeln. Ahnlich wie bei den bekannten Zweipunkt-Korrelatoren
lassen sich alle Keldysh-Komponenten durch eine Linearkombination analytisch fortgesetzter
MF-Korrelatoren mit statistischen Faktoren ausdriicken. Explizite Formeln werden fiir die
wichtigsten Félle vorgestellt, insbesondere allgemeine Dreipunkt-Korrelatoren und fermioni-
sche Vierpunkt-Korrelatoren.
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Summafy (Summary in English)

For strongly correlated materials the single-particle picture breaks down for electrons, giving
rise to fascinating emergent phenomena. These effects can be captured using correlation
functions. For systems in thermal equilibrium, two well-established formalisms are available.
The Matsubara formalism (MF) encodes the equilibrium condition into correlators via a
Wick rotation, transforming them into functions of imaginary time or frequency. While MF
correlators provide direct access to static quantities, dynamic observables require analytic
continuation to the real axis to be comparable to experimental results. Unfortunately, despite
recent advances, the analytic continuation of numerical data remains a highly ill-conditioned
problem. In the Keldysh formalism (KF) correlators are expressed in real time or frequency,
allowing direct comparison to experimental data. However, this advantage comes at the cost
of an additional index structure and continuous frequency arguments. The main goal of
this thesis is to advance a set of promising quantum field theory (QFT) methods which are
formulated in the real-frequency KF.

In the first part we present a real- and imaginary-frequency study with two related
QFT methods: the parquet equations and the functional renormalization group (fRG). The
predictive power of these two methods is typically impaired by the employed diagrammatic
truncations. But in combination with other techniques, they hold promise for the study
of strongly correlated systems. Here, our focus is on algorithmic developments, using the
Anderson impurity model as a benchmark. Working in the KF instead of the MF introduces
significant numerical challenges. Hence, previous studies have typically relied on additional
approximations to the four-point vertex or to the underlying equations. To pave the way for
further extensions, we here show that it is indeed possible to avoid approximations beyond
those that are inherent to the methods. In the regime in which converged parquet results are
available we find good agreement with reference data from the numerical renormalization
group. While the 1-loop flow equations of fRG cover a broader range of parameters, the
results generally exhibit larger deviations compared to the parquet method.

In the second part of this thesis we address the problem of analytically continuing
Matsubara correlators to the Keldysh formalism. Our approach builds on the spectral
representation derived by Kugler, Lee, and von Delft, which expresses correlators in terms of
formalism-independent but system-dependent partial spectral functions (PSFs) and formalism-
dependent kernels. Using this foundation, we propose a general strategy for the analytic
continuation of multi-point correlators. We first extract all PSFs via analytic continuation
of the Matsubara correlators. Inserting these into the spectral representation of Keldysh
correlators yields explicit MF-to-KF continuation formulas. As with two-point correlators,
all Keldysh components can be expressed in terms of linear combinations of analytically
continued MF correlators with statistical factors. We provide explicit formulas for the most
relevant cases, including general three-point correlators and fermionic four-point correlators.
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1 Introduction

1.1 Motivation

Strongly correlated materials present both opportunities and challenges for the scientific
community. On one hand, they exhibit remarkable physical phenomena some of which hold
significant technological potential [Ang08]. On the other hand, their theoretical description
is notoriously difficult since strong electron correlations render single-particle approximations
ineffective. In these materials, the interaction and kinetic energy are comparable, such that
electrons are neither fully localized nor fully itinerant. The most prominent discovery on
this field is the phenomenon of high-temperature superconductivity which was found for the
first time in a class of ceramic materials (cuprates) by Bednorz and Miller 1986 [BMS86].
Despite all experimental and theoretical efforts the microscopic mechanisms responsible for
the emergence of high-temperature superconductivity are still not fully understood.

The two-dimensional one-band Hubbard model is deemed the ‘minimal’ model for cuprates
and has received much attention in the past decades. It is a tight-binding model with a
single orbital per lattice site. Electrons can hop between sites and experience Coulomb
repulsion only when they occupy the same site. Despite its apparent simplicity, a complete
and quantitatively accurate prediction of the physical regimes and observables remains an
open challenge.

In the presence of strong correlations exact solutions only exist in certain limits. For
example, the Bethe ansatz works for one-dimensional systems [EFG105] and dynamical mean-
field theory (DMFT) is exact in the limit of infinite dimensions [GKKR96]. However, many
systems of interest are two- or three-dimensional. Indeed, the majority of applicable methods
is of numerical nature, each coming with approximations and algorithmic constraints. A multi-
method study [SWicvt21] recently confirmed that all state-of-the-art methods are limited in
their applicability. For example, purely diagrammatic methods are impaired by diagrammatic
truncations. And while the DMFT is a powerful method to predict local correlations, spatial
fluctuations are beyond reach due to the inherent approximations. However, these limitations
may be overcome by combining multiple methods. A promising class of approaches are
diagrammatic extensions of DMFT [RHT*18] which use input from DMFT and include
non-local correlations with diagrammatic techniques.

The common theme of many numerical methods is their focus on correlation functions.
These encode interesting, experimentally observable quantities such as the single-particle
spectrum, the susceptibility to external perturbations and transport coefficients. Two well-
established frameworks are available for studying systems in thermal equilibrium: the
Matsubara formalism (MF) [Mat55, Abr65] and the Keldysh formalism (KF) [Sch61, Kel,
Kam11]. The MF directly incorporates the equilibrium condition by a Wick rotation ¢ — —ir,
such that correlators are functions of imaginary times or frequencies. The KF' is more general
and also works for systems out of equilibrium. KF correlators are functions of real times
and frequencies but have an additional index structure with 2¢ Keldysh components for
{-point functions. Since the choice of methods is typically guided by the finite amount
of numerical resources, correlators are commonly computed in the MF. Using the formal
equivalence of MF and KF two-point correlators, dynamic observables are then obtained
via analytic continuation to real times or frequencies. However, the analytic continuation of
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numerical data is a difficult problem due to the highly ill-conditioned Matsubara kernel, see
e.g. Ref. [SOOY17]. To circumvent this issue, our strategy focuses on the development of
methods which directly work within the KF.

In fact, real-frequency observables can already be computed for quantum impurity models
for which the numerical renormalization group (NRG) [BCPO08] is a well-established method.
Since impurity solvers play a central role in the DMFT scheme, DMFT can also be implemented
in real frequencies. An important recent development was the extension of NRG to the
computation of multipoint vertex functions [KLvD21, LKvD21, LHS*24] which are needed
as input into DMFT extension schemes for including non-local correlations [RVT12].

Building on these advancements, this thesis focuses on the development of quantum
field-theoretic (QFT) methods in both real and imaginary frequencies. Specifically, we cover
the parquet equations and the functional renormalization group (fRG), which both are
promising candidates for diagrammatic extensions of DMFT. While they provide a formally
exact framework, approximations are inevitable and require a ‘reasonably’ chosen external
input. The viability and consequences of various approximations are still subject of current
research. Nevertheless, it is known that these methods can guarantee the fulfillment of
the Pauli principle and an unbiased treatment of all interaction channels by construction
[Bic04]. For a reliable prediction of the physical regimes in the presence of competing ordering
instabilities such properties are highly desirable. However, these approximations may lead
to violations of conservation laws (such as charge conservation) which would undermine the
quantitative reliability of transport calculations. The degree to which conservation laws are
fulfilled gives information on the quality of the obtained results [CGKH'22, P6]. Ensuring
their fulfillment is, however, not our focus.

1.2 Outline and scope

Below we present the specific problems that are addressed in this thesis; detailed introductions
and motivations will be given at the beginning of each section. The remainder of this thesis
is structured as follows:

e In Chapter 2, we first give a general introduction to ¢-point correlators in the MF and
KF. We give further details in the chapters in which they are needed. As a specific type
of correlator we then introduce Green’s functions and discuss how they encode one- and
two-particle quantities. They can be represented in terms of the self-energy and the
vertex, which are central objects in the QFT methods which we review thereafter: the
parquet equations and the functional renormalization group (fRG). Since the vertex is
a four-point function, an efficient parametrization is required to make it numerically
tractable. Thus, concrete parametrizations of diagrammatic objects and equations are
discussed in a section on the Anderson model.

o The single-boson exchange (SBE) decomposition offers a numerically appealing parame-
trization for the vertex and defines a promising approximation [HLK21]. While parquet-
like equations for SBE components have already been derived [KV19], we complement
them in Chapter 3 with a derivation of the fRG flow equations including the multiloop
extension in different approximations. These have been published in [P1] where we also
review previous results and relate the SBE to other decompositions.

¢ In Chapter 4, we solve both the one-loop fRG equations and the parquet approximation
for the single-impurity Anderson model and compare their results to those obtained
using the numerical renormalization group (NRG). First we present real-frequency
results from computations in the Keldysh formalism in Ref. [P3]. The implementation
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details are explained in the code publication [P5]. While the Keldysh results have
the advantage that the obtained dynamical observables can be directly compared to
experiment, calculations are more demanding than in the MF. In our real-frequency
study we used Matsubara results to verify the results at zero frequency. For calculations
in the MF Ref. [P2] introduces a Julia library which offers flexible data containers and
standard routines for diagrammatic calculations.

o For real-frequency methods all equations need to be formulated in the KF. However,
also in formal derivations the MF is often more convenient. Unfortunately, for many
years the exact correspondence between multipoint functions in the MF and the KF
was not known (even though partial solutions did exist). In Chapter 5 we therefore
present a general strategy for the analytic continuation of MF ¢-point correlators to the
KF. While this formal development does not solve the problem of analytic continuation
of numerical Matsubara data, it helps deepen our understanding of correlators in both
formalisms.

¢ The Hubbard atom is a popular benchmark model, as it can be solved exactly and
has a non-trivial self-energy and vertex. Their MF formulas are therefore presented in
App. A in the asymptotic and single-boson exchange decomposition.

e Lastly, in App. B we investigate the convergence of the multiloop fRG scheme in
the number of loops and self-energy iterations in the MF and KF. We further show
exemplary plots of the multiloop contributions in the KF and discuss the numerical
implications of the study.






2 Methodological background

In this chapter, we will review some basic concepts in quantum many-body physics which are
relevant for the description of solid state systems and their observables. While these are also
summarized in the publications [P1]-[P5], we find it beneficial to present a general overview
in a streamlined notation for both formalisms.

First, we present the definition and general properties of correlators in the Matsubara
and Keldysh formalisms in Sec. 2.1. This sets the stage for Ref. [P4] where we study how
Matsubara and Keldysh multipoint correlators are related by analytic continuation. For our
diagrammatic studies, we then focus on Green’s functions, which are correlators of creation
and annihilation operators. Their diagrammatic representation is discussed in Sec. 2.2. There,
we also summarize the quantum field theoretic methods for their computation which are
subject of the remaining publications [P1, P2, P3, P5].

2.1 Correlators — definition and basic properties

We are primarily interested in measurable quantities which can be expressed as time-ordered
correlation functions or correlators for short. These objects encode expectation values and
the (auto)correlation of quantum mechanical operators which represent, e.g., the creation
and annihilation of fermionic or bosonic particles, their density or magnetization. In the
following section we define correlators in the Matsubara and Keldysh formalisms. Most of the
following material is well-known in the literature. The purpose of this section is to introduce
the most relevant properties of correlators and to establish notational conventions, mostly
following Ref. [KLvD21] for general correlators and Refs. [JS10, Wal21] for fermionic Green’s
functions and related diagrammatic methods.

In this thesis we consider solid state systems in thermal equilibrium which can be described
by a time-independent Hamiltonian H. Thus, time-translational invariance and frequency
conservation are fulfilled. The microscopic time evolution of a general quantum state |1)) is
governed by the Schrédinger equation, i.e., given a state at initial time ¢y, we obtain one at
any time t by

() = Ut to) [(t0)) , (2.1)

with the unitary time evolution

t
O(t,t0) = exp { - i/ di B} = exp{—i(t —1)}. (2.2)
to
Depending on tg 2 t, the evolution is forward or backward in time and consecutive time
evolutions can be combined, e.g., giving U(t,t1)U(t1,t0) = U(t,tp). For the most part,
however, we focus on operators and work in the Heisenberg picture where the states are static
and operators O are evolved by

o(t) = eHtOeiH?, (2.3)
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To keep the discussion general, we do not specify the operators O here. In this section we
present a general formulation for correlators. Only later, in Sec. 2.2.3, we specialize in Green’s
functions, which are correlators of creation and annihilation operators and can be expressed
in the functional integral formulation.

2.1.1 Thermal expectation values

For a comprehensive presentation of correlators in the subsequent sections we now introduce
thermal expectation values, which are encoded in so-called partial spectral functions (PSF),
and study their properties. PSFs fully encode the system-specific information and are
formalism-independent. These are then combined with formalism-specific kernels to obtain
Matsubara or Keldysh correlators [KLvD21].

Thermal expectation values (...) are weighted ensemble averages. Explicitly, for a
canonical ensemble with inverse temperature 8 = 1/T, we have

(O) =Tr[O(t)p] =3 (WOM)HN) (24)

1

where the density matrix is defined as p = eBH /Z with partition function Z = Tr [e‘ﬁﬁ ).
In the last expression the trace is expressed as a sum over a complete set of orthonormal
states [1).

We encode thermal expectation values for the product of ¢ operators 0= (Ol, e OAE) at
times t = (t1,...,ts) in the so-called ¢-point partial spectral functions (PSF)

A N

S[O)(t) = (O'(t1) - - O(ty)) (2.5a)

which in the frequency domain read

R 1 ¢ A
=1

Using the energy eigenbasis, we can provide an explicit formula for the PSFs. We denote
energy eigenstates by |i) with corresponding eigenenergies Ej, i.e., H li) = E;|i) and }_; is a
sum over the complete set of orthonormal energy eigenstates. Integers i = 1,. .., ¢ are used
to distinguish different sets. By repeated insertion of the identity 1 = >",|4) (7| into Eq. (2.4)
we obtain the Lehmann representation B

4

~ 1 . S (E_
SI0)®) = - 3" e P [Olpy ™ i), (2.6a)
1,..0 i=1
. 1 £
S[O)(e) = -, Y e PP 1054166 + Ei — Eipa)), (2.6b)
1,..0 i=1

where we abbreviated the matrix elements Oy 41 = (i| O |i + 1) and identified £ + 1 with 1.
Now, we are in the position to deduce properties of PSFs which derive from the particular

form of the equilibrium density matrix. Firstly, following Ref. [BM61], we briefly summarize

the analytic properties of the PSF. For this purpose we consider complex-valued times t € C.

1 For a grand-canonical ensemble the density-matrix yields p = e_fB(H_”N)/Z7 Z =Tr [e_ﬁ(ﬁ_“m]. The
additional term, —u N, is typically absorbed in the Hamiltonian. In this thesis we will not explicitly consider
it. The necessary modifications for a grand-canonical ensemble can be found in Ref. [JPS10], for instance.
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Focusing on the imaginary parts, t — —ir with 7 € R, Eq. (2.6a) gives

. 1 B T Ti e B
S[O](—it) = 5 Z Oﬁe( 1—8 z)ElH {Ozﬂe( i 1—1)E2}. (2.7)
1.0 i=2

Provided that the ensemble average in Eq. (2.6a) converges absolutely, we can conclude that
the PSF is well-defined and analytic for complex times (see, e.g., [FB06, BM61]) on a region
of C where the imaginary parts, 7 = —Im (¢), fulfill

+B>TI >R > > Ty (2.8)

Furthermore, by cyclicity of the trace, Tr [ABC] = Tr [BC A}, and using the formulas in
Egs. (2.6a) and (2.6b) we find the Kubo-Martin—Schwinger (KMS) relations [Kub57, MS59]
for complex times t or real frequencies e:

A

S[OY,...,0(t1, ..., t) =S[0?,...,0° 0Y(ta, ... te, t1 +1if)
=S[00, ..., 0 Y (ty —iB,t1, ..., te1), (2.9a)

S[0Y, 0%, .. .,Oﬁ](al,@, co,E0) = 65518[02, ... ,OAE,OAl](sz, ey E0,E1)
= e PaS[0Y 0L, ..., 0 Y (e e, .. e0-1). (2.9b)

These relations imply that PSFs of cyclically permuted operators are not independent. They
are either related by shifts along the imaginary time axis [cf. Eq. (2.9a)] or by an exponential
factor [cf. Eq. (2.9b)].

Having defined PSFs and studied their basic properties we are now ready to combine
them into Matsubara and Keldysh correlators in the following sections.

2.1.2 Matsubara formalism

The Matsubara formalism treats thermal correlation functions and has become widely popular
both in analytical and in numerical works. It relies on the fact that the density matrix
amounts to a time evolution along imaginary times by the inverse temperature 5. The special
properties of equilibrium PSFs, Eq. (2.8) and (2.9), are directly incorporated via a Wick
rotation ¢ — —it such that /-point Matsubara correlators are defined as

A A A

GlO](r) = (1) HTIO (~im) --- O (—imy)]). (2.10)

The conventional sign factor (—1)‘! is introduced for consistency with later sections and
the imaginary-time ordering, T, rearranges the operators O by their time arguments 7;.
Explicitly writing out the time ordering, we obtain

GO)(T) = > ¢PK(7,)S[O"](—iT)), (2.11a)
P
with the Matsubara kernel
-1
K(rp) = [[1-0(r; = 7)) (2.11b)
i=1
Here, the sum 3, runs over all permutations of the indices (1,...,/) LN (1,...,¢) where we

abbreviate i = p(i). Correspondingly, the tuples o' = (OT, .. .,OZ) and T, = (7,...,77)
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contain the permuted operators and times. The sign factor (P encodes the crossing symmetry:
For an even or odd number of exchanges of fermionic operators it gives (P = +1 or (¥ = —1,
respectively. Using the step function

0(r) =

1 >
{ for 7 > 0, (2.12)

0 else,

the Matsubara kernel K encodes the time ordering, i.e., it ensures that the non-vanishing
permutations p fulfill

> .. > (2.13)

Further, from the KMS condition (2.9a) we conclude that the Matsubara correlator is periodic
(anti-periodic) in its imaginary time argument 7; if the corresponding operator O' is bosonic
(fermionic). Thus, Matsubara correlators G can be represented by a Fourier series. Note that,
due to Eq. (2.8), MF correlators are only guaranteed to be well-defined for time arguments 7;
within an interval of length 5. However, we may (anti-)periodically extend the domain with
the Fourier series representation.

The frequency representation of Matsubara correlators reads

. ¢ B . .
Gl0)(w) = [[ [ / dr, e“‘”'”] G[O](7). (2.14)
i=1 L/0
Due to the (anti-)periodicity in the times 7;, the Matsubara frequencies iw; are given by

i2m, 7T for bosonic 07
iwj:{l " oF bosomie &7, m; € N. (2.15)

i(2m; +1)7T  for fermionic O,

A Lehmann representation for MF correlators on the frequency domain has been derived
in Refs. [KLvD21, HSS23]. The product structure in Eq. (2.11a) becomes a convolution in
the frequency representation,

l
G0)(w) = 3 [ [] / de| K, £,)S107) (&), (2.16)
P i=1vR

where S[O"](e,) is the real-frequency PSF (2.5b). More explicit formulas for the MF kernel
will be provided later in Sec. 5 and the particularly relevant case of two-point correlators will
be discussed in Sec. 2.1.5.

2.1.3 Keldysh formalism

The Keldysh formalism is a versatile quantum field-theoretic framework that can treat systems
both in and out of equilibrium. Unlike the MF, it works directly with real times or frequencies,
which comes at the cost of a doubled time contour. While the doubled time contour only
fully unfolds its potential in the path integral formulation (see Sec. 2.2.2), we here illustrate
its origin. Let us revisit the expectation value of operator O(t) at time ¢:

(O@)) = Tr[U(to, )OU (¢, to)po] = Tr [U(to, 00)U (00, )OU (%, t0) pol: (2.17)

which can be interpreted as follows (reading from right to left): An initial state, po, is prepared
at initial time ¢, evolved forward to time ¢t where the measurement of O is done, and then
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time tq to t3 ty

Figure 2.1 Illustration of contour ordering in the KF: Operators are time-ordered 7 on the forward
branch (¢ = —) and anti-time-ordered 7 on the backward branch (¢ = +). The arrow on the
Keldysh contour indicates the order of operators from right to left. For the above times, ¢1,...,%4, the
contour-ordered expression in Eq. (2.18) reads ¢O?(t5)O (t1)03(t5 )O*(t; ) where ¢ is —1 if fermionic
operators have been exchanged an odd number of times and { = +1 otherwise.

is evolved backward to ty. The initial time t( is typically set to the infinite past, {g = —oo.
For the last equality we inserted 1 = U(t, 00)U (00, t). Both forward and backward contour
thus span the entire real axis. Unlike the Matsubara formalism, the Keldysh formalism does
not (directly) employ that the density matrix p corresponds to the time evolution by the
imaginary time i5. Rather, it remains in the real-time representation and has to account for
both forward and backward time evolution by defining a contour ordering: Operators are
ordered along the time contour as indicated in Fig. 2.1. The contour argument t¢ consists
of time ¢t and contour index ¢ which labels the two time evolution branches, ¢ = — for the
forward and ¢ = + for the backward branch. For the example in Fig. 2.1, we obtain

T[O'(t1)0*(13)0° (5) 0 (t5)] = TIO' (1)) O* ()] T1O% (15 ) O* (5]
= (O*(13)0(t1)0*(t5)0'(t;), (2.18)

i.e., contour ordering moves operators with contour indices ¢ = + to the left and ¢ = — to
the right. The time ordering 7 and anti-time ordering operator 7 then sort the operators by
their time arguments in decreasing and increasing order, respectively. The sign { accounts
for the exchanges of fermionic operators, ( = +1 for an even and ¢ = —1 for an odd number
of exchanges.

Thus, the ¢-point Keldysh correlator is defined in the time domain as

GlON(t) = (—)" (T[O (¢) ... O™ (1)) , (2.19a)

and in the frequency domain as

¢
G[0)(w) = ll—[/ dtil e“tGelO)(t). (2.19D)
i=1/R

Compared to the MF, every KF correlator obtains an additional contour index structure
with 2¢ components. There is a slight redundancy due to causality. This can be most easily
seen after a Keldysh rotation. The transformation from contour indices ¢ = —, + to Keldysh
indices k = 1,2 is defined by the Keldysh rotation matrix D¥¢ = (—¢)¥/1/2, giving

Grlol=>" f[ DFicige[O). (2.20)

c =1

In the Keldysh basis we can convince ourselves that the G~ component vanishes. For fixed
time arguments we can focus on the operator O(tc) whose time argument ¢ is strictly larger
than the others’. In the example shown in Fig. 2.1 O! carries the largest time argument
t1. By nature of the contour ordering both choices for the contour index ¢ = + give the
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same ordering. Keldysh rotation to the Keldysh index k = 1 subtracts these to give zero.
Therefore, the correlator G'! vanishes for almost all times ¢.2
On the frequency domain, the spectral representation of KF functions reads

ng H / de | (6, ,)S107 (<), (2.21a)

with Keldysh kernels

4

*(wp, €p) H[/ dt; el =0 | R (t,). (2.21b)

Note that the spectral representation of MF and KF correlators only differ by the kernel
[see Eq. (2.16)]. For explicit expressions for ¢-point kernels, we again refer to Sec. 5 or to
Refs. [KLvD21, HSS23]. The two-point correlators for both formalisms will be discussed in
Sec. 2.1.5.

2.1.4 Note on conventions

Due to the time-independent Hamiltonian, ¢-point correlators and PSFs are invariant under
time translation. This property implies that the Fourier transforms come with a frequency
conserving factor, Zle w; = 0, if one keeps an explicit dependence on all ¢ arguments.
Alternatively, time-translational invariance is typically used to set the last time argument,
79 = 0, to zero. The Fourier transform is then defined as a function of ¢ — 1 frequencies,
namely

SIO)(e1, . 20 y) = QM : H/ atie SO, .. 0"t t1,0),  (222)

GO (wr, . .. iwp 1) = [H / dr; 7] GOV, ..., 0" (..., 71-1,0), (2.22D)
; 0

GFO)(wi,. .., we1) = H/ dt; et g’“[ O™ (t1,...,te_1,0). (2.22¢)

Such a choice is useful for explicit parametrizations since an ¢-point function effectively
depends on ¢ — 1 times or frequencies. However, the introduced notational asymmetry
complicates many expressions. For the sake of compact formulas, it proves to be beneficial to
retain the dependence on all ¢ frequencies w = (w1, ..., wy).

To distinguish functions with explicit dependence on £ —1 and ¢ frequencies, we use roman
(G) and calligraphic (G) symbols. Obviously, they contain the same information and are
related by

A

S[0](e) =6(e1 + ... +£0)S[0](en, ..., e0-1),
G[O](iw) = B0+ ... 1w, GlO] (w1, - . . ,iwe 1),
GFO](w) = 210(wy + ... +wp)GE[O) (w1, . . . ,we1),

2 The exception for exactly equal time arguments is thoroughly analyzed in Refs. [Kam11, K1619]. We can
mostly avoid this subtlety by considering non-vanishing (potentially infinitesimal) time shifts. Also, the
exceptions form a set with zero measure and thus have no influence on the correlator in the frequency
representation. A notable example where equal-time correlators are needed is the computation of the
Hartree value, which is discussed in App. E of Ref. [P3].
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where the Kronecker and Dirac delta on the right explicitly encode frequency conservation.
For calligraphic symbols frequency conservation is explicit whereas it is implicit for roman
symbols. The spectral representations can be equally written in terms of the roman symbols
(see Ref. [KLvD21])

. -1 08 A
G[O](iwr, . .., iwe_1) :Z [H/o dgi]K(in""’iwﬁ’gi""’5ﬂ)5[0p](gi,,,,,gﬁ),
P i=1

(2.23a)

-1
G*O)(wi, . .-, we1) :Z [H/]Rdsz}Kk(uﬁl,...,wm,sl,...,5H)S[Op](51,...,EH),
P i=
(2.23b)

in which case one has to consistently use the roman symbols and the ¢-th frequency is defined
consistently with frequency conservation, i.e., ¢, = — Zf;ll ;. Thereby one may, for example,
write S[0%,0'(—¢) instead of S[0%,O](e2). In summary, the distinction between roman
and calligraphic symbols is usually not necessary, and they can be used interchangeably if
frequency conservation is given.

The notation with £ — 1 frequencies is very common for two-point correlators which
effectively depend on one frequency only. These correlators will be presented in the next
section.

2.1.5 Example: Two-point correlators

Two-point correlators, G [Ol, 02], are of particular relevance in physics. They describe a
wide range of observables such as the spectrum of single-particle excitations, the linear
response to an external force or the fluctuation (auto-correlation) of local particle density or
magnetization. They have a rather clear structure and have been extensively studied in the
literature. While we postpone the discussion of physical observables to Sec. 2.2.1, we here
present the general structure of two-point correlators.

First, we present the spectral representation of two-point correlators in the MF and the
KF. We then show how these correlators are connected through analytic continuation and
the fluctuation-dissipation theorem (FDT). For notational convenience we drop the operators
in G[Ol, OQ] unless they are ambiguous.

2.1.5.1 Matsubara two-point correlators

For two-point functions the Matsubara kernel reads [KLvD21, HSS23]

IC(iwl, iCUg; &1, 82) = 650’(014_&,2 [1(,011—51 — géOMl 50’51}, (2.24)
where dg ., only contributes if the Matsubara frequency w; vanishes. This is only possible
for bosonic Matsubara frequencies. The dg., contribution is only present if the PSF has
finite weight at €1 = 0, i.e., if the PSF has a Dirac-delta contribution at €; = 0. To separate
these contributions, we decompose the PSF into a regular S and an anomalous S part,
S = § +S. The anomalous contribution S(tl,tg) = (' is constant in time, and in the
frequency representation it reads S(e1,e2) = Cd(e1)d(e2). On the other hand, the regular S
is free of such contributions. Note that the KMS condition (2.9a) sets the two anomalous
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PSFs to be equal, i.e.,
S[OY, O¥(t1,t2) = C = S[0%, O (ta, t1). (2.25)

Inserting the kernel (2.24) into the spectral representation (2.16), we obtain the well-known
result

Giwy) = G(iw1) + G iwr), (2.26a)

with the regular and anomalous contributions, G and G, given, respectively, by

B std

G(iW1) :/ d€1 S7(€1) (2.26b)
R 1w — &1

G(iw1) = — B30, C. (2.26¢)

Above we identified the standard spectral function S84 which is typically used for the spectral
representation of two-point functions [BM61, AS10]. In terms of PSFs it reads

SO O?)(e1) = S[O, OF(e1) — ¢S[0%, O (—¢1),. (2.26d)

While anomalous contributions G are neglected in many texts, Ref. [WFHT22| pointed out
that they encode correlations which persist to arbitrarily large times and, hence, lead to
long-term memory effects. Furthermore, under certain conditions, they indicate degeneracies
in the many-body energy spectrum. In Sec. 2.1.5.3 we show how anomalous contributions
are treated during analytic continuation to Keldysh correlators. While this has been known
for two-point functions, the fate of anomalous contributions during analytic continuation to
higher-point functions had not been fully clarified until recently [P4].

2.1.5.2 Keldysh two-point correlators

For the KF we choose the Keldysh basis in which the two-point correlator reads

11 12 A
Gk1k2 — Dk101Gc1cz(DT)Czk2 — <g21 gQ2> — ((SR gK> . (2.27)

The non-zero Keldysh components are conventionally called retarded G¥, advanced G* and
Keldysh G¥ components. Explicitly, these components give (for t; # 0)

G'[01,05)(t1,0) = +i ([O1(t1), 02(0)]¢) O(—t), (2.28a)
G?'[01,05)(t1,0) = =i ([01(t1), 02(0)]¢) O(t1), (2.28b)
G?[01,05)(t1,0) = =i ([01(t1), 02(0)] ) , (2.28¢)

where [A, B]; = AB — (BA is an (anti)commutator.
To obtain the spectral representation of KF correlators in frequency space we can use
that the Fourier representation of the step function reads

—iwt —iwt
Fif(Lt) :/ dw =1l do e (2.29)
R 27 w£1i0 NO JR 27 w iy
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where we shifted the real frequency w by an infinitesimal imaginary part i0". As indicated,
this infinitesimal is understood as a limit. (Note that the order of the limit and the frequency
integral is crucial.) On the other hand, a constant contribution in the time domain amounts
to a Dirac delta in the frequency domain. The latter can be equally written as

1

Fri(w) =1

where the right-hand side shows an infinitesimally sharp Lorentzian peak. The latter formula
is a direct consequence of the real-line version of the Sokhotski-Plemelj theorem [BB15]

1 1
— = Fi P— 2.31
S = Find(w) + P, (231)

where the P denotes a principle-value integral which excludes the singularity on the interval
[—0T,07].
In frequency space we thus have

11, 12, Al
lekz(un) = (221&}3 2222(03) = (GR(()wl) gK((wll))> , (2.32a)

where the product in the time domain, Eq. (2.28), becomes a convolution, i.e.,

Sstd
GA(wr) = /]Rdel wl_sl(e_l)im, (2.32b)
Sstd
GR(w)) = /]R dey wl_gl(il)lm (2.32¢)
GE(w1) = —i2x[S[0, O%(w1) + ¢S[0?, O (—w1)]. (2.32d)

Here, we again identified the standard spectral function (2.26d).

Let us consider the typical case of real standard spectral functions, S**4(¢) € R. For
example, this is the case if the operators are adjoint, 02 = (Ol)T. Then, we can verify the
well-known relations

G (wr) = [GF(w)]7, (2.33a)
5% wr) = G (wn), (2.33)
G"(w1) = —i2n{S[0", 0%)(w1) + ¢S[O?, O] (—w1)}
K8 _ion(1 4 Ce 1) S[OY, 02 (w1)
KMS o L4 e aiain 652)(y) — 410", 0% ()
1 — (e B

¢
(2.330) [coth 52“’11 2ilm G (wy) — i47(w1)C, (2.33¢)

where we used Eq. (2.30) for Eq. (2.33b). Equation (2.33c) relates the retarded and Keldysh
component and is known as the fluctuation-dissipation theorem (FDT). For its derivation
we used the KMS condition (2.9b) for the regular PSFs S. In contrast, the anomalous S
needs to be treated separately since the coth-factor would diverge for ( = +1 and w; = 0.
Note that Egs. (2.33a) and (2.33b) imply that the spectral function can be obtained from the
retarded and advanced component. These components are therefore of particular interest.
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2.1.5.3 Notes on analytic continuation

The spectral representation (2.26b) reveals that the regular MF correlator defines a function
G(z) of complex variable z which is analytic away from the real axis, i.e., z ¢ R. Hence, the
function @(z) has two regions of analyticity which are separated by the real axis.

By comparison of Eq. (2.26b), (2.32b) and (2.32c), we further find that the retarded
and advanced correlator can be obtained from the regular Matsubara correlator by analytic
continuation, i.e.,

@(iwl) iw1—>£>:|:10+ GR/A(UJl)- (2.34)

To obtain the Keldysh component, G, we can use the FDT (2.33c), i.e., we insert Eq. (2.34)
for the retarded component G¥ and read off the coefficient C' from the anomalous Matsubara
correlator G, see Eq. (2.26¢). Thus, the anomalous Matsubara correlator, é, can only enter
the Keldysh component, G¥. In summary, by the relations (2.33c) and (2.34) we see that all
components of the two-point Keldysh correlator can be obtained by analytic continuation of
the Matsubara correlator.

The analytic continuation formula (2.34) is deduced from the spectral representation. It
shows that the retarded and advanced correlator have their domain on the boundaries of the
regions of analyticity of G (z). One may wonder whether the reasoning can be inverted: Do
functions with similar analytic properties always have a spectral representation? For general
complex functions, x(z), which are analytic on the upper half plane, Im (z) > 0, and vanish
for large |z|, the Kramers—Kronig relations [AWH13] can be applied. These relate the real
and imaginary part of x by

1 I !

Rex(w) = —FP/]RS)_((:}/)dw', (2.35a)
1 R !

Im y(w) = WP/]R;f(Z,)dw’, (2.35b)

or by the Sokhotski-Plemelj formula (2.31)

1 Im x(w) ,
o[ X)) 2.
xX(w) T /]R w—w +1i0T “ (2.36)

such that the imaginary part %Im x can be interpreted as a spectral function for y. This
relation was deduced in Ref. [Lut61] for self-energies which, unlike correlators, have no native
Lehmann representation.

2.1.6 Comparison of the formalisms

A direct comparison between the Keldysh and Matsubara formalism explains the wide
popularity of the latter. As explicitly shown for two-point functions, both are formally
equivalent. However, (-point correlators have an additional index structure with 2¢ components
in the KF. Further, Keldysh correlators are functions of continuous times and frequencies.
At finite temperature (8 < co) MF correlators G(iw) are only evaluated on a discrete set of
Matsubara frequencies (2.15). The imaginary time arguments in G(7) are also continuous, but
are only needed on an interval of length 5. These properties make the Matsubara formalism
much more convenient for numerical implementations.

However, numerically, Matsubara correlators face the problem that their arguments are
imaginary. They have to be analytically continued to obtain physical observables at finite
real times or frequencies. Even though there have been numerous advances in the field of
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analytic continuation [FYG21, ZG24], quantitative results are still strongly impaired by the
ill-conditioned Matsubara kernel. For example, in Ref. [SOOY17] it has been shown that
the singular values of two-point Matsubara kernels decay super-exponentially. This means
that slight errors in the imaginary-frequency data might correspond to large variations in
real frequencies (cf. Ref. [COS18] for a study of the singular values and orthogonal basis
functions for spectra and correlators). The Keldysh formalism circumvents this problem since
it directly works in real times and frequencies. Furthermore, it also allows the treatment of
non-equilibrium systems [Kad18, JS10, K1619] which are, however, not covered in this thesis.

2.2 Diagrammatic language for fermionic theories

Above we introduced correlators for general operators which can be fermionic, bosonic or
mixed. In this thesis we are mostly interested in a QFT treatment of interacting fermions. For
such systems we aim to introduce the most relevant diagrammatic objects and relations which
are needed in the subsequent sections. To avoid notational redundancies, we will introduce a
multi-index notation. While the details of multi-index contractions depend on the system and
formalism it allows us to write compact and formalism-independent diagrammatic equations.

2.2.1 Green’s functions and observables

Fermionic many-body systems can be described by a second-quantized Hamiltonian, H [dT, aj,

which is expressed in terms of the annihilation and creation operators aﬂ) . These are labelled

by the one-particle quantum numbers = describing the particle’s physical degrees of freedom
which may include spin, lattice site or orbital indices, for instance. Bold symbols a'" denote
tuples containing all combinations of quantum numbers x. The Hamiltonian takes the general
form

H = Ho + Hin, (2.37a)
}AIO [dT7 a’] = d:rpl, (H0)11/|11&x17 (237b)
xTq1x1
N A 1 o A
Hiylal, a) = I Z all,a;y (T0)a, 2 1200 Qirn Qi (2.37¢)

T/ TorT1L2

where all creation operators are ordered to the left of annihilation operators (normal ordering).
The term (Ho),|, typically describes a hopping or an external potential and the term
(T'0)a7y|2y describes an instantaneous interaction between two particles and is anti-symmetric
under exchange of two primed or unprimed indices.

The diagrammatic methods described in the subsequent sections are used to compute
Green’s functions which are correlators of the creation and annihilation operators. In particular,
we are interested in one-particle Green’s functions (propagators)

Gasfey = Gla,, L], (2.382)
and two-particle Green’s functions

4 A A At A

Gil)xQ‘xlle/ = g[a’xl y Azg) QLZ/ ) alll]’ (238b)
where the index convention is chosen consistently with [JPS10, Wal21], i.e., primed /unprimed
indices are used for incoming/outgoing particles. The superscript on G is added here to
distinguish it from the one-particle Green’s function but can be left out if unambiguous.
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One-particle Green’s functions reveal the single-particle spectrum S**9 of a system which
can be read off from the retarded propagator [see Eq. (2.33b)]. In experiments S*'¢ can be
determined with spectroscopic measurements [Hiif07].

To understand the usefulness of two-particle Green’s functions, note that one can form
composite operators from creation/annihilation operators by setting them to equal times or
contour arguments. Let us consider a single-site electron model for which the spin o =1, is
the only physical index. This is exactly the case for the Anderson impurity model, which
we present in detail in Sec. 2.2.5, and the Hubbard atom, App. A. The number operators
Ng = &j,do count the number of spin-o electrons. Correlators of number operators can be
obtained from the two-particle Green’s function by taking the limit (here exemplified in the
MF)

Glay, ny)(r1, ) = lim  lim Glay,ay,a],al)(r, m2, 72, m00), (2.39)
Tor \(T1 T/ \(T2

where we take the limits from above to ensure the correct ordering of the composite 7, = d]t,&g.
In a suitable frequency parametrization, such as for example
1 3 3 3 i - / iv’ 1= i - !
G(m, T2, 111, T2r) = @ Z G(iw, iv, lyl)ew(n Tor )iV (711 —72) Fiw (T2 —79 )’ (2.40)
w,v, v
the limit in Eq. (2.39) amounts to Matsubara frequency sums over the two-particle Green’s
function

1

Gliv, 2] (iw) = 25

3" Glay,ay,af, 6l (iw, iv,iv), (2.41)

v,V

where we used frequency conservation to parametrize ¢-point correlators with £—1 independent
frequencies.

In the Keldysh formalism we obtain fully analogous results. Since the ordering is de-
termined by contour parameters, t¢, we also need to set contour indices ¢; equal to form
composite operators, i.e.,

geiez [ﬁ% ﬁi] (tl, tg) = — tllliinntl tzl,iinw Geiezc2c1 [&T’ &i’ &I, &H (tl, to, tor, tl/). (2.42)
Later we will work with Keldysh indices k;, for which the index structure becomes slightly
more complicated (see [P3] for details).

In Sec. 4 we further combine number operators to the density d = fiy + Ny and the
magnetization operator m = 7y — 7 which gives us density d = <c§> and magnetization
m = (m) as observables on the one-particle level. To gauge the system’s response to external
perturbations we also compute the susceptibilities. For example, the susceptibility in the
density channel reads (here in the MF)

~ ~ ~ ~ ~ 2

2xa(T) = Gld —d,d —d|(t) = = (Td(T)d) + (d) ", (2.43)

where we included the factor 2 on the left to match the convention in Sec. 4. The Kubo formula
from linear response theory reveals that retarded susceptibilities encode the system’s reaction
to weak perturbations (see e.g. Ref. [Coll5]). Examples for these perturbations are the
application of an electric or magnetic field. For more examples and the related experimental
techniques we refer to, e.g., Ref. [AS10]. In Sec. 2.1.5 we have already mentioned that
Matsubara correlators need to be analytically continued to obtain the retarded correlator, e.g.,
xHw) = xa(iw — w +1i0T). While the retarded component yf describes the linear response,
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the Keldysh component Xfl( contains the symmetrized autocorrelation of fluctuations (2.28¢c).
In thermal equilibrium both quantities are related by the fluctuation-dissipation theorem
(2.33¢).

2.2.2 Green’s functions in the functional integral formulation

Next, we present how Green’s functions can be written in the functional integral formulation.
It is the basis for the quantum field theory methods presented in Sec. 2.2.3 and facilitates
derivations of diagrammatic relations. For conciseness, we will merely reference such deriva-
tions and will not go into detail here. A comprehensive introduction to the functional integral
formulation and its versatile tools can be found in Ref. [KBS10]. In the following we introduce
fundamental diagrammatic notions and the compact multi-index notation.

Before presenting detailed formulas for the functional integral formulations in MF and
KF, we anticipate that the time- or contour-ordered expectation value can be written as
coherent state path integral

(Tld)= 5 [ D665 (2.44)
(T ) = [ DBg] .0, (2.44D)

where all creation and annihilation operators a&” are replaced by Grassmann fields ¢, and

¢ Hence, e.g., the MF propagator reads Gy, |, , (T1|71/) = — <T[¢x1(7'1)511,(71/)]>. Notably,
the action in both formalisms can be written in an abstract multi-index notation

S[e, @] = d1/(Gy )i + %51/52/(110)1'?\12@9??1, (2.44c)

where G, L encodes the quadratic and I'y the quartic part of the action. The multi-indices
1 = (c1,t1,01,...) parametrize the ¢- and ¢-fields. Their exact content depends on the
Hamiltonian and the formalism. Using the Einstein notation we sum or integrate over doubly
occurring indices. The details for the multi-index contractions will be presented below.

To derive the path integral in the Matsubara formalism we use that the density matrix can
be expressed as an imaginary time evolution, i.e., p = U(—if,0) = exp{— foﬂ H(r)dr}. At
each point along the time evolution we insert a set of coherent states (see e.g., [Negl8]). This
allows us to rewrite the time-ordered thermal expectation value (...) as a path integral over
field configurations where the fields, ¢.(7) and ¢,(7), are functions of imaginary times. The
trace, Tr[...], imposes the boundary condition that the fields ¢(7) and ¢(7) are antiperiodic
on the interval [0, 8], i.e., we have ¢(5) = (¢(0). The Matsubara action then reads [Negl§]

— P _ —
$M.0] = | dr{ = S 6r10.0.(r) ~ HB(). 6]} (2.45)
By insertion of the general Hamiltonian (2.37) and comparison with Eq. (2.44¢) we read off
(G(Tl)xl/|z1 (7—1’|7-1) = 6(7—1’ - 7'1)[—67—1 ﬂﬂﬁllm - (Ho)mll\m]? (2'463‘)
(L0)ay oy leran (T17, T2 |71, 72) = (1 = 720 = 71 = T2)(L0) ) sy 2122 5 (2.46b)
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and the contraction of multi-index i in Eq. (2.44c) amounts to

5
“y = / dr . (2.47)
i 0 Zq

Apart from its compactness, another strength of the multi-index notation is that we can
systematically change the basis for the fields. We demonstrate this by a change to Fourier
space. Since the fields are antiperiodic on the interval [0, 5] we can express them as Fourier
series

o(r) = ;Ze—%(w), 3(r) = ;Zeww, (2.48)

with w evaluated on the fermionic Matsubara frequencies. Inserting this into Eq. (2.45) we
obtain a path integral over fields in frequency space and read off

(Go N aysfay (e fiw1) = By, —o, w1 Lo yzy — (Ho)z 1] (2.49a)
(Fo)x1/x2/|x1m (iwl/viw?/ |iw17 iw?) = (FU)xI/IQ/|x1362/85w1/+w2/,w1+w2 : (2'49b)

Hence, we can use the multi-index notation equally in the frequency domain if we define the
contraction over a multi-index in Eq. (2.44c) as

Y= ;zz, (2.50)

wi Ty

where the sum over Matsubara frequencies comes with the usual factor of %
By an analogous path integral construction the Keldysh action reads [Kam11]

SV 01 = [ ar{ S 0)i0e0.7) ~ HB(). 011} (251a)

= / T Y (o T o) - HE 0, 01}, (2.51b)

where we integrate the contour variable ¢ along the Keldysh contour in the first line. In the
second line we separated the contour argument ¢¢ into time ¢ and contour index ¢ to obtain
the conventional representation of Keldysh functions where the fields read ¢%(t), allowing for
Fourier transformation and Keldysh rotation. The density matrix p merely enters as a weight
and boundary condition for the fields and is typically absorbed into the measure of the path
integral. By comparison with Eq. (2.44¢), we find that the Keldysh action is determined by

(Gal)clf‘cl (tl/’tl) = —01581,701(5(751/ — tl)[iatl 1271/271 — (H0>$1/|1‘1]7 (2523)

xyr|T1
T cyreqr|cica L torlty t0) = —c1d Ot = tor = t1 = to)(T 2.52b
( 0) (tr, 2" 1,12) = —c1 cyr=cor=c1=c ( V=" =1t= 2)( 0):131/12/\3619627 ( : )

TyrTor|T122

with multi-index contractions (2.44c) now defined as

DD /}R iy (2.53)

While the Keldysh action (2.51) most obviously reveals its origin from contour ordering, we
typically work in the frequency representation and in the Keldysh basis, which requires us to
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change the basis. Again, we can insert the Fourier representation of the fields

dw

o) = [ Gre o), a) = [ 525w, (2.54)

and the Keldysh rotation according to Eq. (2.20) which gives us the multi-index contraction
dwi

« ZZ: ” __ %;/R 5 Z’ (255)

Ty

while the bare interaction becomes

(r )klzk2/|k1k2

w1 s (W1 W2 w1, w2) =270 (W 4wy — w1 — w2)(T0)a w12

1
= T ‘11 91 k; odd
. {(2) e(l);ez:l_1 S (2.56)

For explicit parametrizations one typically uses symmetry relations such as frequency
conservation to reduce the number of arguments (see Sec. 2.2.5.1 for an example). This is
highly convenient for numerical computations. However, the introduced asymmetry typically
leads to rather cumbersome formulas. In the following sections, we will mostly use the
compact multi-index notation. This way, diagrammatic equations can be written concisely for
any formalism. The chosen formalism and parametrization can then be inserted afterwards.

Note on conventions: In the previous section the convention for Fourier transforms in
Sec. 2.1 had to be applicable to arbitrary operators. In contrast, the convention in this section
[see Egs. (2.48) and (2.54)] facilitates the bookkeeping of frequencies in diagrammatics. As
the fields ¢, and ¢, are interpreted as incoming or outgoing particles, their Fourier transforms
are defined with opposite signs. Frequency conservation thus means that the sum of incoming
frequencies equals the sum of outgoing ones. For propagators G, |z, (iwy), this means that
they can be unambiguously labeled with a single frequency argument which stands both for
the incoming and outgoing frequency.

Note on equal-time Green’s functions: While the ordering of operators at equal contour
arguments was left ambiguous in Sec. 2.1, this ambiguity is resolved for Green’s functions
[Kam11, K1619]. To see this, note that the operators in the Hamiltonian (2.37) appear at
equal times (or contour arguments in the Keldysh action). The normal-ordering of the
Hamiltonian is essential for the replacement of operators a(f) by fields, #/¢, in the path
integral construction. For consistency with the path integral formulation we thus choose
normal ordering for operators with the same contour argument.

2.2.3 Diagrammatic representation of one- and two-particle Green’s
functions

In this section we show how the one- and two-particle Green’s functions can be expressed
diagrammatically. We further define self-energy and vertex which are central objects in the
diagrammatic methods presented in Sec. 2.2.4.

First, we review some notions of perturbation theory. While plain perturbation theory is
not our main tool, it helps understand the QFT methods discussed below. Diagrammatic
representations are typically used in perturbative expansions for weak interactions. For a
non-interacting theory (I'o = 0), the Gaussian integrals in Eqgs. (2.44a) and (2.44b) can be
solved exactly. This bare propagator (Go)ij» can indeed be identified with the inverse of
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the (G 1) in the quadratic part of the action. Starting from the non-interacting system, we
may treat a small interaction I'g by Taylor expansion of the interacting part of the action
in orders of I'y. By Wick’s theorem, we obtain expressions involving the bare propagator,
Gy, and bare interaction I'g. To facilitate the bookkeeping one can represent the resulting
expressions with diagrams. Using the multi-index notation we write (bare) propagators as

1 1 1 1
Gir= —<+— , Gor= —<— , (2.57)
where the arrow points in the direction of unprimed indices. The bare interaction is represented
as

2 2/
F0;1’2’|12 - X . (258)

1 1

Here, the short arrows indicate how a propagator line can be attached. The diagrams resulting
from a perturbative expansion are graphs, containing the vertices I'g as nodes and bare
propagators Gy as lines. When a vertex and a propagator touch, the corresponding multi-
index is contracted. Such internal indices are mere summation/integration variables. The
external indices are externally determined function arguments. Hence, there are ¢ external
indices for a diagram representing an ¢-point function. Examples for four-point diagrams are
shown in Fig. 2.2.

While Wick’s theorem puts equal emphasis on all types of diagrams, the full set of
diagrams can be deduced from a smaller subset. An important subset are connected diagrams.
A diagram is called connected if all vertices and propagators are linked, i.e., viewing the
diagram as an undirected graph one can start at any vertex/propagator and reach any
vertex/propagator by travelling along the links of the graph. Otherwise, a diagram is
disconnected.

Even more restrictive is the set of one-particle irreducible (1PI) diagrams. A connected
diagram is called 1PI if cutting a single propagator line does not result in a disconnected
diagram. Otherwise, it is called one-particle reducible (1PR). The 1PI ¢-point vertex diagrams
I'® are the 1PI subset of ¢-point diagrams. Quite remarkably, the 1PI vertex diagrams are
sufficient to deduce the full set of diagrams for Green’s functions [Negl8]. By the Dyson
equation the propagator G can be expressed as

G = Goaprr + Goajer X 2Gar (2.59)
1 1 1 1 1 2/~ 2 1
—— =+ ().

G Go Go G

which is a recursive relation involving the bare propagator Gy and the self-energy 3. The
latter is equivalent to the 1PI two-point vertex. The Dyson equation can be solved for GG
giving

Gy =[Gy = Sl - (2.60)
This equation first seems to be a mere reparametrization of the correlator. But it also implies
that a perturbative approximation of the self-energy ¥ is more systematic and economic
than a perturbative expansion of the propagator GG. Concretely, for every approximation of
the self-energy the Dyson equation constructs propagator diagrams up to infinite order by
resummation.
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T A Rl = 3T

Figure 2.2 Tllustration of the parquet decomposition. We show the diagrams of the lowest order
in perturbation theory for the 2PR vertices «,.. The dashed lines indicate cuts which disconnect
the diagram. In the parquet approximation the 2PI vertex R is approximated by R = T'y, thereby
truncating diagrams of fourth order in the bare interaction.

Similarly, the two-particle Green’s function can be expressed as [Roh13, JS10]

Gz = Clolyy + Clol (2.61a)
G%)ud/i; =cF [G1\1’G2|2’ + CG1\2/G2|1/} ; (2.61Db)
G%)\lcgfl = =Gy Gouy4134G3)1 G (2.61c)
2/= . 2 2/_’_2 2 2 2’= 4 4’= 2
Rt
1 ) ) 1 l_<_ll 1 1 1 ) 3 3 ) 1

where G dis ig the disconnected part describing propagation without any scattering and
G@Weon s the connected part. The constant ¢y is introduced for consistency with our
definition of correlators and depends on the formalism and gives cp = —1 for the MF and
cp = —i for the KF. The 1PI four-point vertex I'® encodes the renormalized interaction
between two particles and is typically just called vertex I' = T in this thesis. By virtue
of the tree expansion (2.61c) the vertex is obtained from the connected four-point Green’s
function by amputating the four external propagator legs [KBS10].

2.2.4 Exact diagrammatic equations

Above we introduced diagrams in the context of bare perturbation theory. There are,
however, also exact equations relating the fully renormalized propagator, self-energy and
two-particle interaction vertex. We present two sets of equations: the parquet equations and
the flow equations of the functional renormalization group. However, while they are exact,
approximations are inevitable for finding a solution to them. We discuss the so-called parquet
approximation and the 1-loop truncation which are used for our numerical studies in Sec. 4.

2.2.4.1 Parquet theory

Here we present an overview of the parquet equations without delivering a derivation. A
modern review with derivations from generating functionals can be found in [Bic04, Kugl9,
EKKH23|.

As explained above, vertex diagrams in I" are 1PI 4-point diagrams. These can be further
classified by their two-particle (ir)reducibility. A diagram is called two-particle irreducible
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Va = Ia F - P Iu,
1 1
’Yp = 5 Ip F = 5 F Ip
I r
"}/t = — = —
r I

Figure 2.3 Diagrammatic depiction of the Bethe-Salpeter equations (2.66) for the three channels
r=a,p,t.

(2P1) if cutting two propagator lines does not result in a disconnected diagram. Otherwise, the
diagram is called two-particle reducible (2PR). Figure 2.2 shows examples for 2PR diagrams,
where the dashed lines indicate how a cut can disconnect a diagram. For a fermionic theory,
there are three ways of cutting two lines to disconnect the four external indices. They
correspond to different channels which we here denote by a, p and t. Every 2PR vertex
diagram can be unambiguously classified by one of these channels. This gives us the parquet
decomposition

=R+ +7%+, (2.62)

where R is fully 2PI and the ~,’s are 2PR in channel r = a,p,t. Figure 2.2 illustrates the
parquet decomposition with the diagrams of the lowest orders in perturbation theory.

We can also distinguish two-particle (ir)reducibility with respect to a certain channel.
This gives us the decompositions

P=litva=L+v=>L+mn, (2.63)

where 7, is reducible and the I, irreducible in channel r. The latter contains
I, = R+, (2.64a)

where v denotes the vertices which are 2PR in the other channels, explicitly
Ya=Y+W  WB=TatW W= TYat W (2.64D)

With the above definitions we can write down the three Bethe—Salpeter equations. Fig. 2.3
shows them in the form of diagrams. Explicitly, they can be written in matrix notation

v =Toll,ol.=1I0lIl, 0T, (2.66)
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«@+:—g —% T (2.65)

Figure 2.4 Diagrammatic depiction of the Schwinger—Dyson equation (2.71). The first term on the
right-hand side is the Hartree contribution, which is constant in the frequency domain.

by introducing the pair propagators

Hosazar = crGa3Ga (2.67a)
3434 = %CFG3|3’G4|4/ ) (2.67Db)
Wi 33000 = —crGajz Gap (2.67¢c)

which contain the channel-dependent prefactors indicated in the diagrams in Fig. 2.3. The
constant cr is a formalism-dependent factor which gives a trivial ¢ = 1 in the Matsubara
formalism and cp = —i in the Keldysh formalism.> The o-operation contracts the indices
depending on the channel r of the involved pair propagator II,., explicitly

a: [AoBligss = Aig54Bs2)36 » (2.68a)
p:  [Ao Bligzs = A1g56 Bse3a (2.68Db)
t: [Ao Bligzs = AszsaBisi36 (2.68¢)

which amounts to an ordinary matrix multiplication in each channel if the indices are suitably
reordered and grouped, i.e.,

2 2/ [(179),1,2:y for a channel,
Tyoie = r = ST 2,1,2) for p channel, (2.69)
1/ 1 [(9.9),17,1) for ¢ channel.

The Bethe—Salpeter equations are complemented by the Dyson equation (2.59) and
the Schwinger-Dyson equation (SDE) to form the parquet equations. The SDE is shown
diagrammatically in Fig. 2.4 and can be derived from Heisenberg’s equation of motion [RVT12]
or with a functional approach [KBS10]. By defining the loop

L(F, G)l"l = —CFF1/2/|12G2‘2/, (270)
we can write the SDE as
¥ =L([,G)+ sL(Tgoll,o,G) = L(Ty,G) + LTy o II, o T, G), (2.71)

which computes the self-energy from the propagator, the full and the bare vertex.

Note that the parquet equations provide no recipe to determine the 2PI vertex R. However,
for a given R the parquet equations are a closed set of self-consistent equations for the self-
energy and vertex. In our study in Sec. 4 we choose the parquet approximation which sets
R =T and will be discussed in Sec. 2.2.4.3.

3 Note that this prefactor depends on the conventions chosen in the definition of Green’s functions and vertices
and therefore deviates by a minus sign from [HMPS04, JS10].
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2 ()

. 1
r| = |T r| +; |r r| - +

Figure 2.5 1-loop flow equations for self-energy and vertex derived from the Wetterich equation.
Propagators and pair propagators crossed by the single line denote a derivative % which
ignores the A-dependence of the self-energy.

YA =const.

2.2.4.2 Functional renormalization group

The functional renormalization group (fRG) follows a very different strategy [KBS10]: By
introducing a regulator into the bare propagator Gé\ the action gains a dependence on the
continuous flow parameter A € [A;, A¢]. Consequently, also the propagator G, self-energy
YA and vertex I'* become A-dependent. The regulator is chosen to render the action trivial
for initial A; and to recover the original action for final Ay. One possibility to obtain a
trivial action is by ensuring Gg" = ( for which the only non-vanishing diagrams are the bare
interaction I'g and the Hartree contribution of the self-energy [JS10]. The theory at A; and
Ay are connected by a flow, i.e., by flow equations for self-energy Y =dx /dA and vertex

I' = dI'/dA. To obtain the desired quantities one needs to integrate the flow equations with

the given initial condition at A;. For the self-energy this explicitly reads L4 = i) /C T dA %.

One traditional derivation of flow equations introduces the A-dependent regulator into the
generating functionals for Green’s functions and vertices to derive the Wetterich equation
which is a flow equation for these functionals [Wet93, KBS10]. The Wetterich equation results
in an infinite hierarchy of flow equations for 1PI vertex diagrams as indicated in Fig. 2.5,
where we see that the flow of the four-point vertex I'* depends on the six-point vertex I'(®).
The latter is a function of 5 independent frequencies. While the Wetterich equation provides
an equation for I'®) its evaluation is numerically intractable. The flow equations are therefore
typically approximated by neglecting the contribution from the six-point vertex. We call the
truncated version of Fig. 2.5 the 1-loop flow equations. Explicitly these read

»=L({T,9), (2.72a)
I'=Y Toll,goT,. (2.72b)

where the single-scale propagator, S*, is defined as the derivative of the propagator G*
while ignoring the A-dependence of the self-energy ¥*. Diagrammatically, we depict it by a
propagator which is crossed by a single line

S]/_\|1l = dT = _|<_ s (273)

SA=const.
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and analogously the differentiated pair propagator in Eq. (2.72b) is defined as

dI?

My =
r;S dA

(2.74)

SA=const.

In Fig. 2.5 ﬂr;g is depicted by a pair of propagators crossed by a single straight line. The
truncation of the equation in Fig. 2.5 introduces a number of problems. When the six-point
vertex is neglected, the flow equation does not contain a full derivative of the vertex. Therefore,
different choices for the regulator lead to different results. This regulator dependence is
sometimes counted as a strength of fRG since it allows the practitioner to make a physically
reasonable choice. In the absence of a clear heuristic it is, however, not possible to tell which
regulator leads to the best approximation.

In recent years, the problem of regulator dependence has been addressed by the multiloop
extension of the flow equations [KvD18b, KvD18c, KvD18a]. Unlike the traditional derivation,
it chooses the parquet equations as starting point. And like in the parquet approach, the 2PI
vertex R has to be supplied as an external input. Therefore, R is assumed to be A-independent.
By applying a total A derivative to both sides of the parquet equations one then obtains the
multiloop flow equations. Due to the appearance of I, = 47 on the right-hand side, the flow
equations for the 2PR vertices need to be inserted iteratively, leading to a loop expansion of
the 2PR vertices

Yr = 2'77@) (2'75)
=1

where the contributions for each ¢ are given in Fig. 2.6.
The pair propagators crossed by two lines represent a full A derivative (as opposed to the
equation in Fig. 2.5)

. d
m = — 12 2.
T dA T ( 76)

with which the flow equations for the vertices read

=Y Y59, (2.77a)

r=apt =1

40 =Toll, 0T, (2.77h)

72 =42 + 47, (2.77¢)

79 =589 + 49 + 549, (2.77d)

with

7 =4V om, o, (2.77¢)

Wk =Tol o4 " (2.77¢)

70, = 45D o, o T =T o T, 047 Y. (2.77¢)

The flow of the self-energy becomes

¥ =Yg + X7+ 2, (2.77h)
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Figure 2.6 Diagrammatic depiction of the mfRG flow equations: The vertex flow is exemplified for
the 2PR vertex 7,. The doubly crossed pair propagator denotes that a full A derivative is applied to
II,. Note that the vertex flow at loop order £ + 1 can be computed by insertion of contributions from
loop order ¢. The ‘center’ contributions +,.c of the vertex flow feeds back into the self-energy flow,
creating a self-consistency condition for £ > 3.
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where the contributions on the right are

Yga = L(T, S), (2.771)
S =LY 40 6), (2.779)

0
¥ = LI, G3;Q). (2.77K)

A comparison with the conventional flow equations (2.72) reveals striking similarities: The
self-energy flow (2.72a) is identical to g (2.77i) and the 1-loop contribution of the mfRG
vertex flow (2.77b) is identical to the vertex flow in (2.72b) after a Katanin substitution
[Kat04], ﬂr;s — II,, which was introduced to improve the fulfillment of Ward identities.
Hence, the truncated equations (2.72) generate the subset of ¢ = 1 diagrams from mfRG
equations and are therefore referred to as 1-loop equations.

Comparison of parquet and (m)fRG equations: Since the mfRG equations are de-
rived from the parquet equations, a fully converged mfRG result should fulfill parquet
self-consistency [KvD18a]. Hence, the parquet and mfRG equations are formally equivalent if
both apply the same approximation to the 2PI vertex R. For practical purposes, the difference
between the two methods lies in the efficiency of the involved algorithmic procedures.

The convergence of mfRG results to a parquet solution has been thoroughly investigated
for the Anderson impurity model at weak to intermediate coupling in the MF [CGKH"22]. In
App. B a similar investigation is presented in the MF and KF. There we further discuss the
algorithmic differences between the parquet and the mfRG scheme. Most importantly, in both
methods one needs to find a high-dimensional fixed point of coupled non-linear equations.
(For the mfRG scheme the ¢ < 3-loop contributions introduce a self-consistency condition.)
Hence, they both suffer from the difficulty to find a unique converged fixed point in certain
regimes.

In contrast, to solve the 1- or 2-loop flow equations (2.72) one does not need to solve
self-consistent equations. Instead, the flow of self-energy 3 and vertex I is fully determined
by the non-differentiated functions 3 and I'. Therefore, a wider range of parameters can be
reached. But the solutions suffer from the truncation as discussed in the next section.

2.2.4.3 Approximations

In the following we summarize the different approximations which are made in the parquet
approach and in the fRG. They are inevitable to render the equations closed and solvable.
However, they lead to a number of problems and limit the applicability of the methods.

Firstly, the 1-loop flow equations (2.72) are obtained by neglecting the six-point con-
tribution in Fig. 2.5. As mentioned above, the truncation of the flow equation introduces
a dependence on the regulator. While calculations in the MF are possible for a variety of
regulators (see e.g. Ref. [CGKH'22]), for the KF, Ref. [JS10] found that many regulators
lead to violations of physical relations such as causality and fluctuation-dissipation relations.
Thus, the physical implications and applicability of the approximation in the 1-loop flow
equations depends on the chosen regulator. Furthermore, it is argued in Ref. [KvD18b] that
the 1-loop flow equations are biased towards so-called ladder diagrams which are, however,
particularly prone to divergences. The truncation also leads to ambiguities in the computation
of the susceptibilities [THK'19, KvD18a]. However, if one is not interested in quantitative
reliability, it has been shown that the 1-loop flow equations already capture the leading
logarithmic contributions for the x-ray edge singularity, the interacting resonant level model
and Luttinger liquids [DJ21, KPBM10, MAE'08].
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The parquet and mfRG equations can be discussed together since these methods are
formally equivalent [KvD18a].* They both require the 2PI vertex R as external input and
therefore involve the same approximations. It is clear that a ‘reasonable’ approximation of
R is crucial. For lattice models one may approximate it with a local vertex R = RpmypT
which is computed from dynamic mean-field theory (DMFT) [GKKR96]. Diagrammatic
methods that rely on DMFT input are summarized under the term diagrammatic extensions
of DMFT [RVT12]. While DMFT only captures local correlations, spatial correlations
are included with diagrammatic methods. Inserting the DMFT vertex into the parquet
equations or the fRG flow equations are the basic ideas of the dynamical vertex approximation
(DI'A) [TKHO07] and the DMF2RG [TAB*14]. Indeed, DMFT solvers are available both for
imaginary- and real-frequency vertices. Imaginary frequency vertices can be computed with,
e.g., Quantum Monte-Carlo methods [GML'11] and real-frequency vertices have become
available due to a recently developed multipoint extension of the numerical renormalization
group (NRG) [LKvD21, LHS"24]. Reference [P6] investigates whether NRG vertices fulfill
physical and diagrammatic identities for Anderson impurity model (see Sec. 2.2.5). However,
while diagrammatic extensions of DMFT have shown promising results (see e.g., [EHHK20,
KWK™'24]) they are beyond the scope of this thesis. Our goal is to pave the way for these
methods by first developing purely diagrammatic methods which can be extended in the
future.

The R chosen in our purely diagrammatic study in Sec. 4 is given by the parquet
approximation (PA) which sets the 2PI vertex R = I'y to the bare vertex. This approximation
neglects diagrams starting at the fourth order in the bare interaction O(I'3) (as indicated
in Fig. 2.2). Nevertheless, the parquet approximation possesses a number of convenient
properties as summarized in Refs. [Bic04, Kugl9]. One of them is the fulfillment of crossing
symmetry which is a consequence of the Pauli principle. This also resolves the Fierz ambiguity
for Hubbard-like interactions [KWK™24]. It has been shown that two-particle self-consistency
guarantees the fulfillment of the Mermin—Wagner theorem which is important for two-
dimensional systems [MW66, VT97]. Another property is the unbiased and two-particle
self-consistent treatment of channels in the Bethe-Salpeter equations where all two-particle
channels are coupled by inter-channel feedback. As physical susceptibilities are encoded
in different channels this is particularly important in the presence of competing ordering
instabilities. Furthermore, lower-dimensional quantities such as physical susceptibilities and
three-point vertices are encoded in the high-frequency asymptotics of the vertex [WLT*20].
Using a suitable frequency parametrization of the vertex, these quantities can be directly
read off without further postprocessing. Parquet self-consistency also resolves the ambiguity
in the computation of the susceptibilities [THK 19, KvD18a, WLT20]. There is numerical
evidence [CGKH™22] that sum rules for susceptibilities and certain Ward identities are
fulfilled while others are violated in the non-perturbative regime. Since Ward identities
are consequences of conservation laws [KBC110], the violation indicates that the solution
found by the parquet approximation is non-conserving. In fact, it has been shown that the
fulfillment of both conservation laws and parquet self-consistency can only be achieved by
the exact solution [Smi92]. Which of these properties is preferred over the other depends on
the concrete physical problem in question. In our studies in Chapter 4, we prioritize parquet
self-consistency and use Ward identities only to gauge the quality of a result.

4 Note however, to go beyond the parquet approximation the self-energy flow might have to be adapted since
its derivation in Ref. [KvD18a] explicitly assumes the parquet approximation.
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2.2.5 The Anderson impurity model and its diagrammatic description

In this section, we present the Anderson impurity model (AIM) and give an overview of its
diagrammatic ingredients in the MF and KF. The second-quantized Hamiltonian of the AM
reads

H= ﬁo + I:Ihyb + I:Iinh (278&)
Ho=eq > dide +>° > ertlon, (2.78D)
P k o=1l
My, =Y Y veld, +he, (2.78¢)
k o=t
Hye = Udldyd]d). (2.78d)

This model describes an impurity site (d((;r)) that is coupled to a non-interacting bath (cg,g)

The system is occupied by electrons with spin ¢ =71,]. On the impurity site electrons
experience an instantaneous on-site repulsion U. The chemical potential £; on the impurity
will be set to ¢4 = —U/2 if we want to achieve half filling [Roh13]. The hopping between
impurity and bath is quantified by V.

The (bare) propagator does not depend on the spin index since above Hamiltonian respects
SU(2) spin symmetry [Roh13]. As the ¢ fields appear at most quadratically we can integrate
them out in the functional integral in Eqgs. (2.44). The resulting action takes the form of
Eq. (2.44c), but now it is a functional of the d-fields only. The Matsubara and retarded bare
propagator for the d fields read

1
iv—eq+ Aiv)’
1

R
pu— 2.
Gol) == ea+ AR(v) +i0+’ (2.79D)

Go(iv) =

(2.79)

where the hybridization A encodes the corrections for hopping from the impurity to the
bath, propagation through the bath and hopping back to the impurity (see e.g., Eq. (2.62) in
Ref. [JS10]). Explicitly, the hybridization reads

Aiv) == Vg(iv)V*, (2.80a)
AR() = = Vi)V, (2.80D)
where g(v) is the local propagator of the ¢ fields. Since we are typically not interested in

the specific band structure of the bath we assume a box-shaped spectrum for g(v), i.e.,
Im (¢%(v)) = —76(D — |v|) where D is the half bandwidth, such that we obtain

g(iv) = —2iarctan(D/v), (2.81a)
g () = |2 g — (D — |v]). (2.81b)

To derive g(iv), we inserted the spectrum in Eq. (2.26b) and for g we used Eq. (2.33b) and
the Kramers—Kronig relations (2.35). In Sec. 4 we take the wide-band limit D — oo such
that the hybridization simplifies to

A(iv) = iA sgny, (2.82a)
Af(v) =iA, (2.82b)
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where we defined the constant A = 7|V |? for convenience.
For the bare interaction 'y we can first focus on the spin indices and obtain in the MF

FO;0'10'2|0'1/0'2, = U[50'10'2/50'20'1/ - 50’10'1/5(7202/]- (283)

In the Keldysh formalism, the contour index structure can be read off from the action (2.51)
where we see that only equal times and equal contour indices contribute

ciea|cyreyr
Oso102|0/097 _01551152151’162’ I‘0§01‘72|(71/‘72’ ’ (2'84)

After a Keldysh rotation this becomes

kikalkirkyr kilc
F0;0'10'2|o'1/0'2/ - 110#7102“71/(72' Z(_C) H D
=+ i=1,2,1",2/

2.85
0 else. ( )

_ {;PO;OjO'QO'I/O'Q/ for > 12,172 ki 0dd,
This concludes the summary of the Anderson impurity model and the quantities defining its
reduced action, i.e., Gg and T'y.

2.2.5.1 Symmetries and vertex parametrizations

After defining the model and its bare propagator and vertex, we are in a position to solve
the parquet or flow equations within the parquet approximation. However, for our study in
Sec. 4 an efficient evaluation of the Bethe—Salpeter and flow equations is key. Above, we
have written vertices in the compact notation I'yr9/1o where each multi-index ¢ runs over all
contour arguments (7; or ¢;') and all one-particle quantum numbers o;. In the presence of
symmetries, the number of non-redundant components can be strongly reduced, which is
particularly important for the parametrization of the vertex I'. Symmetries reduce both the
number of vertex components that need to be stored and the number of components that need
to be computed. Since each contribution to the vertex flow, Egs. (2.77b) and (2.77e)—(2.77g),
has the same matrix-product structure as the Bethe-Salpeter equations (2.66) it suffices here
to focus on the latter.

In Ref. [Roh13] the symmetries of the AIM are derived in the Matsubara formalism.
While most results can be carried over to the Keldysh formalism, there are some notable
differences in the formalisms [JPS10]. In this section we will summarize the key findings for
both formalisms. For the sake of conciseness we exclusively present results for the two-particle
correlators in the time domain. Symmetry relations in the frequency domain can be obtained
by inserting the Fourier transformation in the desired frequency convention.

First we discuss properties that can be derived from the definition of correlators, Eqgs. (2.10)
and (2.19a): By crossing symmetry the exchange of two operators leads to

Gy = —Gayry = =G = Garppryr- (2.86)
Under complex conjugation of a correlator, the operators are modified due to the relation

Tr[AB...D]* = Tr[DT... BTAT]. (2.87)
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Applying this to annihilation and creation operators af)(—ir) or a(!)(t) and by suitable
exchange of operators one then finds

(Gorosloy 0y (T1: 2| T1, T2 = G oy j0100 (1 —T2r| = T1, —T2), (2.88a)

[ 2’;22‘(?1];22 (t1,taltyr, ta)]* = (_1)1+Zi k(;’;’;z”’;ll’z (t1r,tor|t1, t2). (2.88b)
Another property which is quickly confirmed for the AIM is a special behavior under time-
reversal is [RVT12, JPS10], by checking that the second-quantized Hamiltonian exclusively
contains real coefficients in front of the creation and annihilation operators. Inserting a
particle-number basis one finds that all operator matrix elements in the PSFs are real. For
Matsubara correlators we thereby deduce

Go’1o’2|0'1/0'2/ (7—177_2|7_1’77_2’) S R; (289)

whereas the KF merely uses this property (together with the equilibrium condition) to
obtain generalized fluctuation-dissipation relations (gFDR) which reduce the number of
independent Keldysh components. For a derivation of gFDRs and explicit formulas we refer
to Refs. [WHO02, JPS10, P4].

The SU(2)-spin symmetry is a bit more intricate. By explicit calculation, Ref. [RVT12]
confirms that the spin operators S; (i = z,y, 2) commute with the Hamiltonian of the AIM.
It follows that the total spin is conserved and the non-vanishing 2-particle Green’s functions

are reduced to the six components
Go’a’\a’aa GU&\O’EW GU&|&U7 (290)

where a barred spin is flipped, i.e., T =], ] =1. Invariance under a global spin flip further
reduces the components to three. Since the last two components in Eq. (2.90) are related
by crossing symmetry, Gqj4+(71, Te|T1/T2) = =Gy 4y (71, T2|T2r71/), and the first one can be
obtained from the others [Roh13], i.e.,

Gy = Gy + Gy (2.91)

one could reduce the representation of the vertex to one spin component, for example I'y 4, .

The representation of spin components in terms of single-particle spins o =7, | directly
follows from the general multi-index formulas. However, under SU(2)-spin symmetry a
different parametrization is more convenient for the evaluation of Bethe—Salpeter equations.
Indeed, the BSEs become spin-diagonal for SU(2)-symmetric systems if the following spin
combinations are used [Bic04, RVT12]:

Gpm = Gty = Gy, (2.92)
Gr/s = Gy + Gy (2.93)

which are called the density, magnetic, triplet and singlet spin channel. The BSE in the t
channel is diagonal in the density, magnetic and G4+ channel. Since the BSE in the ¢ and
a channel are related by crossing symmetry, the spin diagonal combinations of the latter are
typically not considered. Lastly, the BSE in the p channel is diagonal in the singlet, triplet
and G|y channel where the triplet channel is identical to the G4y channel by Eq. (2.91).

Above we already mentioned that setting the on-site potential to ¢ = —U/2 yields a
particle-hole symmetric Hamiltonian which effectively means that correlators are invariant
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(a) vy =vgtw, Vo=V 4w, —, —Vp vitwy 2
Ya Tp "t
Vi = Vg v, =V, wptvp wp+v, Vi +wy vy
(b) va =vat[F] var = v+ [ Fl-v  F-n vtlgl w-lg
Ya Tp Vi
womv ] n = ey ey ] vl

Figure 2.7 Frequency conventions (a) without and (b) with | % |-shift. The shown frequency convention
in (b) corresponds to the one chosen in [P3] and is obtained from (a) by subtracting | %" | from all legs.
The Gauss brackets, |-| or [-] , are needed in the Matsubara formalism and here indicate rounding
down or up to the next bosonic frequency. They ensure that all legs carry fermionic Matsubara
frequencies. For the continuous frequencies in the Keldysh formalism no rounding is needed.

under a global replacement of creation by annihilation operators (and vice versa) [Roh13].

A

GU’10’2|0'1/0'2/ = g[czo'ldo'27 d\l'lﬂCiZ'Q/] = g[CZT JT dgl,,dg2,]~ (294)

o1 77027

To express the last expression as a Green’s function one can either exchange operators or
apply complex conjugation and use Eq. (2.87). For the latter one obtains

Gmag\allazx (11, 72|17, o) = [G0102|01/02/ (=71, =72 = 71, —72)]", (2.95a)

kika|kyrkqr o ~k1ka|kyrkor *
G2l (1, taftyr, ) = (—1) 2 GI2RY (4 )y, )] (2.95b)
Lastly, it has been shown that SU(2)-spin symmetry and particle-hole symmetry collude to
provide the additional relation [see Eq. (2.135) in Ref. [Roh13]]

GTH'N(Zl’ 2’2‘2’1/, 22/) = GTTHT(ZV? Z1 ‘22/, 22) + GTHTi('Z?’? Z1 ‘Zl/, 22), (296)

where z; denotes the imaginary time 7; for Matsubara and contour argument ¢;* for Keldysh
Green’s functions. Inserting Eq. (2.96) into the singlet or triplet channel we obtain

Gs/r(21, 22|21, 22) = Gpn (21, 21) 201, 22) £ Gy (227, 21121, 22). (2.97)

Above we summarized symmetry relations for the two-particle Green’s function. The
relations can be directly applied to the full vertex I' due to their close relation to the two-
particle correlator (2.61). Additional subtleties arise when one focuses on individual 2PR
vertices v, which appear on the left-hand side of the BSE, for example. Since the 2PR
channels r = a, p, t correspond to the index pairings according to Eq. (2.69), we can read off
diagrammatic channels by comparing the indices. For instance, crossing symmetry (2.86)
relates the a and ¢ channel, e.g., ¥4,1791112 = —7g;1727j21- Further, Eq. (2.97) relates the p and ¢
channel on the left- and right-hand side, respectively. These symmetries can thus be used to
reduce the number of channels for which the BSE has to be evaluated.
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2.2.5.2 Frequency parametrization of the vertex

In the following we discuss the frequency parametrization and frequency structure of the full
four-point vertex I'. For conciseness, we leave out all other arguments and indices and focus
on the frequency arguments. In both the Matsubara and Keldysh formalisms, we now denote
the frequencies by real function arguments, e.g., v,(wq, vq, v,,). We point out the differences
between continuous real frequencies w and discrete imaginary frequencies iw only when they
arise.

Firstly, due to frequency conservation the four fermionic frequencies of the vertex legs are
related,

v+ vy =11 + s, (2.98)

and the vertex effectively depends on three frequencies. There is a large variety of frequency
conventions in the literature. The frequency convention in Sec. 2.1.4 parametrizes the vertex
with three fermionic frequencies, e.g., v1/, vor and v1. Another possibility is a parametrization
with three bosonic frequencies as shown in Refs. [KHP108, P3]. In Fig. 2.7, we show the
conventions where each 2PR vertex ~, is parametrized with a bosonic transfer frequency w,
and two fermionic frequencies v,, .. These conventions are well suited for the evaluation
of the BSEs (2.66) and flow equations (2.77) which all have the matrix structure according
to Eq. (2.68). Using the above conventions the BSE in the r = a, p, ¢ channel, for example,
reads (here exemplified for the MF)

S 1 S g
v (iw, iy, iv)) = 3 Z [ (iwy, vy, i0) 0, (iwy, i0) I (iw,, i7, iv).), (2.99)
o
where we suppressed physical quantum numbers. We see that the bosonic transfer frequency
wy- is identical in all functions, which is a consequence of frequency conservation and the
index pairings in Eq. (2.69), i.e.,

Wq = V9 — V11 = Vor — U7, wp =V + vy =v1 + v, Wg = Vo — Vor = V17 — V1.
(2.100)
For fixed w;., the fermionic frequencies Vﬁl) in Eq. (2.99) have a matrix product structure.

Having chosen a frequency convention, we can represent the vertex =, (w, v, v.) with its
values on sampling frequencies. Each frequency direction has a frequency grid, and together
they form a three-dimensional rectilinear grid. In the MF our frequency grids contain the
smallest discrete Matsubara frequencies which are chosen symmetrically around the origin. If
the behaviour outside the frequency box is known, one may extrapolate the data. Since the
frequencies are continuous in the KF, we can distribute the sampling points more densely
around the origin, where vertex typically shows sharp features. Values in between sampling
points have to be determined by interpolation.

In Ref. [P3], we adopt the convention with %-shifts as depicted in Fig. 2.7(b). In this
convention vertex structures are centered around the origin. By inserting the frequency
conventions into the symmetry relations in Sec. 2.2.5.1, it can be seen that this convention
leads to particularly symmetric formulas which is convenient for the symmetry reduction
of the vertex components. Note that, in the Matsubara formalism the %-shifts have to be
rounded to ensure that all legs carry fermionic Matsubara frequencies. The Gauss brackets
lead to rather cumbersome expressions for the frequency conversions between the channels.
The opposite is the case for the convention in Fig. 2.7(a). It leads to impractical symmetry
relations between frequencies on and outside a rectilinear grid of sampling points. The
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Figure 2.8 Illustration of asymptotic functions of ~,: We show the lowest-order diagrams which
contribute to the asymptotic functions (2.101) of the 2PR vertex v,. The frequency arguments follow
the a-channel convention in Fig. 2.7(a). Note how the dependence on the fermionic frequency v s
lost if the two corresponding external legs connect to the same bare vertex I'g. Since 'y is frequency
independent apart from a frequency conserving term, only the bosonic transfer frequency w, enters the
arguments of the internal propagator lines. Otherwise, if two left/right external legs connect to two

different bare vertices, the fermionic frequency V,S') does enter the arguments of internal propagator

lines. This leads to a suppression of the diagrammatic contribution for large |1/¢(1/)\ — 00.

formulas for cross-channel mapping, however, do not require Gauss brackets for Matsubara
frequencies.

A crucial difference between correlators and vertices lies in their behavior at high fre-
quencies. While correlators decay to zero in all frequency directions the situation is a bit
more complicated for vertices. For example, the bare vertex I'y is constant in any frequency
direction. The high-frequency asymptotics and their relations to physical observables have
been thoroughly studied in Ref. [WLT*20]. In the following we summarize the classification
of vertex contributions, but refer to the original paper for further details.

Taking the limit of large fermionic frequencies for the 2PR vertices, v, (wy, vy, V.), gives
the asymptotic function

Kip(w,) = lim  lim . (v, 1), (2.101a)

|Vl | =00 |vp|—00

which exclusively depends on the bosonic transfer frequency w,. Similarly, the remaining
asymptotic functions are given by

Ko (wp,vp) = |y’l}gloo Yo (Wry Uy V) — K1 (wy), (2.101Db)
Ko (wr, 1)) = lyl}goo Yo (Wry vy vV)) — K (wy), (2.101c)

where K, is subtracted to obtain a function that truly depends on two frequencies and decays
to zero when taking the high-frequency limit in the remaining frequencies. The remaining
part of the 2PR vertex is called K3, and decays in any frequency direction. Hence, the
decomposition into high-frequency asymptotics results in the following representation of the
2PR vertex:

’Yr(wrv Ur, Vylﬂ) = Klr(wr) + K27’(w7’7 Vr) + K2’T<W7"; V7/=) + K3T<W7"; Ur, V’;’”) (2101d)

This representation shows that, e.g., K1, gives contributions for arbitrarily large yﬁl).
The high-frequency behavior of vertex contributions can also be understood by considering

diagrams in perturbation theory. Figure 2.8 shows examples for vertex diagrams with different
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asymptotic contributions to 7,. As an example, let us consider the ‘eye diagram’ in Fig. 2.8(b).
The two external lines on the right connect to the same bare vertex I'g where the frequency
wg + v, flows in and v/, flows out. The frequency v/, never enters as an argument of the
internal propagators since I'y is constant apart from a frequency conserving factor. Like
all diagrams belonging Ko/, it does not depend on v/.. On the left, the two external lines
connect to two different bare vertices, thereby introducing an explicit dependence on v, and
Vg + wq. Furthermore, for large |v,] or |w,| the diagram has to vanish. If we use the frequency
parametrization of another channel, the diagram vanishes for any high-frequency limit. For
example, using the ¢-channel parametrization in Fig. 2.7(a) we have w, = 14 — v/ and taking
the limit || — oo implies |w,| — 00, for which all diagrams in -, vanish. Note, that the two
limits in (2.101a) have to be taken one after the other to avoid pathologies such as limits
with constant frequency combinations of the type vy — v} = w,.

For a more rigorous analysis we refer to the derivation of improved estimators for the
vertex I' in Ref. [LHST24]. There it has been shown that the asymptotic functions K, with
1 =1,2,2" and the so-called vertex core can be written as a sum of two-, three- or four-point
correlators (multiplied with self-energies). The vertex core (or asymptotic rest-function) is
defined as

" = R —To+ K3, + K3p + K, (2.102)

and is the ‘truly’ three-dimensional part of I" which vanishes for any high frequency limit.

In the asymptotic decomposition (2.101d) diagrammatic equations (such as parquet
equations and symmetry relations) for all contributions can be conveniently derived by taking
high-frequency limits on both sides. For example, by taking the limits \1/7@\ — o0 in the
r-channel BSE we obtain

| I%m [ oI, o I)(wy, v, vy) = [(To + K1y + Kop) o 1L, o I | (wy, 1)), (2.103a)
Vr|—00

lim [[olIl, o I](wy, v, v.) = [ o 1L, o Dol (w, vr). (2.103Db)
[Vl | =00

For a full set of explicit formulas in the asymptotic decomposition (for the parquet equations
and mfRG flow equations), we refer to Refs. [P1, Wal21].

Lastly, we point out a technical hurdle due to the inter-channel feedback in the parquet
and the flow equations. We discuss it for the example of the BSE in Eq. (2.99): The BSE
for ~, requires input from the other channels vz. While the r-channel BSE is conveniently
parametrized in the r-channel frequency convention, each 2PR vertex is stored in its own
convention. Mapping a grid point to different channels might result in frequencies outside
the frequency grid which requires inter- or extrapolation. This is particularly the case for
non-equidistant grids. While we can optimize the parametrization to capture the relevant
features (e.g., asymptotic functions) for each ~,, these features get shifted and rotated by the
cross-channel mapping. Hence, the cross-channel mapping complicates the representation
of vertices and the evaluation of frequency integrals in the BSE. In our study in Sec. 4 we
therefore use an adaptive quadrature algorithm which is agnostic of the sampling grids in its
integrand.
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3 Multiloop flow equations for the single-boson
exchange decomposition

3.1 Overview

In Secs. 2.2.4.1 and 2.2.5.2 we described the parquet decomposition and asymptotic decompo-
sition. In this section, we work with the single-boson exchange (SBE) decomposition, which
was introduced in Ref. [KVC19]. It can be used as an alternative vertex parametrization, but
also defines the so-called SBE approximation.

Unlike the parquet theory, the SBE decomposition distinguishes vertex diagrams by their U
reducibility. Here, U is used as a synonym for the bare interaction I'g since the decomposition
is typically applied to systems with Hubbard interaction U, which is instantaneous and local.
A vertex diagram is called U-reducible if ‘cutting’ a bare vertex results in a disconnected
diagram. For the bare vertex, a ‘cut’ splits the attached indices into pairs. Since cutting U-
reducible diagrams disconnects the external indices identically to the parquet decomposition,
(almost) all U-reducible diagrams are 2PR (see Fig. 5 in [P1] for details). The bare vertex is the
only exception, being U-reducible in all channels despite being 2PI. The SBE decomposition
of the full vertex reads

=Y 4V, +V,+V,; - 20, (3.1)

where U is the fully U-irreducible contribution, and the V, are U-reducible in channel
r =a,p,t. Since each V, contains the bare vertex U we subtract U twice in the end.

The SBE decomposition shares many traits with the asymptotic decomposition. Firstly, it
provides a convenient parametrization. The U-reducible terms V, can be expressed in terms
of two- and three-point functions. Only the fully U-irreducible contribution ¢V has a ‘truly’
three-dimensional frequency dependence and vanishes for large frequencies. Secondly, these
functions have physical interpretations, namely as screened interactions and renormalized
Yukawa couplings between fermions and fermion bilinears such as ¢,c,» [KVC19]. In fact,
the SBE and the asymptotic functions are related, as described in Ref. [P1].

Most importantly, the SBE decomposition defines the SBE approximation, which sets
@Y = (. There is numerical evidence [HLK21] that the SBE approximation gives qualita-
tively reasonable results even for strong coupling, unlike the parquet approximation (R = U)
and the asymptotic approximation. The latter sets the asymptotic rest function (2.102) to
zero, i.e., oY = 0. In the context of diagrammatic extensions of DMFT (cf. Sec. 4.1), one
correspondingly has the choice which vertex component is approximated as local. While the
dynamical vertex approximation [TKHO07] originally approximated R = Rpypr, Ref. [KV19]
derived a set of self-consistent parquet-like equations which are closed by approximating the
fully U-irreducible oV = pURr. .

In [P1] we complement the parquet-like equations [KV19] with the derivation of multiloop
flow equations for SBE objects in different approximations. These may be used for approaches
in the spirit of DMF?RG [BTH"22], which start the flow with a local vertex computed with
DMFT and solve the fRG equations to arrive at a lattice system. Such an approach would
offer the benefits of mfRG, such as regulator independence.
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Abstract. The recently introduced single-boson exchange (SBE) decomposition of the four-point vertex of
interacting fermionic many-body systems is a conceptually and computationally appealing parametrization
of the vertex. It relies on the notion of reducibility of vertex diagrams with respect to the bare interaction
U, instead of a classification based on two-particle reducibility within the widely used parquet decom-
position. Here, we re-derive the SBE decomposition in a generalized framework (suitable for extensions
to, e.g., inhomogeneous systems or real-frequency treatments) following from the parquet equations. We
then derive multiloop functional renormalization group (mfRG) flow equations for the ingredients of this
SBE decomposition, both in the parquet approximation, where the fully two-particle irreducible vertex
is treated as an input, and in the more restrictive SBE approximation, where this role is taken by the
fully U-irreducible vertex. Moreover, we give mfRG flow equations for the popular parametrization of the
vertex in terms of asymptotic classes of the two-particle reducible vertices. Since the parquet and SBE

decompositions are closely related, their mfRG flow equations are very similar in structure.

1 Introduction

The understanding of strongly correlated many-body
systems like the two-dimensional Hubbard model
remains an important challenge of contemporary
condensed-matter physics [1]. For this, it is desirable to
gain profound understanding of two-body interactions
which are described by the full four-point vertex I

A powerful technique for calculating the four-point
vertex I is the functional renormalization group (fRG)
[2,3]. There, a scale parameter A is introduced into the
bare Green’s function Gy — G in such a way that for
an initial value A — A; the theory (specifically, the cal-
culation of the self-energy X/ and the four-point vertex
I'") becomes solvable, and after successively integrat-
ing out higher energy modes A — Ay, the fully renor-
malized objects X and I are obtained.

Traditionally, fRG is formulated as an infinite hierar-
chy of exact flow equations for n-point vertex functions.
However, since already the six-point vertex is numeri-
cally intractable, truncations are needed. A frequently-
used strategy employs a one-loop (1¢) truncation of the
exact hierarchy of flow equations by completely neglect-
ing six-point and higher vertices. This can be justified,
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#e-mail:  kugler@physics.rutgers.edu
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e.g., from a perturbative [2] or leading-log [4] perspec-
tive. Another truncation scheme is given by the mul-
tiloop fRG approach, mfRG, which includes all contri-
butions of the six-point vertex to the flow of the four-
point vertex and self-energy that can be computed with
numerical costs proportional to the 1¢ flow [5-7]. In
doing so, it sums up all parquet diagrams, formally
reconstructing the parquet approximation (PA) [8,9]
if loop convergence is achieved. Converged multiloop
results thus inherit all the properties of the PA. These
include self-consistency at the one- and two-particle
level (in that the PA is a solution of the self-consistent
parquet equations [9]); the validity of one-particle con-
servation laws (but not of two-particle ones); and the
independence of the final results on the choice of reg-
ulator (since the parquet equations and PA do not
involve specifying any regulator). The mfRG approach
was recently applied to the Hubbard model [10,11],
Heisenberg models [12,13], and the Anderson impurity
model [14].

A full treatment of the frequency and momentum
dependence of the four-point vertex generally requires
tremendous numerical resources. Hence, it is important
to parametrize these dependencies in an efficient way,
to reduce computational effort without losing informa-
tion on important physical properties. One such scheme
expresses the vertex as a sum of diagrammatic classes
distinguished by their asymptotic frequency behavior
[15,16]: Asymptotic classes which remain nonzero when
one or two frequency arguments are sent to infinity do
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not depend on these arguments, while the class depend-
ing on all three frequency arguments decays in each
direction.

A related strategy is to express parts of the vertex
through fermion bilinears that interact via exchange
bosons [17,18]. Partial bosonization schemes, which
approximate the vertex through one [19-21] or several
boson-exchange channels [22-24], have been employed
within the dual boson formalism, used in diagrammatic
extensions of dynamical mean field theory (DMFT)
aiming to include nonlocal correlations.

A decomposition of the full vertex into single-boson
exchange (SBE) parts, involving functions of at most
two frequencies, and residual parts depending on three
frequencies was developed in Refs. [25-30]. The guiding
principle of the SBE decomposition is reducibility in
the bare interaction U [25]. This criterion distinguishes
SBE contributions, that are U-reducible, from multi-
boson exchange and other contributions, that are not.
The SBE approximation retains only the U-reducible
part while neglecting all U-irreducible terms [26]. The
SBE terms are expressible through bosonic fluctuations
and their (Yukawa) couplings to fermions—the Hedin
vertices—and thus have a transparent physical interpre-
tation. Numerically, two- and three-point objects can be
computed and stored more easily than a genuine four-
point vertex.

Studies of the two-dimensional Hubbard model have
shown that the SBE decomposition is a promising tech-
nique for computing the frequency and momentum
dependences of the vertex [28-30]. In a 1¢ fRG cal-
culation, it was found that some of its essential fea-
tures are already captured by its U-reducible parts,
which are much easier to compute numerically than
the U-irreducible ones [31]. Reference [31] also obtained
results at strong interaction using DMF?RG, a method
that makes use of a DMFT vertex as the starting point
for the fRG flow [32-34]. Here, a very interesting aspect
of the SBE decomposition is that the SBE approxima-
tion (neglecting U-irreducible contributions) remains a
meaningful approximation also in the strong-coupling
regime [35], which is not the case for a similar approx-
imation scheme based on the parametrization through
asymptotic classes while using functions of at most two
frequency arguments.

Given these encouraging developments, it is of inter-
est to have a strategy for computing the ingredients of
the SBE approach—the bosonic propagators, the Hedin
vertices, and the remaining U-irreducible terms—not
only in 14 fRG [31] but also in mfRG. In this paper,
we therefore derive multiloop flow equations for the
SBE ingredients. To this end, we start from the parquet
equations to derive a general form of the SBE decompo-
sition where the structure of non-frequency arguments
is not specified. We then derive multiloop flow equations
for the SBE ingredients, and finally illustrate the rela-
tion of these objects to the parametrization of the ver-
tex in terms of two-particle reducible asymptotic classes
[16,31]. The numerical implementation of the resulting
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SBE multiloop flow equations goes beyond the scope of
this purely analytical paper and is left for the future.

The paper is organized as follows: In Sect. 2, we
recapitulate the parquet equations, the corresponding
mfRG flow equations, and the frequency parametriza-
tion of the four-point vertex adapted to each two-
particle channel. In Sect. 3, we deduce the SBE decom-
position from the parquet equations and derive mul-
tiloop flow equations for the SBE ingredients in two
different ways. We also discuss the SBE approximation
and its associated mfRG flow. In Sect. 4, we recall the
definition of the asymptotic vertex classes and derive
multiloop equations for these. We outline the relation
between SBE ingredients and asymptotic classes and
their respective mfRG equations. We conclude with a
short outlook in Sect. 5. Appendices A and B illustrate
the SBE ingredients and asymptotic vertex classes dia-
grammatically, while Appendix C describes the relation
between our generalized notation of the SBE decom-
position to that of the original papers. Finally, Appen-
dices D and E give details on different definitions of cor-
relators and susceptibilities and show their close rela-
tion to the SBE ingredients.

2 Recap of parquet and mfRG equations

The parquet equations and the associated multiloop
fRG equations form the basis for the main outcomes of
this paper. For ease of reference and use in future sec-
tions, we recapitulate the notational conventions and
compactly summarize the main ingredients and results
of the mfRG approach [5-7]. To make the presenta-
tion self-contained, we also recall from the literature
the motivation for some of the definitions and conven-
tions presented below.

2.1 Parquet equations

The action of a typical fermionic model reads
S=- 51/[G61]1/\101 — Uz creyerer, (1)

with the bare propagator Go. The Grassmann fields
¢; are labeled by a composite index i describing fre-
quency and other quantum numbers, such as posi-
tion or momentum, spin, etc. Throughout this paper,
repeated i-indices are understood to be integrated over
or summed over. Furthermore, U is the crossing sym-
metric bare interaction vertex, Uygiz = —Uyir12
(called Iy in Refs. [6,7]). We assume it to be energy-
conserving without further frequency dependence, as
in any action derived directly from a time-independent
Hamiltonian. Our expression for the action (1) and later
definitions of correlation functions are given in the Mat-
subara formalism [36] and for fermionic fields. However,
our analysis can easily be transcribed to the Keldysh
formalism [37], and/or to bosonic fields, by suitably
adapting the content of the index i on ¢; and adjust-
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ing some prefactors. Such changes do not modify the
structure of the vertex decomposition and flow equa-
tions that are the focus of this paper.

The time-ordered one- and two-particle correlators,

Gl\l’ = *<0161/> and GY;)U’Q’ =
expressed in standard fashion [3] through the self-
energy and the four-point vertex,

1 1
“‘@"‘, T'yge =

(c1e9¢2/€1/), can be

2 2!

1 1

Ellll =

(2)

These contain all one-particle irreducible one- and two-
particle vertex diagrams, respectively. Hence, these are
(amputated connected) diagrams that cannot be split
into two pieces by cutting a single bare propagator line.

The one-particle self-energy is related to the two-
particle vertex via the Schwinger-Dyson equation (SDE)
[9]. We do not discuss this equation much further
because its treatment is similar for both vertex decom-
positions discussed below. On the two-particle level, the
starting point of parquet approaches [9] is the parquet
decomposition,

I'=R+7Ya+ 7+ (3)

It states that the set of all vertex diagrams can be
divided into four disjoint classes: the diagrams in -,
r = a,p,t, are two-particle reducible in channel r, i.e.,
they can be split into two parts by cutting two antipar-
allel (a), parallel (p), or transverse antiparallel (¢) prop-
agator lines, respectively. The diagrams in R do not fall
apart by cutting two propagator lines and are thus fully
two-particle irreducible. This classification is exact and
unambiguous [16,38]. In the literature, the diagram-
matic channels are also known as crossed particle-hole
(ph « a), particle-particle (pp < p), and particle-hole
(ph < t) channel.

Since the four classes in the parquet decomposition
are disjoint, one can decompose I w.r.t. its two-particle
reducibility in one of the channels r, I' = I, + 7,.
Here, I, comprises the sum of all diagrams irreducible
in channel r and fulfills I, = R 4+ 7 with v =
> w14 Vrr- The Bethe-Salpeter equations (BSEs) relate
the reducible diagrams to the irreducible ones and can
be summarized by

Y =Iroll,ol=Toll.ol,. (4)

The II,. bubble, defined as

3434 = Gaj3Gajar, (5a)
3430 = G313 Gajwr, (5b)
Iy 43300 = — G313 Gy (5¢)

represents the corresponding propagator pair in chan-
nel r, see Flg 1. (NOtC that Ha;34|3/41 = 7Ht;43|3’4’
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Fig. 1 Bethe-Salpeter equations in the antiparallel (a),
parallel (p) and transverse (¢) channels

is consistent with crossing symmetry.) The connector
symbol o denotes summation over internal frequencies
and quantum numbers (5,6 in Eqgs. (6) below) and its
definition depends on the channel r € {a,p,t}: When
connecting II,. (or other four-leg objects labeled by )
to some vertex, it gives

a: [Ao Bligss = Aigj54Bs236; (6a)
p: [AoBligzs = Ai2)56Bs6|34 (6b)
t: [AoBligsa = Ag2saBis)36- (6¢)

By combining I" = I, + ~y, with the BSEs (4), one can
eliminate 7, to get the “extended BSEs” [7] needed
later:

1, +M,0ol=(1,—1I,01,)"",
1, +T oI, =1, —1I.oI,) "

(7a)
(7b)

Here, the channel-specific unit vertices 1,., defined by
the requirement I"' = 1,,0 I’ = I" o 1,., are given by

La12i34 = 013024, (8a)
112134 = 1(013024 — 014023), (8b)
1412134 = 014023. (8c)

(For the p channel, the internal sumin 1,0’ =101,
runs over both outgoing (or ingoing) legs of I'. There-
fore, the crossing symmetry of the vertex, i.e., 34 =

—I%134 = —I'12p3, is transferred to 1,, resulting in an
expression more involved than for the other two chan-
nels.)

The combination of the Dyson equation G = Go(1 +
Y@G), the SDE, the parquet decomposition (3), the
three BSEs (4), and the definitions I, = I" — ~, con-
stitutes the self-consistent parquet equations. The only
truly independent object is the fully irreducible vertex
R. If R is specified, everything else can be computed
self-consistently via the parquet equations. However,
R is the most complicated object: its diagrams con-
tain several nested integrals/sums over internal argu-
ments, whereas the integrals in reducible diagrams par-
tially factorize. A common simplification, the parquet
approximation (PA), replaces R by U, closing the set
of parquet equations.
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2.2 Parquet mfRG

The conventional mfRG flow equations can be derived
from the parquet equations by introducing a regula-
tor A into the bare propagator G, thus making all
objects in the parquet equations A-dependent [7]. The
fully irreducible vertex R is treated as an input and
is thus assumed to be A-independent, R ~ R. For
instance, this assumption arises both in the PA where
R =~ U or in the dynamical vertex approximation DI"A
[39,40] where R ~ RPMFT s taken from DMFT—here,
we will not distinguish these cases explicitly. Taking the
derivative of the SDE and the BSEs w.r.t. A then yields
flow equations for X' and I". Within the context of this
paper, we will call this mfRG approach parquet mfRG,
to distinguish it from an SBE mfRG approach to be
discussed in Sect. 3.2.

When computing 4, = 0a7, via the BSEs, one
obtains terms including I, = Do It Thus, one has
to iteratively insert the flow equation for «, into the
equations of the other channels 7’ # r, yielding an infi-
nite set of contributions of increasing loop order:

P=datip+ie =247 (9
=1

The individual ¢-loop contributions read [5,7]

40 =Toll, ol

(10a)
W =30 o dl, oI + I o 1T, 04" (10b)

3D =4V ol o P+ oM, 04" o I, o T

+ oIl o5, (10¢)

where #’ = Zr,#"yg) and Eq. (10c) applies for £+2 >
3. In general, all terms at loop order ¢ contain ¢ — 1
factors of IT and one IT (i-e., £ loops, one of which is
differentiated), connecting ¢ renormalized vertices I.
‘We have fL ~ GG+ GG, where

G=S+GXYaG, (11)

with the single-scale propagator S = G| S—const- Fig-
ure?2 illustrates Eqgs. (10) diagrammatically in the a
channel.

The flow equation for the self-energy, derived in Ref.
[7] by requiring X to satisfy the SDE throughout the
flow, reads

%
«@+=f r{ - pPec| - |
Py poR

(12)
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| =

w2 = |4 r{ + |r 0
"Y((LHZ) _ "yé”l) r
+ | 4P ry + |r FLE+D

Fig. 2 Diagrammatic depiction of the mfRG flow equa-
tions (10) in the a channel. The double-dashed bubble
I, represents a sum of two terms, GG + GG, where
double-dashed propagators G are fully differentiated ones
(cf. Eq. (11))

Ithas I'and 450 =), FoHTo/yy)oHroF as input and
holds irrespective of the choice of vertex parametriza-
tion. For this reason, we do not discuss the self-energy
flow further in this paper, but it should of course be
implemented for numerical work.

The 1¢ contribution (10a) of the vertex flow, with
the fully differentiated G replaced by the single-scale
propagator S in IT, is equivalent to the usual 1¢ flow
equation. Using G instead of S, as done in Eq. (10a),
corresponds to the so-called Katanin substitution [41]:
it contains the feedback of the differentiated self-energy
into the vertex flow and already goes beyond the stan-
dard 1¢ approximation. By adding higher-loop contri-
butions until convergence is reached, one effectively
solves the self-consistent parquet equations through an
fRG flow. On the one hand, this ensures two-particle
self-consistency and related properties mentioned in the
introduction. On the other hand, it also provides a
way of reaching a solution of the parquet equations by
integrating differential equations. This may be numer-
ically favorable compared to an iteration of the self-
consistent equations. Particularly, when computing dia-
grammatic extensions of DMFT via DMF?RG, one then
needs only the full DMFT vertex as an input, and
not the r-(ir)reducible ones entering the parquet equa-
tions. This is helpful in the Matsubara formalism, where
the r-(ir)reducible vertices sometimes exhibit diver-
gences [42-46], and even more so when aiming for real-
frequency approaches [47,48].

2.3 Frequency parametrization

The four-point vertex I' is a highly complicated object
and must be parametrized efficiently. In this section,
we summarize the frequency parametrization of the
vertex adapted to the three diagrammatic channels.
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r
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1l,0ll,01 1,0ll,0I" li0ll;ol

Fig. 3 Definition of the three channel-specific frequency parametrizations of the four-point vertex. a The vertex is nonzero
only if the four fermionic frequencies satisfy v + 14 =11 + 2. In that case, they can be expressed in three different
ways through one bosonic transfer frequency, w,, and two fermionic frequencies, vy, v... Of course, each term can also be
expressed through the frequencies (wr, vy, v,.) of any of the three channels, as indicated here for R. b The choice of frequency
arguments in each channel v, 7p, and 7 is motivated by the structure of their BSEs (4). ¢ Diagrammatic depiction of
l,0ll,ol' =% , II,«I" (Egs. (22), third line), a four-leg object obtained by inserting 1, between U and II,. (Eq. (21c)).
The multiplicatiOITl of 1,0 onto II, o I' carries two instructions: draw II, such that the endpoints of the lines connected to
1, lie close together (awaiting being connected to U), and perform the sum over the fermionic frequency v, of II.

This parametrization is the building block for the SBE
decomposition discussed in Sect. 3.

Focusing on the frequency dependence, we switch
from the compact notation I'/9/12 to the more elabo-
rate I'/gr12 (V] v5|vive), with frequency arguments writ-
ten in brackets, and the subscripts now referring to non-
frequency quantum numbers (position or momentum,
spin, etc.). As mentioned earlier, we assume the bare
vertex U to have the form

U1'2'|12(V1V§|V1V2) = 5u;+u5,u1+u2U1'2'\127 (13)

with Upg1p  independent of frequency. If U is
momentum-conserving without further momentum
dependence, our treatment of frequency sums below
may be extended to include momentum sums. To keep
the discussion general, we refrain from elaborating this
in detail. Note that, e.g., in the repulsive Hubbard
model, our sign convention in Eq. (1) is such that
Uooles — _ooled < ( (where, as usual, o € {1,]},

f=11=1).

Due to frequency conservation, one-particle correla-
tors depend on only one frequency,
Gri(vy,v1) = 601 0, Gra (). (14)
Likewise, three frequencies are sufficient to parametrize
the vertex. For each channel ~,, we express the four
fermionic frequencies vy, vh,v1,ve at the vertex legs
through a choice of three frequencies, a bosonic trans-
fer frequency, w,., and two fermionic frequencies, v, and
v).. These are chosen differently for each channel (see
Fig. 3a) and reflect its asymptotic behavior [16] as dis-
cussed in Sect. 4.1. We have

i _ /
%;1'2'|12(V1V2|V1V2) = 5u1+u;7u1+uﬂr;1/2/\12(wry Vr, V7>)7

(15)
with w,., vy, V. related to v, v1, vs through
" wo — Wp oo owe
MN=le— 5 =Wp+t3 =+35,
- Wa __ o,/ Wp - Wi
M=V, =5 =h+t3 =h—5%,
a / w p— t
u2:1/a+“21:fyp+7"fyt+%. (16)
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This parametrization symmetrically assigns = shifts
to all external legs. (In the Matsubara formalism, the
bosonic Matsubara frequency closest to %" is chosen
for the shift.) With these shifts, crossing symmetries
ensure that prominent vertex peaks are centered around
w; = 0, which is convenient for numerical work. How-
ever, other conventions are of course possible, too.

Though the frequencies w,,v,, v, are tailored to a
specific channel ~,., one may also use them to define
the r parametrization of the full vertex, writing

F1'2'|12(V1V§|V11/2) = 5u{+ug,u1+u2pll2/\12(&% Vp,aU)).
(17)

Likewise, R,74,7Vp,7: can each be expressed as a ¢
symbol times a function of any of the variable sets
(wr, Vp, vL.). The r parametrization of "o Il or I, oI is
obtained by inserting Eqgs. (14) and (17) into Egs. (6).
The summations ), over internal frequencies can be
collapsed using frequency conserving d symbols, leading
to

([ o I (wr, v, ) = T(wy, v, V) o H(wy, 1)),  (18a)
[H OFKUJWVTVVT):H(WWV;‘) F(wMVr?VT) (18b)
where the bubble factors I1,.(w,, V) are given by

Hosa30 (wa, vy ) = Gajgr (Ve — 48 ) Gayer (v +42),  (19a)

vp)Gaje (5 —vp), (19b)
(19¢)

Hp;34\3’4’ (wp, Vz/wl) = %GS\B’ (WTPJF
;4313147 (Whl’é,) = _G3I3’ (Vé,_%)GM‘V (Vt,/"'%)'

In Egs. (18), the connector « by definition denotes
an internal summation analogous to o, except that
only non-frequency quantum numbers (position, spin,
etc.) are summed over. Correspondingly, the bubble
I o Il o I'; involving two o connectors, has the r
parametrization

[f o Il o I'|(wy, vy, V)
3 Flwogs ves ) + Iy )+ Do ', ), (20)

see Fig. 3b. Here, one frequency sum survives, running
over the fermionic frequency v/ associated with I1,.
For future reference, we define unit vertices for non-
frequency quantum numbers, 1,, by I' = 1, = I'e1,..
(For a bare vertex with momentum conservation and
no further momentum dependence, one could include a
momentum sum, » o in . (20) and exclude momen-

tum indices from the o summation and 1,.) The dis-
tinction between o, 1 and e, 1, indicating if connectors
and unit vertices include summations and § symbols
for frequency variables or not, will be needed for the
SBE decomposition of Sect. 3. There, we will encounter
bubbles involving one or two bare vertices, U o Il,. o U,
I'oll.oU,or Uoll.olI'. Expressing these in the form
(20), the bare vertex U, since it is frequency indepen-
dent, can be pulled out of the sum over v/. To make
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this explicit, we insert unit operators 1, next to U:

Uoll,oU=U-+*1,01l,01,«U, (21a)
foHToU:foHTol,«-U, (21b)
Uoll,ol'=Ue1,01l.01. (21c)

We suppressed frequency arguments for brevity, it being
understood that equations linking I7,. and 1, use the r
parametrization. Making the frequency sum involved in
o II,.0 explicit, we obtain four-leg objects,

ZH wr, 1)

”
E mel/rv 'r Hr(wrvl/r)a

[1 oll, ol
[]:‘OHTOI mer

[1, 0 IT, o I')|(wy, V) ZH Wy V) o D(wy, v V)

(22)

that depend on only one or two frequency arguments
(cf. Figure 3¢) and are thus numerically cheaper than
I'. Note that, in general, 1, is not the unit operator
w.r.t. the o connector, i.e., 1,01 # I' # "o 1, since o
involves a frequency summation which does not affect
1,.

3 SBE decomposition

We now turn to the SBE decomposition. It also yields
an exact, unambiguous classification of vertex dia-
grams, now according to their U-reducibility in each
channel. This notion of reducibility, introduced in Ref.
[26], is very analogous to II-reducibility, i.e., two-
particle reducibility. A diagram is called U-reducible
if it can be split into two parts by splitting apart a bare
vertex U (in ways specified below) in either of the three
channels. Otherwise, it is fully U-irreducible.

The SBE decomposition was originally formulated
in terms of physical (charge, spin, and singlet pairing)
channels which involve linear combinations of spin com-
ponents. For our purposes, it is more convenient not to
use such linear combinations (the relation between both
formulations is given in Appendix C). Moreover, the
original SBE papers considered models with transla-
tional invariance, with vertices labeled by three momen-
tum variables. We here present a generalization of the
SBE decomposition applicable to models without trans-
lational invariance, requiring four position or momen-
tum labels. Starting from the BSEs, we use arguments
inspired by Ref. [26] to arrive at a set of self-consistent
equations for SBE ingredients which will also enable us
to derive multiloop flow equations directly within this
framework. In terms of notation, we follow Ref. [26]
for the objects V.., wy, Ay, Ar w1th 1 there denoted
@V here—while we follow Ref. [30] for M, and T;. (the
latter instead of ¢, from Ref. [26]).
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Fig. 4 TIllustration of U-r-reducibility, analogous to Fig. 4 of [26]. A and B can be any vertex diagram or simply 1,

3.1 Derivation of SBE decomposition from BSEs

As mentioned earlier, a vertex diagram is called two-
particle reducible in a specified channel r € {a,p,t},
or IT-r-reducible for short, if it can be split into two
parts by cutting the two lines of a II, bubble (to
be called linking bubble); if such a split is not possi-
ble, the diagram is II-r-irreducible. The two-particle
reducible vertex -, is the sum of all IT-r-reducible dia-
grams. Following Ref. [26], we now introduce a further
channel-specific classification criterion. A II-r-reducible
diagram is called U-r-reducible if a linking bubble IT,.
has two of its legs attached to the same bare vertex in
the combination Uoll,. or II,.oU. Then, that bare vertex
U, too, constitutes a link that, when “cut out”, splits
the diagram into two parts. (To visualize the meaning of
“cutting out U” diagrammatically, one may replace U
by 1,eU+1, and then remove U. This results in two pairs
of legs ending close together, ready to be connected
through reinsertion of U, see Figs. 3c and 4.) The low-
est order U-r-reducible contribution to ~, is UoIl,.oU.
The lowest-order term of I, the bare vertex U (which is
II-r-irreducible), is viewed as U-r-reducible in all three
channels, corresponding to the three possible ways of
splitting its four legs into two pairs of two. All U-r-
reducible diagrams describe “single-boson exchange”
processes, in the sense that each link U connecting two
otherwise separate parts of the diagram mediates a sin-
gle bosonic transfer frequency, w, (as defined in Fig. 3),
across that link, as will become explicit below.

All vertex diagrams that are not U-r-reducible are
called U-r-irreducible. These comprise all multi-boson
exchange (i.e., not single-boson exchange) diagrams
from ~,, and all IT-r-irreducible diagrams except the
bare vertex (which is trivially U-r-reducible), i.e., all
diagrams from I, —U = R - U + Er,# Yy

Next, we rewrite the parquet equations in terms of
U-r-reducible and U-r-irreducible parts. We define V..
as the sum of all U-r-reducible diagrams, including
(importantly) the bare vertex U, and M, as the sum of
all diagrams that are IT-r-reducible but U-r-irreducible,
thus describing multi-boson exchange processes. Then,
the IT-r-reducible vertex +,, which does not include U,
fulfills

Yy =V, — U+ M,. (23)

Inserting Eq. (23) for v, into the parquet decompo-
sition (3) yields

I = SDUirr 4 er'r' _ 20'7
QU = R-U+ 5, M,

(24a)
(24b)

where U is the fully U-irreducible part of I'. The
U subtractions ensure that the bare vertex U, which
is contained once in each V, but not in oY is not
over-counted. Some low-order diagrams of V.., M,., and
R are shown in Fig. 5.

Just as «,, its parts V, and M, satisfy Bethe—
Salpeter-type equations, which we derive next. Insert-
ing Eq. (23) into the full vertex I' = I. + 7., we split
it into a U-r-reducible part, V,., and a U-r-irreducible
remainder, T).:

r=v,+T,,
T, =1,—U+ M,.

(25a)
(25Db)

The relation between the different decompositions of
the full vertex implied by Egs. (23)-(25) is illustrated
in Fig. 6. Inserting Eqs. (23) and (25a) into either of
the two forms of the BSEs (4) for ~,, we obtain

V,—U+M,=1.01l,0V, + 1,01, 0T,
=V,oll,ol.+T,0ll.ol. (26)

This single set of equations can be split into two sep-
arate ones, one for V,. — U, the other for M, contain-
ing only U-r-reducible or only U-r-irreducible terms,
respectively. The first terms on the right are clearly
U-r-reducible, since they contain V... For the second
terms on the right, we write I, as the sum of U and
1. — U, yielding U-r-reducible and U-r-irreducible con-
tributions, respectively. We thus obtain two separate
sets of equations,

V,—-U=1.01l,oV,+Uoll.oT,
=V,oll,ol,+T.o0ll.oU, (27)
M,=(I.—-U)oll,oT,
=T,oll,.o (I, —U), (28)

the latter of which corresponds to Eq. (17) in Ref. [30].
In Egs. (27), we now bring all V,. contributions to the
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Fig. 5 Low-order diagrams for V., M,, and R, illustrating IT-r-reducibility (blue dashed lines) and U-r-reducibility (red
dotted lines; their meaning is made explicit in Fig. 4). V, contains all U-r-reducible diagrams; except for the bare vertex,
they all are IT-r-reducible, too. M, contains all diagrams that are IT-a- but not U-a-reducible. All diagrams in R are neither
II-r- nor U-r-reducible, except for the bare vertex, which is U-a-, U-p- and U-t-reducible (as indicated by three red dotted

lines)

¢c '=R+> . (V,-U+M,;) d

Fig. 6 Venn diagrams illustrating various ways of splitting
the full vertex into distinct contributions. Panel a depicts
the parquet decomposition (3), b the IT-a-reducible part v,
and its complement I,, ¢ the SBE decomposition (24) (mim-
icking Fig. 6 of [26]), and d the U-a-reducible part V, and
its complement T,. For » = p, t, the II-r- and U-r-reducible
parts and their complements can be depicted analogously

left,

(L, =L oll,) oV, =Uo (1, + I, o T}),
Veo(l, —I,ol.)= 1, +T,0Il.)oU, (29)

and solve for V,. by evoking the extended BSEs (7):

Ve=0,+Toll,)oUo(1,+1I,0T,)
= (1, + Ty oIl,)oUo (1, + I, o I'). (30)

This directly exhibits the U-r-reducibility of V..

We now adopt the r parametrization and note a key
structural feature of Eq. (30) for V,: it contains a
central bare vertex U, connected via o Il.o to either
I or T, or both. We may thus pull the frequency-
independent U out of the frequency summations, so
that o II,. o leads to «1, o I, o or o Il o1,e, where the
multiplication with 1, includes a sum over an internal
fermionic frequency (recall Egs. (21), (22) and Fig. 3).

@ Springer

e
Fig. 7 Diagrammatic depiction of Eq. (33) (exemplified for
the a channel), expressing the U-r-reducible vertex V, =
A owr o\, through two Hedin vertices, Ar, Ar, and a screened
interaction, w,. The dashed boxes emphasize that Ar, Wr,
A all have four fermionic legs; those of w, and the outer
legs of A, and ), are amputated. Still, w, depends on just
a single, bosonic frequency and can hence be interpreted
as an effective bosonic interaction. Its four legs lie pairwise
close together since each pair stems from a bare vertex (see
Eq. (43) and Fig. 3c). The two inward-facing legs of both
A and Ay, connecting to w,, are therefore also drawn close
together, whereas the outward-facing legs are not. To depict
this asymmetry in a compact manner, triangles are used
on the right. For explicit index summations for all three
channels, see Fig. 12 in Appendix A

Thus, Eq. (30) leads to

V=1, 4+Toll,01,)eUs(1,+1,01,.0T,)

=1, +T,o0ll,ol,)sUs(1.+ 1,01l 01).
(31)

In the first or second line, the expressions on the right
or left of «U e, respectively, are U-r-irreducible. These
factors are the so-called Hedin vertices [49] (cf. Ref. [30],

Eq. (5)),

Mo (wryvp) = 1, + [Ty 0 T, 0 1, ] (wye, 1),
Ar(wr, ) = 1p 4 1,011, OT](wm V)

(32a)
(32b)

In our notation, the Hedin vertices have four fermionic
legs, but (importantly) depend on only two frequencies.
Indeed, regarding their frequency dependence, they can
be viewed as the U-irreducible, amputated parts of
three-point response functions (see Appendix D and
Ref. [26]). Then, Eqgs. (32) have the structure of SDEs
for a three-point vertex with a bare three-point vertex

~ (cf. Refs. [3,7]). Via the Hedin vertices, V,. factorizes
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w w
ntg =g

wp wp /
- +tUp -tV
P / wi / w
2 : Vit vi— %
/ ’
Vo (Wp, Vp, Vp) + Vi(we, ve, vt) —-2U

Fig. 8 SBE decomposition of the vertex I'" into U-r-irreducible and U-r-reducible contributions, with r = a,p,t. When
connecting Hedin vertices to other objects, the two fermionic legs require a o connector, the bosonic leg a ¢ connector

into functions of at most two frequency arguments and
is thus computationally cheaper than, e.g., 7,. Follow-
ing Refs. [26,30], we write

V= owy s Ay, (33)

where two U-r-irreducible Hedin vertices sandwich a
U-r-reducible object, w,(w,) (see Fig. 7). The object w,
depends only on the bosonic frequency w, and can be
interpreted as a screened interaction. To find w, explic-
itly, we first express Eq. (31) through Hedin vertices,

(1, +Toll,ol,)sUe),

=XAeUs(1l,4+1,0II,01). (34)

Then, I' = T, + V,. leads to implicit relations for V,.:

Ve=M+Vyoll,0l,)eUs\,
=X oUe(\+1,01,0V,). (35)

Next, we insert Eq. (33) for V,. on both sides to obtain

Aowrod,=Npo (Ut wpe X oIl oU)e A
=N (U+UoI o)X sw.)s\.. (36)

T

This implies that w, satisfies a pair of Dyson equations,

wy, =U+wpeA0oll,oU
=U+Uoll. o\ *w,, (37)

which can be formally solved as

wy, =Ue (1, — A\ oIl,oU)™!
=, —UoM o)) teU. (38)
As desired, the screened interaction w, is manifestly
U-r-reducible, and depends on only a single, bosonic
frequency, w,. To emphasize this fact, Eq. (38) can be
written as

w,=Us (1, — P «U)"!

=(1,—U«P) "0, (39)

where P,(w,) is the polarization [30],
P.=)\oll,ol,=1,01l,0\,. (40)

Regarding frequency dependencies, w, can be viewed
as a bosonic propagator and P, as a corresponding self-
energy; Eq. (40) then has the structure of a SDE for P,
involving the bare three-point vertex 1,. [3,7].

Inserting Eq. (33) for V, into Eq. (24a) for I', we
arrive at the SBE decomposition of the full vertex of
Ref. [26] in our generalized notation,

I= U 43 New, o\, — 20, (41a)

depicted diagrammatically in Fig. 8. For ease of refer-
ence, we gather all necessary relations for its ingredi-
ents:

W, =U+UeP.ow, =U4+w,+P.U,
P.=Xoll,ol,=1,01Il,. 0\,
M=1.+T.0ll o 1,,

A =1,+1,01Il, 0T,

T =T — X ewy s\,

VT =R-U+3, M, (
M, =(T,—M,)o Il o T, =T,0 II.o (T.— M,). (41h

(41b
(41c
(41d

(
(

=~

—

o e
N NI N NN N

We collectively call Eqs. (41) the SBE equations.
Together with the SDE for the self-energy and an input
for the two-particle irreducible vertex R, the SBE equa-
tions are a self-consistent set of equations and thus
fully define the four-point vertex I'. They can either be
solved self-consistently (as by Krien et al. in Refs. [27—
30], where an analogous set of equations was set up),
or via multiloop flow equations, derived in Sect. 3.2.

To conclude this section, let us point out the physical
meaning of A, w,, A, by showing their relation to three-
point vertices and susceptibilities. For this, a symmetric
expression for w,. is needed, which can be obtained by
comparing Eqgs. (33) and (34) to deduce

Aeew,=U+T oI, oU,
wre A, =U+Uoll.ol,

(42a)
(42b)
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and inserting these into the Dyson equations (37):
w,=U~4+Uoll,oU+Uoll,ol'oll.oU. (43)

Equations (42) and (43) can be expressed as

[5‘1“ s wp](wr, V) = F(S) (wryvr) o U, (44a)
[wy s A](wry VL) = U « TS (wye, 1), (44b)
wy(wr) =U +U e xp(w) o U, (44c)

where Fr(s), FT(?’) represent full three-point vertices and
X susceptibilities, defined by

I_ﬂr(?’)(wr7 vp) =1, + [ oIl o1,)(w,v,), (45a)
I'(w,vl) =1, + [1, 0 I, o T')(w,, ), (45b)

Xr(wr) = [1r 0 IT; 0 1, ](wy)
+[1,0l. 0ol oM. 01,](w.). (45¢)

(The bare vertices were pulled out in front of the fre-
quency sums, exploiting their frequency independence.)
The relation of fr(g’) and FT(B) to three-point correlators
and response functions is described in Appendix D; the
relation of x,. to physical susceptibilities for a local bare
interaction U is discussed in Appendix E.

3.2 SBE mfRG from parquet mfRG

Having defined all the SBE ingredients, we are now
ready to derive mfRG flow equations for them—the
main goal of this work. Our strategy is to insert the
SBE decomposition of Eqgs. (23) and (24) into the par-
quet mfRG flow equations (10) for the II-r-reducible
vertices 7,. An alternative derivation, starting directly
from the SBE equations (41), is given in Sect. 3.3.

We begin by differentiating the decomposition of the
II,-reducible vertex v, = A\pew, s\, — U+ M,. (Eq. (23))
w.r.t. the flow parameter. Since U = 0 (the bare vertex
does not depend on the regulator), we obtain

’y'r = j\r * Wy ® )\7'+5\7' ° wr ° )\r+5\7' Wy ® )‘7+M7 (46)

=i
sions for wy,, Ay, A\r, and M,. Each term at a given
loop order ¢ can be found from the mfRG flow (10) for

%@, by inserting the decomposition of the full vertex,
I' = M\pew, e\ + T, (Eq. (25a)) on the right of Egs. (10).

The 1¢ flow equation (10a) for "yr(l)

The loop expansion 7, implies similar expan-

has four contri-
butions (shown diagrammatically for 7( ) in Fig. 9):

A0 = (N swp e A +T;) 0 I 0 (A swy o Ay + T;)
=T, oIl 0\ oWy, * Ay
+ Ay oWy o A0 I 0 Ny o1y o A,
+ A ewpe Aol 0T, +Tpoll, oT,. (47)
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By matching terms in Eqgs. (46) and (47) containing
factors of A\, and )\, or not, we obtain the 1¢ SBE flow:

u')g.l) =wpe N oIl 0\ e wy,
5‘7("1) =T.0 ].]r o 5\7‘7
)‘gl) =\ ]jr oT,,

MY =T, 01l o T,. (48a)

This reproduces the 1¢ SBE flow derived in Ref. [31]
(their Eq. (18)). The higher loop terms can be found

similarly from 42 and ”y(1}+2) of Egs. (10b) and (10c).
For each loop order ¢, the 'y§ ) factors on the right side
of these equations can be expressed through the already

known flow of wff), f\fff) /'\ff) and M,(.,Z). ‘We obtain the
flow equations (¢ +2 > 3)
w? =0,
j\(z) = "ygl) oIl o\,
)\(2) = \.o1l, 07(1)
M(Q) —'y( )oH ol +T,oll, 07(1)
w2 = w, e N, o II, ory( ) oI, o\ *»wy,
A2 =

(48b)

(Hl)oH o\ + T oI, o’y()oH 0 Ar,
A2 =\ o1, 07()017 0T, + A\ oIl 07 (e+1)

My'ﬂ) (Hl)oﬂ ol +T,0ll, 07()017 oT,
+T.oll, o ’y(“_l) (48¢)
Here, ﬁg), required for the flow at loop orders ¢ + 1

and ¢ + 2, can directly be constructed from the SBE
ingredients using Eq. (46). Similarly as in Egs. (10), all
terms at loop order ¢ contain ¢ —1 factors of II and one
H now connecting the renormalized objects wy, Ay, Ar,
Tr.

The SBE mfRG flow equations (48) are the most
important result of this work. For the a channel,
they are depicted diagrammatically in Fig. 10. Equa-
tions (48) can be condensed into more compact ones,
giving the full flow (summed over all loop orders, ), =

2221 wﬁ‘), etc.) of the SBE ingredients; see the next

section. The multiloop flow equation for the self-energy
[5,7] is given in Eq. (12).

3.3 SBE mfRG from SBE equations

In the previous section, we derived the SBE mfRG flow
equations by inserting the SBE decomposition into the
known parquet mfRG flow equations of the two-particle
reducible vertices 7,. They can also be derived without
prior knowledge on the flow of +,, using the techniques
of Ref. [7].

In the parquet setting of Ref. [7], one can view the
II-r-irreducible vertex I, as the key ingredient for all
equations related to channel 7. In step (i), one uses I,
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’;/a = 8A + Ma

j>vw<[uj>vw<( T.| + |Ta T.
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W = | T
Fig. 9 SBE decomposition of the left and right sides of the 1¢ flow equation (10a) (Fig. 2) in the a channel. The first line
depicts Eq. (46), the second Eq. (47). Equating terms with matching structure yields Eq. (48a), depicted in Fig. 10, first
line

b = AD— T, MO = | T, Ta

w® =0 AP = |5 P = [y .| + |T. 40
W+ = 480 AF2) 4Le) + |7 40
M) = ) .| + |1 40 .| + |1, S

Fig. 10 Multiloop flow equations (48) for the ingredients of the SBE decomposition in the a channel

to generate v, and thus I' through a BSE. Then, a
post-processing of attaching and closing external legs
yields (ii) (full) three-point vertices 0¥, r® and (iii)
a susceptibility x,. The SBE setting can be under-
stood in close analogy, with the only exception that
one purposefully avoids generating U-r-reducible con-
tributions, because these can (more efficiently) be con-
structed via V,. = A\, ew, » \,.. To exclude U-r-reducible
contributions, one uses in step (i) I, — U to generate M,
and thus T, through a BSE. The same post-processing
as before yields (ii) A, A, and then (iii) w, or P,.

Because of this structural analogy, the SBE mfRG
flow equations can be derived in the exact same fashion
as the parquet mfRG flow equation of Ref. [7]. One
merely has to replace the variables according to the
dictionary

IrﬁlrfUa ’Y’F%M’Iﬁ
I =, ' 0\,

Ir—1T,.,

Xr — Pr. (49)

For clarity, we now spell out the structural analogies
between the original parquet formalism and its SBE
version, presenting similarly-structured expressions in
pairs of equations, (a) and (b). For both approaches,
the full vertex can be decomposed in several ways:

I = R—s—Z%—I + Y, (50a)

Ir= R+ZM+ZV ~U)=T, +V,. (50b)

Here, v, and M, satisfy analogous BSEs,

Yy =1I.01Il.0T,
M, =(l,—-U)olIl.oT,,

(51a)
(51b)

where the objects on the left reappear on the right
through

F:Ir‘i”yra
T, = (I, — U) + M,.

(52a)
(52b)

Relations (51) and (52) are used for step (i). Differ-
entiation of Eq. (51a) yields the mfRG flow of 4, as
in Eq. (10) and Fig. 2a of Ref. [7]. Here, we replace
the variables as above and start by differentiating
Eq. (51b):

M, =1I.0I, 0T, + (I, —U) o II, o T,
+ (I, —U)oH,ol, + (I, —U) oI, o M,
:>MT:(I[T—([T—U)0HT)_10 |:I.TOHTOTT
+(I7.—U)oﬁToTT+(I,.—U)oHToI.,}.
(53)

For the first argument of Eq. (53), we used 94(1, —U) =
I, as U = 0. Next, we use the extended BSE 1, + T, o
I, = (1, — (I, —U) o IT,) " for M,, cf. Egs. (7) and
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(51). Recollecting the terms, we obtain the flow of M,
as

M,=T,oll,oT,+1I,0Il. 0T,

+Troll,ol, oIl oT, +TyolIl,ol.. (54)

A loop expansion with I, = 47 = ) #) then yields
our Egs. (48) and Fig. 10.
For step (ii), we have the analogous relations
' =1, 4+rIoll,ol,, I''®=1,4+1,0l,01I,
(55a)

A=1.4+1,01Il.0T,..
(55b)

M=1,+T.0Il.01,,

Differentiation of Eq. (55a) yields the mfRG flow of
¥ as in Eq. (42) and Fig. 7 of Ref. [7]. Here, we
again replace the variables as above and differentiate
Eq. (55b):

j‘r:TrOHrolr"‘TrOHrOlr,
-

1,0, 0T+ 1,01, 0T,. (56)

AsT, = fr+Mr (cf. Eq. (52b)), we insert the flow equa-
tion (54) for M, into Eq. (56) and use again Eq. (55b)
This yields the flow equations

> >
I

T7.o]'YTo/_\r—l—I.,noHroj\r—i—TroHrojroHro/_\r,
Ar

oﬁToTr+Aroﬂrof'r—i—)\TOH,nOI'TOHTOTr.
(57)

T
T
Their loop expansion reproduces Eqs. (48) and Fig. 10.

Finally, in step (iii), we have the relations

XT:FT(S>OHT01T:1TOHTOI:‘(3),
P.=)\oll,ol, =1,0Il.0M\,.

(584a)
(58b)

Differentiation of Eq. (58a) yields the mfRG flow
of x, as in Eq. (44) and Fig. 8 of Ref. [7]. Replacing
the variables as above one more time, we differentiate
Eq. (58b):

P.=1,01l, 0\ +1,01II, 0\, (59)

After inserting Eqgs. (55b) and (57), we eventually
obtain

PT:)\TO(]'YT—FHTOI.TOHT)OS\T. (60)

The relation between PT and w, follows from the
Dyson equation (41b) as

Wy =UsP.ow, +Us Py et (61)
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Solving this for w, yields

Wy = (1, —UsP) L elUePow, =w,s P sw,,
(62)

having inserted the inverted Dyson equations (39). A
loop expansion of Eq. (60) yields:

Rfl) =Moll o A,
P® =,
P =\, 00, 04" o 11, 0 X,

v (63)
Inserting the loop expansion Pr(é) into Eq. (62) for
yields the same flow equation for w,. as in our Eqs. (48)
and Fig. 10.

Depending on the specific model, it can be more effi-
cient to calculate the flow of the polarization, P, by
Egs. (63) instead of the flow of the screened interac-
tion, w,, by Egs. (48). The screened interaction on the
contrary can be obtained by the inverted Dyson Egs.
(39).

Altogether, Egs. (54), (57), (60) and (62) (with
T, given by I' — V5, Eq. (50b)) build a system of
closed fRG equations, as full derivatives of the SBE
equations (41). Hence, combined with an appropri-
ate self-energy flow (cf. Eq. (12) and Ref. [7]), they
yield regulator-independent results. To integrate the
flow equations in practice, one employs the mfRG loop
expansions (48) and (63).

3.4 mfRG flow of the SBE approximation

To reduce numerical costs, it may sometimes be desir-
able to approximate the flow of the vertex treating only
objects with less than all three frequency arguments.
The simplest choice is to restrict the flow to functions
depending on a single frequency. In the present context,
this corresponds to keeping all objects except w, con-

stant. With A, = 0 = \,, the flow of the polarization
(59) is simply

P.=M)\oll,ol,=1,01l,0\,. (64)
Hence, the flow equations of P, and w, completely
decouple, and one effectively obtains a vertex consisting
of three independent series of ladder diagrams. Never-
theless, such a flow may be helpful for code-developing
purposes.

An approximation of the vertex with objects of at
most two frequency arguments is given by the SBE
approximation [26], which sets U™ = 0. More gen-
erally, one may also keep @Y™ £ 0 constant during the
flow, e.g., as obtained from DMFT (called SBE-DI"A
in Ref. [26]). This was used in a 1¢ implementation of
DMF?RG in Ref. [31]. In the following, we will refer to
the approximation of using a non-flowing U-irreducible
pUt — 0, as SBE approximation, regardless of

part, ¢ ;
whether V' is set to zero or not.
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We now derive mfRG flow equations for the SBE
approximation, so that R = 0, as before, and fur-
thermore M, = 0. For the most part, the SBE equa-
tions (41) remain unchanged. Only the BSE for M,
(41h) is not considered anymore, since now Ui =
R—U+ 3", M, is used as an input. The correspond-
ing flow equations can be obtained as in Sect. 3.3. The
flow of the polarization, the screened interaction and
the Hedin vertices, prior to any transformation, is still
given by Egs. (59), (62) and (56) (collected here for

convenience) .
Po=1,0I, 0\ + 1,01, 0\,
=MNoll,ol, +\ollol,, (65a)
Wy = wy * B ewy,, (65b)
\=Tpoll,ol, +T,0ll, 01,, (65¢)
)

A =1,0Il, 0T, +1,01,0T,. (65d

However, the flow of T, = I,. — U 4+ M,. now has no M,
contribution. It is induced solely by I, = V, the flow
of the U-reducible contributions from complementary
channels,

T, = Vs, (65¢)

and thus is fully determined by )L\f7 A and 1.
Equations (65) can be rewritten by inserting the flow
of the higher-point objects into the lower-point objects:

Nr=T.o0ll,0l,+V;olIl,o01,,
M =1,0Il, 0T, +1,0I,0V;,
P.=1.0ll,0)\ +1,0Il,0T. 01,01,
+1,0ll,0V;01l, 01,
=1,0ll, 0o\ + N\ oll,o01,
— 1,0l 01, +1,0I,0V;0lIl,01,. (66c)

(66a)
(66b)

In the last line, we expressed 1, o II,. o T} in terms
of the Hedin vertex A\, — 1,. Equations (66) are simi-
lar to the previous flow equations (57) and (60) of the
more general case, but some occurrences of the Hedin
vertices A, A, on the right there are here replaced by
their zeroth-order term 1,.. Evidently, the contributions
needed to upgrade these 1, to A, A\, are omitted when
setting M, = 0.

A loop expansion of the above equations then yields

PV =1, 00,0\ 4 oll,ol, —1,01l.01,,

)\Sl) =T.o1l, o 1,,

MY =1, 01, 0T,, (67a)
B =0,

j\$2+1) = V(;Z) oll,ol,,

A — 1, 011, 0V, (67b)

Pr(e+2) =1,0ll.0 Vif) oll,ol,,
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W = w, « PO ew,. (67¢)
Apart from the fact that M, is not needed here, the
other flow equations are also simpler than Egs. (48)
without M,, obtained from the full SBE equations. To
be specific, Eqs. (48) contain A, or A, on the right of

the flow equations for /_\5«8) or /.\g), whereas the simplified
Egs. (67) contain 1, there, and, for £ > 2, only one term
where Egs. (48) had two.

When using the above flow equations for the SBE
approximation, the self-energy flow (12) should also be
re-derived from either the SDE or the Hedin equation
for X (e.g. Eq. (23) in Ref. [27]). Since the present paper
focuses on vertex parametrizations, we leave a deriva-
tion of a suitably modified self-energy flow for future
work. Here, it suffices to note that, when used together
with such a modified self-energy flow, Eqgs. (67) are
again total derivatives of a closed set of equations. So,
integrating the flow until loop convergence would yield
the regulator-independent solution of the SBE approx-
imation.

Transforming the self-consistent equations of the
SBE approximation on the vertex level to an equiva-
lent mfRG flow reveals its simplistic nature, with rela-

tions like )'\Sl) =1, oﬁr T, and demonstrates how fRG
offers an intuitive way to go beyond that, using, e.g.,
/.\Sl) = Ar e I, + T, (still treating only functions of at
most two frequencies). However, the latter flow would
be regulator-dependent per se. It remains to be seen
how severe the lack of regulator independence for this
flow, as used, e.g., in Ref. [31], is.

The simplified schemes presented in this section [i.e.,
Egs. (64) and (67)] are closed flow equations on the ver-
tex level and thus offer an appealing way for approach-
ing the full SBE mfRG equations (48). Thereby, SBE
ingredients with more complicated frequency depen-
dence can be taken into account successively during
code development. To what extent they can succeed
in actually capturing the essential physics of a given
problem will have to be investigated on a case-by-case
basis. Generally, we showed that mfRG offers a way to
make the choice of a certain approximation regulator
independent, either for the simplistic flow of the SBE
approximation or for the full SBE mfRG flow reproduc-
ing the PA.

4 Asymptotic classes

In numerical implementations of parquet mfRG [10-14],
it is useful to handle the numerical complexity of the
vertex by decomposing it into asymptotic classes with
well-defined high-frequency behaviors. It is convenient
to compute the flow of these asymptotic classes using
their own flow equations; here, we recapitulate their
derivation. We also elucidate the close relation between
vertex parametrizations using the parquet decomposi-
tion with asymptotic classes or the SBE decomposition,
deriving explicit equations relating their ingredients.
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These equations may facilitate the adaption of codes
devised for parquet mfRG to SBE mfRG applications.

4.1 Definition of asymptotic classes

The parametrization of two-particle reducible vertices
v via asymptotic classes was introduced in Ref. [16] to
conveniently express their high-frequency asymptotics
through simpler objects with fewer frequency argu-
ments. One makes the ansatz

77'(0-)7"7 Vr, V;)

= K7 (wr) + K5 (wr, vr) + K5 (@, V1) + K5 (Wi, ey V1),
(68)

Here, K contains all diagrams having both v, legs con-
nected to the same bare vertex and both v/ legs con-
nected to another bare vertex. (For a diagrammatic
depiction, see Appendix B, Fig. 14.) These diagrams
are thus independent of v, v/. and stay finite in the
limit |v| = o0, V)| = oo,

lim lim 'Yr(wmym r)
vy | =00 |Vl | =00

Ki(wr).  (69a)

K% (or K%,) analogously contains the part of the vertex
having both v/ (or 1) legs connected to the same bare
vertex while the two v, (or v)) legs are connected to
different bare vertices. Hence, it is finite for |v.| — oo
(or |v| = o0) but vanishes for || = oo (or |v)| — 00):

Ki(wr) + Ky (wr, v),

ly,l}r_rgoo V(W vy 1) =

lim v (wp, vy, V) =
|V7‘|_>OO

Ki(wr) + K (wn r) (69b)

K% exclusively contains diagrams having both v, legs
connected to different bare vertices, and likewise for
both v/ legs. Such diagrams depend on all three fre-
quencies and thus decay if any of them is sent to infin-
ity. When taking the above limits for bubbles involving
channels r’ different from r, we obtain zero,

lim ~pzr = lim Ve = 0, (69c)

[V |— o0 vl |—

as each I1,» in 7, has a denominator containing wy,,
which is a linear combination of w,, v, and V..

Since R explicitly depends on all frequencies, it
decays to the bare vertex U at high frequencies, and
the asymptotic classes can be obtained by taking limits
of the full vertex. Explicitly, K can be obtained from

lim lim I'wy,vp,v.) =
|vp| =00 |Vl ]| =00

U+Ki(w),  (70a)

taking the double limit in such a way that v, £ v/ is not
constant, to ensure that all bosonic frequencies |wy .|
go to oo [16]. Similarly, K%, K%, can be obtained from
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objects Iy, I}, defined via the limits

Iy (wp,vp)= lim I'(w, v, v.)=U + K] +K5, (70b)
[Vl | =00

I3 (we, vy, T)—l l}m I'(wr,vr,v.)=U + KT +K5,. (70c)
V| =00

For each of the latter two limits, we denote the com-
plementary part of the vertex (vanishing in said limit)
by

Iy (we vy, vh) =T =Ty = Kb + K4 +v=+R—U, (70d)

Iy (wpy v, vl )= =14 = K5 + K5 + v+ +R—U. (70e)

By taking suitable limits in the BSEs (4), the asymp-
totic classes can be expressed through the full vertex I”
and the bare interaction U [16]:

Ki(w,)=Uo(ll, +I,oI'oIl.)oU, (7la)
Ki(wr,vp) =T oIl oU — KT, (71b)
Ky (wp,vh)=UolIl. ol —KJ. (71c)

Hence, they are directly related to the three-point
vertices I ,(3), ¥ and susceptibilities x. (cf. Egs. (45)
and Ref. [16]) as

Xr(wp) = Ut e Ki(wy) s U™, (72a)
TN wp,vy) = [U + K5 + Ky (wp,ve) s UL, (72D)
I w ) =U e [U+ K + K5 (w,, V). (72¢)

K7 diagrams are therefore mediated by the bosonic
fluctuations described by the susceptibility x;,., whereas
K5 and K7, describe the coupling of fermions to these

bosonic fluctuations via the three-point vertices E@)

and I T(S). This hints at the close relation between
asymptotic classes and SBE components which is fur-
ther discussed in Sec. 4.3.

4.2 mfRG equations for asymptotic classes

When the vertex is parametrized through its asymp-
totic classes, it is convenient to compute the latter
directly during the flow, without numerically sending
certain frequencies to infinity. This facilitates system-
atically adding or neglecting higher asymptotic classes.
Therefore, we now derive explicit mfRG flow equations
for the asymptotic classes, starting from the general
multiloop flow equations (10), similar to the derivation
of the mfRG flow equations for the SBE ingredients
in Sect. 3.2. (For a diagrammatic derivation, see Refs.
[50,51].)

The parametrization (68) of «y, in terms of asymptotic
classes holds analogously at each loop order,

30 = K19+ 60w K0+ K50 (73)
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Then each summand can be obtained from Egs. (10)
for Ay ® by taklng suitable limits of the fermionic fre-
quencies v, V., as specified in Egs. (69). For example,
consider a bubble of type I'oIT, oI, in the r representa-
tion of Eq. (20). In the limit |v,| — oo, the first vertex
reduces to I}, (Eq. (70c)), while for |v| — oo, the sec-
ond vertex reduces to Iy (Eq. (70b)). Using Eq. (20),
we thus obtain

‘l}m Ioll,ol' =I5 ol ofl, (74a)
Vy|—00
‘l}m Foll,ol' =Toll.oT}. (74Db)
vl |—o0

By contrast, when taking these limits for bubbles
involving channels 7’ different from r, we obtain zero,

lim FOH/#OF—O

[vy| =00

lim FOH/# ol =0,
ZaEe
(74c)

by similar reasoning as that leading to Eq. (69(:) In

this manner, the 1¢ flow equation (10a) for ’y readlly
yields
/Cr(l) I3 oIl oI},
Kr(l) f’{,oﬁrof‘{,
Ko\ =I5 011, 017,
K§(1>:F§,OI'Y7.0F2’". (75a)
Similarly, the two-loop contribution 7( ) Eq. (10b),
yields
K£r® =o,
ICS(Q) £1)OHTOF2T7
IC;,(2) I5 0ll o 'y(l)
K5® =3 o 1, o Ty + I o I 0 4. (75b)
Due to Eq. (69c¢), ICl( ) vanishes and ICT(Q) }C;,(Q)

contain no terms with ’y( ) on their right or left sides,

respectively. Finally, Eq. (10c) for 7(l+2), with ¢ > 1,
yields

/'CI(€+2) Iy o1, 07( ) oI, o I3,
/'C;(ZJrQ) _ .££+1> oI, oI + 1Y oIl o"y@) o, oIy,
,'C;(Hz) =TIy o1, OW( ) oI, o [T+ 1% oI, 07(Z+1)
Ky =3 o 11 o T + Iy 0 I, 04 o 1T, o I
+ I3 001, 05, (75¢)

Here, I'C;(HQ) # 0 since 1(1) appears in the middle in
the central term of Eq. (10¢); hence, Eq. (69¢) does not
apply.
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Note that these equations can also be used in the con-
text of DMF2RG [32,33]. There, only the full vertex I is
given as an input. While K7, K4 and K5, can be deduced
from I" by sending certain frequencies to infinity (cf.
Egs. (70)) or using Egs. (71), it is not possible to sim-
ilarly extract K% in a given channel as some frequency
limit of the full vertex I'. However, the classes Kj do
not enter the right-hand sides of the flow equations
(75) individually, but only the combination R + K3 =
R+ 3", K5. This is already clear from the general for-
mulation of the mfRG flow equations (10). Consider,
e.g., the 14 contribution ICT( ) of Eq. (75a). There, I3,
contains R+K5+vr = R+Ks+>,., (K K5 K,
and hence only requires knowledge of the full R + Ks.
This holds equivalently for all insertions of the full ver-
tex into flow equations at any loop order. Now, inser-
tions of the differentiated vertex in loop order ¢ into
the flow equations of order £ 4+ 1 and ¢ + 2 do require
a channel decomposition Ky = >, ICg For example,

the two-loop contribution ICT( ) of Eq. (75b) contains

'y£ )7 which, by Eq. (73), involves differentiated vertices

IC3 "#7() These are available via Eq. (75a). Therefore,
in the DMF?RG context, one would start with K, K3,
K%, and the full R+ K3 from DMFT, compute the dif-
ferentiated vertices ICZ independently (including ICZ;),
successively insert them in higher loop orders, and even-
tually update K3 using Kg = Zz - ICT @ in each step of

the flow (recall that R does not flow, R = 0). The same
reasoning also applies to the multi-boson terms M,..

4.3 Relating SBE ingredients and asymptotic classes

The asymptotic classes and SBE ingredients are closely
related [31]. This is not surprising as the properties of
both follow from the assumption that the bare vertex
contains no frequency dependence, except for frequency
conservation. For convenience, we collect these relations
below.

Comparison of Egs. (43) and (71a) yields

wy(wy) = U + K (wy). (76)

Similarly, using Eqs. (42), (43), (71b), and (71c), we can
write the products of Hedin vertices and the screened
interaction as

Arosw, =U+Toll,oU=U+K] + K5,
wpeAp, =U+UoIl, o' =U+ K] + K5,

(77a)
(77b)

We now insert Eq. (76) for U+K] and solve for A, A,

formally defining w, ! through wysw; ! = w; Lew, = 1,.
Thus, we obtain
No=1, +Khew ™, No=1,+w K5, (78)
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full vertex: r

R+ >,

R+ Y, [Ki+ K+ Ky + K3]

)

frequencies:
1 2 3

parquet decomp.:

— asymp. classes:

A _—
e

~ i
R-U+U+ 3, [Arewr oA —U+ M]

4
/
/

Y,

SBE decomp.: QU U 4+ 3 Aew, e ),

— U-r-reduc.:

Fig. 11 Overview over vertex decompositions: The par-
quet decomposition (second line) can be grouped by asymp-
totic classes (third line) or U-r-reducibility (fourth line),
highlighting the relation between these two notions. Arrows
link terms that can be identified: Kj = M, + K5 e wy ' « K3,
and KT + K5 + K5 4+ K5 ewy t e Koy = A\ swy o A — U for the
I-r-reducible contributions, and "™ = R —U + 3 M,
for the fully U-r-irreducible contributions. The colors indi-
cate whether the objects depend on 1, 2, or 3 frequency
arguments

which, when inserted into Eq. (33), yields

V=1 + Kyewt) cwr e (L +w, ' e Ky)
=U+ K[+ K5+ Ky + Ky ew, b e 5. (79)

Depending on model details, it may happen that not all
components of w; " are uniquely defined. However, the
right-hand sides of Egs. (78)—(79) are unambiguous as
the SBE ingredients are well defined through Egs. (41).

Recalling that v, = V,. — U + M,., we conclude that

M, =Ky — Ky ew, ' e K5 (80)

Hence, V, contains a part of K5, namely K5ew, 1eK7,,
which can be fully expressed through functions that
each depend on at most two frequencies. M, con-
tains the remaining part of K%, which must be explic-
itly parametrized through three frequencies and thus
is numerically most expensive. A recent study of the
Hubbard model showed that ) M, is strongly local-
ized in frequency space, particularly in the strong-
coupling regime [31]. This allows for a cheaper numer-
ical treatment of the vertex part truly depending on
three frequencies and constitutes the main computa-
tional advantage of the SBE decomposition.

Equations (76)—(79) fully express the SBE ingredi-
ents through asymptotic classes. Analogous results were
obtained by similar arguments in Appendix A of Ref.
[31]. Figure 11 summarizes the relation between the two
vertex decompositions and their ingredients.

Conversely, the asymptotic classes can also be
expressed fully through the SBE ingredients. Using
Egs. (23), (68), (76), and (78), one finds

KD =w, —U (81a)
Ky =\ —1,) ey, (81b)
g’ = Wy * ()‘7’ - 11“)7 (81C)
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Ky =M.+ (N —1,)ew o (A, —1,). (81d)

Moreover, Egs. (25a), (70b), (70c), and (77) imply

3 = Aoy, (82a)
Iy =w, s A, (82b)
Iy =XNew e(A—1,)+T, (82c)
Iy=0— 1) cw, e N\ + T (82d)

For the latter two equations, we used Eq. (25a) in the
form I' = A, e w, * \. + T,.. Equivalently, using the
definitions of the Hedin vertices in Egs. (32), we can
express K5, K5, and Egs. (82) as

5 ="T,0Il ow,, (83a)
/ng = Wy © Hr o Tr7 (83b)
K% = M, + T, o IT, ow, o I, o T}, (83c)
Iy =w.+ T oIl ow,, (83d)
[g/ =w, +wp oIl oT,, (836)

fg:TT+wrOHTOTT-FTTOUTO?UTOHTOTT, (83f)
FQT,:Tr-i-TrOHrOwr+TroﬂroerHrOTr~(83g)

Since the asymptotic classes and SBE ingredients are
closely related, the same is true for their mfRG flow.
Indeed, it is straightforward to derive the mfRG SBE
flow equations (48) from the flow equations (75) for

K7 ) We briefly indicate the strategy, without pre-
senting all details.

We differentiate the equations (81) expressing K7
through SBE ingredients, and subsequently use Egs. (32)
to eliminate A\, — 1, and A, — 1,.. Thereby, we obtain

K7 =y, (84a)
Ky = /L\,ﬂ ew, + T, oI, o,, (84b)
Kb =, o IT, o Ty + w,. » M, (84c)
Cr = N\powy oIl o Ty + T, 0 I1, 0ty o IT, o T,
+ Ty o I, 0wy o Ay + M,. (84d)

Now, we use Egs. (75) to express the IC: © on the left
through I, Iy, Iy, I}, and Eqgs. (82) to express the
latter through SBE ingredients. By matching terms on
the left and right in each loop order, we obtain flow

equations for w(®, f\&“, /'\5«8) and M,ge). For example, at
1¢ order, Egs. (75a) and (84a) for I'CI(I) yield

M =TI, 01, 0 I'y = wy s A o [T, 0 Ay s wy, (85)

consistent with Eq. (48a). Similarly, for KJ (1), we
obtain
j\gl)-w,ﬂ—FTTOHrow,@l) =TIy oll, oI}

:TTOHToj\rvwr+TT0HTowT°AT0HT05\T-wT.
(86)
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The second terms on the left and right cancel due to
Eq. (85). The remaining terms, right-multiplied by w1,
yield 5\51) =T.oll, o A\, consistent with Eq. (48a). All
of the equations (48) can be derived in this manner.

5 Conclusions and outlook

The SBE decomposition of the four-point vertex was
originally introduced in Hubbard-like models respect-
ing SU(2) spin symmetry and was written in terms of
physical (e.g., spin and charge) channels [26]. Inspired
by Refs. [25-30], we here formulated the SBE decompo-
sition without specifying the structure of non-frequency
arguments (such as position or momentum, spin, etc.)
starting from the parquet equations for general fermionic
models. The only restriction on the structure of the
bare vertex U 1is that, apart from being frequency-
conserving, it is otherwise constant in frequency. Our
formulation can thus be used as a starting point for
a rather general class of models. It can also be easily
extended to the Keldysh formalism or to other types of
particles such as bosons or real fermions.

In this generalized framework, we re-derived self-
consistent equations for the ingredients of the SBE
decomposition V,, = A, e w, » A\, the so-called SBE
equations, by separating the BSEs for the two-particle
reducible vertices regarding their U-reducibility. The U-
reducible V,. have a transparent interpretation through
bosonic exchange fluctuations and Hedin vertices,
describing the coupling of these bosonic fluctuations
to fermions. As our main result, we derived multiloop
flow equations for the SBE ingredients in two differ-
ent ways: first by inserting the SBE decomposition into
parquet mfRG and second by differentiating the SBE
equations. Thereby, we presented the multiloop gener-
alization of the 14 SBE flow of Ref. [31]. In addition,
we gave a detailed discussion of the relation between
the SBE ingredients, M, and V, = A\, e w, * A\, and
the asymptotic classes K] of the two-particle reducible
vertices. Finally, we also presented multiloop flow equa-
tions for the K and thus provided a unified formulation
for the mfRG treatment of the parquet and the SBE
vertex decompositions.

A numerical study of the SBE mfRG flow for relevant
model systems, such as the single-impurity Anderson
model or the Hubbard model, is left for future work.
Below, we outline some open questions to be addressed.

The numerically most expensive SBE ingredient is
the fully U-irreducible vertex ¢V* | involving the multi-
boson exchange terms M,, because these all depend
on three frequency arguments. One may hope that, for
certain applications, it might suffice to neglect V'™ (as
done in Ref. [35] for a DMFT treatment of the Hubbard
model), or to treat it in a cheap fashion, e.g., by not
keeping track of its full frequency dependence or by not
letting it flow (cf. Ref. [31]). This spoils the parquet
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two-particle self-consistency while retaining SBE self-
consistency. It is an interesting open question which of
the main qualitative features of the parquet solution,
such as fulfillment of the Mermin-Wagner theorem [52],
remain intact this way.

One formal feature, namely regulator independence,
is maintained if multiloop flow equations in the SBE
approximation are used. These equations are derived
by setting V" = 0 and M, = 0 from the beginning
(Sect. 3.4) and are actually simpler than those obtained
by setting M, = 0 in the full SBE mfRG flow. We
left the derivation of a self-energy flow directly within
the SBE approximation for future work. The combina-
tion of such a self-energy flow with the vertex flow of
Sect. 3.4 would constitute the total derivative of the
SBE approximation. Therefore, if loop convergence can
be achieved when integrating these simplified flow equa-
tions, the results will be regulator independent, just as
for the full SBE mfRG flow with V™ = 3" M, and

M, # 0, reproducing the PA.

Even if it turns out that a full treatment of ¢
is required for capturing essential qualitative features
of the vertex, this might still be numerically cheaper
than a full treatment of KC5. The reason is that each
K% contains a contribution, the K5« w, 1 « K3, term in
Eq. (79), which is included not in M, but in V,, and
parametrized through the numerically cheaper Hedin
vertices and screened interactions, see Fig. 11. If these
terms decay comparatively slowly with frequency, their
treatment via the K} decomposition would be numeri-
cally expensive, and the SBE decomposition could offer
a numerically cheaper alternative. A systematic com-
parison of the numerical costs required to compute the
multiloop flow of the two decompositions should thus
be a main goal of future work.
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Fig. 12 Tllustration of the structure of V., using w, = U + K (Eq. (76)), including an exemplary sixth-order diagram.
While A\, wr, A factorize w.r.t. their frequency dependence (since they are connected by bare vertices in V), they are
viewed as four-point objects w.r.t. the other quantum numbers (the internal indices 3,3’,4,4’ have to be summed over,

cf. Egs. (6))
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A Diagrams of SBE ingredients

Figure 12 illustrates which parts of the U-r-reducible dia-
grams V, belong to the Hedin vertices Ar, Ar and which
parts belong to the screened interactions w, (for exemplary
low-order diagrams, see Fig. 5).

B Diagrams of asymptotic classes

We illustrate the channel-specific frequency parametrizations
of the vertex (Fig. 3) in second-order perturbation theory
in Fig. 13.

The bosonic frequency w, is transferred through the bub-
ble in which each diagram is reducible, while the fermionic
frequencies v, V.. parametrize the frequency dependence on
each side of the bubble. Evidently, the internal propaga-
tor lines only depend on the bosonic transfer frequency of
the corresponding channel (and the internal integration fre-
quency). The external fermionic frequency v, flows in and
out at the same bare vertex, and so does v,. at another bare
vertex, such that the value of each diagram is independent
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Fig. 13
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Fig. 14 Tllustration of the decomposition of the two-particle reducible vertices -, into asymptotic classes, K7 +K5+K5, +K3

of vp,v,.. This notion can be generalized [16], leading to
the decomposition of each IT-r-reducible vertex ~, into four
different asymptotic classes, K7 + K3 + K5 + K3, depicted
diagrammatically in Fig. 14. A formal definition is given by
Egs. (69) in the main text.

C Relation to SBE in physical channels

The SBE decomposition was originally defined in terms of
the charge, spin, and singlet pairing channels [26]. These
involve specific linear combinations of the spin components,
chosen to diagonalize the spin structure in the BSEs for
SU(2)-symmetric systems [9]. Assuming SU(2) spin symme-
try, we show below how these “physical” SBE channels are
related to the “diagrammatic” SBE channels used in the
main text.

By spin conservation, each incoming spin o € {1, ]} must
also come out of a vertex. The nonzero components thus are

1% — Fa6\<767 f—vo'ﬁ — Fcr&\ﬁa7 °° — Foa\n'a. (87)

Furthermore, crossing symmetry relates FTf and '™, and
SU(2) spin symmetry yields I'7° = 7% + ['?° [53].

On the level of the full vertex, one defines the charge,
spin, and singlet or triplet pairing channels as [9,38]

Fch/sp

el pte g prt

et (88)
This notation carries over to all vertex objects like Vi, A%
and wy, with a denoting ch, sp, si, or tr. .

The bare vertex has U™ = 0 and U™ = —U™, so that

UCh/SP — UTT + UTl iUTi

USl — UT~L _ UTl — 2UT~L.

(89a)
(89b)

The bare interaction U in the triplet pairing channel van-
ishes and does not give a U-reducible contribution [26].

We now show that, if the ingredients of the SBE decom-
position Eq. (41a) are expressed through the physical charge
and spin components (ch, sp) rather than the diagrammatic
components (11, 1) used here, one indeed obtains the orig-
inal form of the SBE decomposition depicted in Fig. 1 of
Ref. [26].
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This is trivial to see for the fully U-irreducible part oV

(analogous to Eq. (88)) and the bare vertex U (Egs. (89)).
It remains to show that for the U-r-reducible terms V, =
Ar oWy * A, the components V& have the form given in Fig. 1
of Ref. [26], with o = ch or sp.

We start with the ¢ channel. Defining sign factors for
charge and spin channels, s =1 and s°® = —1, we have

vy =viT 4ot
_ Xzﬂawala\U'U)\Ia/Ha/ + Sa;\;ruo,szr/U\ala)\Icl\Tol )
(90)

Here, we sum as usual over spin indices o, o:. Making use
of th = w“, ” = wm, and similarly for \¢, A, we can
collect the summands as

Ve = I+ s 3 ] + PO + sTA
= 2w, (91)

which is equivalent to VP* in Ref. [26]. (Note that in our
convention of depicting diagrams, all diagrams are mirrored
along the diagonal from the top left to bottom right (i.e.,
the bottom left and top right legs are exchanged) compared
to the convention used in Ref. [26]: The ph (ph) channel
corresponds to the ¢ (a) channel.)
We continue with the a channel, which is related to the ¢
channel by crossing symmetry,
~ Tlv o T - - r
(wa,ua,ya) = I (Wt = Wa, Vi = Va,V; = V). (92)
The frequency arguments on the right are defined according
to the t-channel conventions (w¢, v, v4), and then evaluated

at the a-channel frequencies occurring on the left. In partic-
ular, we have (cf. Eq. (11) of Ref. [26])

I (wa, Va, V)
1 [FC}‘ +(1+ 250‘)]“59] (Wt = Wa, V4 = Va, v} = V).
(93)
The U-a-reducible diagrams V, can therefore be expressed
through the U-t-reducible diagrams V:
Va (wa: Va, V(/l)
—% [S\Ehwfh)\fh—l—(l —+ QSQ)Xipwfp/\ip] (Was Va,va), (94)

reproducing VP! in Ref. [26]. The frequency arguments on
the right have the same meaning as in Eq. (92).

Last, we consider the p channel. With SU(2) symmetry,
VIT,T = Vgi + @;L, we have

Ve =V 450V = VI (14 sV
_ )\;Llﬂﬂwzﬂ\d &’ )\; 5|1

+ (14 s%)AHoTgolo’ o yo o T (95)

Note that the spins in the first and second pair of spin
indices of w, have to be opposite, ¢ and ¢’5’, since they
connect to the same bare vertex (cf. Fig. 12), and U°? = 0.

Furthermore, the crossing relation U™ = —U™ implies
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wgi = — Agi. By use of this, we can combine the terms

in the spin sums as
Vi = 5 (0 = ANl - (- AT
=5 )‘p ;l/\p ) (96)

which gives VPP in Ref. [26].
In summary, we thus reproduce the decomposition of Ref.
[26]:

I =™ L Ve + Vp + Ve —20%,  (97a)
where the U-r-reducible parts are defined as
V& (Way Va, Vy) = —%th(wa,ua, V)
— (7 — 200,5p) Vi? (Wa, Va, Vs, (97b)

da,sp) [)‘;lw;l)‘;l] (wp Vp, Vz/v)v (97C)
(974d)

Vp (U‘)P7VP7Z/1,7) = (% -

V?(Wt’l’t’lﬁ;) = [X?w?)\?](wh Vi, I/t)~

D Correlators and susceptibilities

Reference [26] established that the SBE ingredients Ar, W,
A are related to three-point correlators and generalized sus-
ceptibilities. For completeness, we illustrate here how these
relations arise within the present framework. The starting
point is the general relation between the four-point correla-
tor G® and the four-point vertex I,

G(4)

12[172/

= G117 Gy — Grj2r G
+ Gl\5’G2\6'F5’6’|56G5\1’G6\2'(
9

= <Cl C2Cor Ell>

By combining two fermionic fields, one obtains the bosonic
exchange field 1, the pairing field ¢, and its conjugate ¢,

Yo (w) = Z av— %)+ %) =1v(-w), (99)
h12(w) = Z e ( e+ I/)Cz —v), (99b)
1o (W) = Zczl ¢ — e (s + ). (99¢)

Three-point correlators and bosonic two-point correlators
involving these fields can be obtained from G® by summing
over the frequency v in the channel-specific parametriza-
tion (cf. Equation (17) and Fig. 3):

65?22\1'2’ (wr,vr) = Z Ggé)\l’Q’ (wr,vryv7),  (100a)
GES’IQH,Q, (wr,vy) = ZE Ggé)‘l,y (wWry vy vr),  (100b)
Dropre (wr) = Z 542)\1/2/ (wr,vr,vy). (100c)

For example, in the p channel, we have
GL:?QH/Q, = (c1ic2drar), Dpazjvz = {$12¢r2). (101)

The four-point correlator G( ) is closely related to the
generalized susceptibilities y\* [38}
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Xfﬁiml'z'(wwl’av 1/('1)

= G310 (Wa, Va, V) + 800G (V) Gayr (V)

= Ouyut Has12)172/ (Wa, Va) + [Ilao "0 Ila]12)172 (Wa,s Va, vh),
(102a)

X;(:;?2|1’2’(‘UP’ vp, Vp) = iGg)u'z'(wPWPsz/’)

= 5upuz')%ﬂp;l2\1’2’(wpv vp) — 51/;;,—”1’)%]]73;12\2’1’(“’177 Vp)

+ [[TpoI'oIlp12)1r2 (wps Vp, Vz/))v (102b)

XE?1>2|1/2/(Wt7 Vt, Vt,)

= GY;)‘I,Q/ (wt,vtﬂ/;) - 5wt,0G1|1’(V;)G2\2’(Vt)

= 6utu£Ht;12\l’2’(wt, V) + [HtOFOHt]12|1’2’(wt7 Vt, Vt,)
(102¢)

In analogy to Egs. (100), we then obtain three-point func-

tions )‘(5‘”7 X(TS) and physical susceptibilities x, by summing
over frequencies:
_@3 4
Xf«;i2|1’2’(wr7 vr) = in;izuw (wr, vr, 1), (103a)
3 4
Xf«;i2|1’2’(“)r7 V) = in;izuw (wr, vy v1), (103b)
4
Xrs12172 (Wr) = Z Xf«;32|1’2’(w“”“”;)' (103c)

The prefactor 1 in Eq. (102b) ensures that the susceptibility
Xr in Egs. (103c) is consistent with its counterpart in the
main text (cf. Eq. (45¢)).

To make a connection between )Z$3>,X(T3), xr and SBE
objects, we use Egs. (102), multiply by the bare interaction
U, and express the result in terms of the four-point vertex:

P eU=1,0(U+TolloU), (104a)
Uex® =(U+UoM,.oloI,, (104b)
UexroU=Uoll,oU+UolIl,ol'olIl,oU. (1040)
Finally, comparing these expressions to Egs. (42)—(44)

shows their relation to the SBE ingredients:

B =, 0N sw, s U ' =10 IY,  (105a)
X@ :U_l-wr-)\roHT:F,(.S)oHT, (105b)
Xr=U'e(w,—U)+U L. (105¢)

These relations are analogous to those given in Eqgs. (6), (8)
and (15) in Ref. [26]. Relations between the bosonic correla-
tors éﬁs), Gﬁs), D, from Egs. (100) and the SBE ingredients
Ar, Wr, A are analogous up to disconnected terms and can
be readily constructed from Egs. (103), (102), and (105).
For example, in the a channel, we have

@(3)

a;12\1’2’(w‘17 I/a) = [Ha [e] j\a *Wq ® U_1}12\1’2’(wa, lla)

= wq,0G1j2 (Va) Z G2\1'(Vé)7

’
Va

Da;12|1/2' (wa) = [U_l * (wa - U) * U_1]12|12'(wa)
*5%,0ZGl\zf(Va)Zqu'(V;)-
’ (106)
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E Susceptibilities for Hubbard interaction

The susceptibilities defined in Eq. (45¢) and in Appendix D
exhibit general dependencies w.r.t. their non-frequency
indices 12]1'2". In the following, we show how they are
related to physical charge, spin, and pairing susceptibilities.
To this end, we focus on models with a local (momentum-
independent) bare interaction, which has only spin degrees
of freedom subject to the Pauli principle. In the a and t
channel, Eq. (44c) with KT = w, — U then reads

Kzll,oo' oo’ _ Uoo'\a o Xg gle's U° a’\ao7 (1073)
IC);;UU oo’ Ua’cr/\c?/o'/ Xfﬁ/|55'/ UU&‘J& (107b)
We further specity U717 = U(0y0r — Oy5¢), With the

(scalar) bare interaction strength w. With SU(2) symmetry,
a1o1lo20y _ oL ‘52527 Egs. (107) thus simplify to

’ ! ’ ’
oo'loo’ _ a/tioo’|oo 2
aft = K7 Ju.

(108)
In the p channel, we have

’ !’ ’ = = = = !
p;oc0 (OO o0 (010 g10 g0 00 oo
K | _ E :U lo1 1Xpl 1lo2 2 [79252|
o109

(109a)
_ Uaa’|00’ XZU/WGI UUU,WUI_ (109b)

Here, the second line (109b) follows from SU(2) and crossing
symmetry. It employs

Xp(wp) = [1p o0 ﬁp o 1p](wp)

+ [1p°ﬁpopoﬁp°1p}(“’p)7 (110)
where ﬁp;34‘3/4/ = 03‘31G4|4/ = 21II,,34)374’ does not include
a prefactor 1/2 (introduced in Eq. (5b) to avoid double
counting within internal spin sums), since there are no spin
sums in Eq. (109b). (This definition of the p susceptibil-
ity agrees with the related literature, e.g., Ref. [38].) With

7 ’
yeoles’ = —ud,5/, We can write

~oo’ oo’ pioo’|oc’ | 2
Xp = 505/ Kl’ /U k)

(111)

in analogy to Eq. (108).

The relation between these “diagrammatic” susceptibil-
ities xr and their “physical” counterparts can be made
explicit by means of the bilinears

Poo! =CoColy  Opoo’ = Poa’ — (Poo)bser  (112a)
Dot = CoCol, P =CprCo. (112b)
Then, we have in the imaginary-time domain
X 17T(r) = ~(6p0 (M)0paar (0)),  (113a)
%7177 T) = (0 ()P0 (0)), (113b)
X777 (1) = (8no (7)0n,1(0)). (113c)
with n, = poso. Choosing the spin arguments as x,.+ =
XIL\T¢7 we furthermore get
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X () = —(S-(1)84), (114a)
X' (r) = (Aa(m)Al(0)) (114b)
Xt*(7) = (n1(7)6n,(0)). (114c)
Hence, x4* describes spin fluctuations (S— = &.¢p, Sy =
¢rey) and ¥}V singlet pairing fluctuations (As = crcy). By
SU(2) spin symmetry, %XZJ'(T) = —(S:(7)S:), with S, =

1(n+ —ny) = 1(0ny — ony). It then follows that

X1 (1) = 5x3t (1) = 5 ((Fne(r)dne) + (Fne(r)on, )
1 (115)

describes charge fluctuations with n = ny +ny.
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3.3 Notes on implementations

The implementation of an mfRG solver in the SBE formulation has been left for future work.
However, previous experience and intermediate results can presumably be transferred to
such a project. These do not replace thorough profiling, but may guide the first steps to the
development of a code.

To begin with, an implementation in the MF at finite temperature is numerically far
less challenging than an implementation with continuous frequencies. The SBE parquet
solver! that was published with [P2] may serve as reference (cf. Ref. [GSvDK24] for a
further development of the code for systems without SU(2) spin symmetry). By comparison
of the parquet and flow equations (see Egs. (41), (48) in Ref. [P1]) one finds that many
operations are similar. Hence, optimizations may benefit both methods. As explained in
[P2], the computation of the U-r-irreducible vertex, T}, is a major bottleneck. It involves the
combination of SBE contributions V; = A\ ews+ \s which are given in the 7-channel frequency
convention and have to be rotated to the r-channel convention. Several optimizations were
implemented to accelerate the computation: Firstly, since the «-product implies a contraction
over spin indices, physical spin channels were used in which the operation is diagonal. Secondly,
even though the data in all contributions, w, and A, could be reduced by symmetry relations,
all values were prepared to be directly accessible in memory. While this leads to higher
memory consumption, it sped up the retrieval of data.? Lastly, T is precomputed and reused
in the BSE for A\, and M,. This optimization, again, improved computation time at the cost
of higher memory consumption. The 7T, in the mfRG equations consist of even more terms.
As explained in Eq. (46) of Ref. [P1], the product structure of the SBE terms V, leads to
three terms in the differentiated SBE term V,. Hence, it is expected that such optimizations
are even more valuable for an implementation of the mfRG equations.

In the Keldysh formalism further complications arise due to the continuous frequencies
and the additional index structure. For an implementation analogous to that in Ref. [P3],
KF functions are sampled on a non-linear grid in each frequency direction. Function values
are determined by multi-linear interpolation. While the SBE terms V, and V, definitely
can be precomputed in the r-channel frequency convention, sampling V, on the grid of a
different frequency convention might impair its resolution. Furthermore, the «-product also
implies a contraction over Keldysh indices. For a complete analogy to our implementation
in [P3], w, and A, would each carry four Keldysh indices. After suitable ordering of the
Keldysh indices [see Eq. (2.69)], these contractions amount to matrix products. However,
the Keldysh structure can be further simplified in the SBE formulation: Since w, and A,
effectively are two-point or three-point functions, the number of Keldysh indices can be
reduced to two or three, respectively. The resulting SBE diagram V, = A s wy e )\, IS a
four-point object again and can be inserted into the BSE for A, or M,,. This is an advantage
of the SBE decomposition over the asymptotic decomposition where the 2PR vertex is the
sum of asymptotic contributions v, = >, K;. Therefore, the asymptotic functions, Kj.,
always carry four Keldysh indices while SBE components, w, and A., can be consistently
treated with two or three indices, respectively.

1 https://github.com/dominikkiese/MBEsolver.jl

2 Symmetries were used to reduce the number of points which have to be computed via the BSE. The
symmetry-reduced data also facilitated the task for some solvers for non-linear equations by reducing the
number of parameters.
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4 Quantum field-theoretic study of the Anderson
impurity model

4.1 Overview

This chapter presents an imaginary- and real-frequency study with two diagrammatic methods:
the parquet equations and the functional renormalization group. As a physical benchmark
system we consider the single-impurity Anderson impurity model (AIM) as described in
Sec. 2.2.5. This model is well studied and understood, e.g. with the numerical renormalization
group [BCPO8] which provides the benchmark results for our project. The AIM describes
a single (magnetic) impurity in a metal. This model hosts interesting physical behavior
such as the spontaneous formation of a local magnetic moment or the Kondo effect [Kon64]
at low temperatures and strong interactions [And61, Hew97]. It has also been used to
study transport through quantum point contacts [JPS10]. Furthermore, while the AIM is
interesting on its own, it also serves as an auxiliary model for dynamic mean-field theory
(DMFT) [GKKR96] where it is used to study lattice models such as the Hubbard model
and the periodic Anderson model, for instance. DMFT has proven to accurately describe
phases of matter with local correlations. To incorporate long-range correlations one could use
diagrammatic methods. For instance, the dynamic vertex approximation (DI'A) [TKHO07]
solves the parquet equations for a lattice model using a local approximation of the 2PI vertex
R = Rjoc which is taken as an input from DMFT. Similarly, the DMF2RG uses the full vertex
of an impurity model as a starting point for an fRG flow from an impurity to a lattice model
[TABT14].

Our study uses the mentioned diagrammatic methods, i.e., the parquet equations and the
functional renormalization group. Previous diagrammatic studies of the AIM were often per-
formed in the Matsubara formalism, e.g., Refs. [KHP108, CGKH"22]. Matsubara functions
directly reveal static and thermodynamic properties which are evaluated at zero time or zero
frequency. However, dynamical observables can only be obtained by an ill-conditioned analytic
continuation of the numerical data, as detailed in Sec. 2.1.6. Diagrammatic calculations
in the Keldysh formalism come at the cost of increased numerical complexity. Previous
real-frequency studies either made strong approximations to the frequency dependence of
the vertex [JS10] or solved a simplified set of equations, e.g. [KWC97]. In our studies we
aim to pave the way for methods such as DMF?RG or DI'A. Hence, we seek to demonstrate
that diagrammatic calculations involving the full Keldysh- and frequency structure of the
four-point vertex are feasible. While many recent applications of these methods make further
approximations, e.g., to the inter-channel feedback in the Bethe-Salpeter equations or relin-
quish parquet self-consistency, we also show that full parquet self-consistency can be reached
within the parquet approximation. As discussed in Sec. 2.2.4.2, parquet self-consistency (and
regulator-independence) can also be reached in fRG by including multi-loop corrections. In
App. B we show that — within the parquet approximation — both parquet equations and
multi-loop fRG (mfRG) indeed lead to the same results. However, the multi-loop expansion
of real-frequency vertices seems to develop structures which are more difficult to resolve than
those in the actual full vertex obtained from summing up all multi-loop contributions.
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In terms of quantitative results, the studied methods suffer from our diagrammatic
approximations which already introduce truncations at fourth order in perturbation theory.
Thus, we cannot hope to outperform specialized impurity solvers. To evaluate the accuracy of
the methods we compare two-point functions with results from the numerical renormalization
group (NRG) which yields numerically exact real-frequency results for low temperatures
and arbitrary interaction strenghts. Recently, an extension of the NRG even allows the
computation of the vertex [LKvD21, LHS*24].

The following papers present the results of the project. While Ref. [P3] focuses on a
comparison of the computed observables and checks the fulfillment of physical identities, the
code publication in Ref. [P5] details the technical aspects of our work. In Ref. [P2] we further
present a Julia library for diagrammatic calculations in the Matsubara formalism.
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A major challenge in the field of correlated electrons is the computation of dynamical correlation functions.
For comparisons with experiment, one is interested in their real-frequency dependence. This is difficult to
compute because imaginary-frequency data from the Matsubara formalism require analytic continuation, a
numerically ill-posed problem. Here, we apply quantum field theory to the single-impurity Anderson model
using the Keldysh instead of the Matsubara formalism with direct access to the self-energy and dynamical
susceptibilities on the real-frequency axis. We present results from the functional renormalization group (fRG)
at the one-loop level and from solving the self-consistent parquet equations in the parquet approximation. In
contrast with previous Keldysh fRG works, we employ a parametrization of the four-point vertex which captures
its full dependence on three real-frequency arguments. We compare our results to benchmark data obtained
with the numerical renormalization group and to second-order perturbation theory. We find that capturing
the full frequency dependence of the four-point vertex significantly improves the fRG results compared with
previous implementations, and that solving the parquet equations yields the best agreement with the numerical
renormalization group benchmark data but is only feasible up to moderate interaction strengths. Our methodical

advances pave the way for treating more complicated models in the future.

DOI: 10.1103/PhysRevB.109.115128

I. INTRODUCTION

Strongly correlated electrons are of central interest in
condensed-matter physics and a prime application for quan-
tum field theory (QFT). Two current frontiers in this context
are (i) dealing with two-particle correlations on top of the
familiar one-particle correlations, and (ii) obtaining real-
frequency information relevant to experiments, as opposed
to imaginary-frequency information popular in theoretical
analyses. Indeed, much attention has recently been devoted
to the two-particle—or four-point (4p)—vertex of correlated
systems, e.g., regarding efficient representations [1-7] or
the divergences of two-particle irreducible vertices [8-22].
Moreover, new algorithms have emerged, such as diagram-
matic Monte Carlo for real-frequency 2p functions (one
frequency argument) working with analytic Matsubara sum-
mation [23-29] or real-time integration [30-33], as well
as numerical renormalization group (NRG) computations
of real-frequency 4p functions (three frequency arguments)
[34,35].

Here, we combine aspects (i) and (ii) and study real-
frequency two-particle correlations in a QFT framework
within the Keldysh formalism (KF) [36-38]. We employ
two related methods: functional renormalization group (fRG)
flows at one-loop level [39] and solutions of the self-consistent
parquet equations [40]. These approaches are promising
candidates for real-frequency diagrammatic extensions [41] of
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dynamical mean-field theory [42], where the self-consistently
determined impurity model is solved with NRG [43]. In prac-
tice, this means using the NRG 4p vertex [34,35] as input for
fRG [44,45] or the parquet equations [46,47]. Fully exploiting
this nonperturbative input requires taking the full frequency
dependence of the 4p vertex into account. The present work is
a proof-of-principle study showing that it is indeed possible to
track the three-dimensional real-frequency dependence of the
4p vertex with fRG and parquet methods.

To demonstrate our capability of handling 4p vertices
in real frequencies, we choose the well-known [48] single-
impurity Anderson model (AM) [49] as a test case. Its 4p
vertex depends only on frequency and spin arguments, orbital
or momentum degrees of freedom are not involved. Moreover,
we can benchmark our results against numerically exact data
obtained with NRG [43].

On a historical note, we mention some early pioneer-
ing works on the AM where multipoint functions depending
on multiple real frequencies were computed using various
diagrammatic methods [50-53]. Anders and Grewe [50,51]
computed the finite-temperature impurity density of states and
spin-fluctuation spectra up to order O(1/N?) in a large-N ex-
pansion using a resummation that included skeleton diagrams
of the crossing variety up to infinite order. This approach
involved the analytic continuation of 2p and 3p functions
from imaginary to real frequencies. Kroha, Wolfle, and Costi
[52,53] studied the AM in the strong-coupling limit using
a slave-boson treatment of local fermions and a conserving
T-matrix approximation. They computed the auxiliary
(pseudofermion and slave boson) spectral functions in the
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Kondo regime. Their approach involved the analytic continua-
tion of 7' matrices (4p objects depending on three frequencies)
from imaginary to real frequencies. This was possible due to
two simplifications arising in their approach. First, the Bethe—
Salpeter equations for the 7 matrices were simplified via
ladder approximations that neglect interchannel feedback but
are sufficient to capture the leading and subleading infrared
singularities. Second, the auxiliary propagators involve pro-
jection factors that cause their contributions to vanish along
the branch cuts encountered during the analytic continuation
of the T matrices. As a result, only integrations along branch
cuts of the conduction-electron propagators contribute to the
auxiliary-particle self-energies. In particular, only one of the
fifteen Keldysh components of the 7 matrices were involved
in these computations.

In the present paper, we consider a more general setting.
We compute the full 4p (impurity-electron) vertex, which
requires a treatment of the complete Keldysh structure. Fur-
thermore, the diagrammatic methods considered here—the
fRG and the parquet equations—treat all three channels of
two-particle fluctuations (density, magnetic, pairing) in an
equitable manner, fully including interchannel feedback. The
latter causes severe technical complications: each channel
has its own frequency parametrization; hence, interchannel
feedback involves interpolations between different frequency
parametrizations, which in turn demand great care when
working with discrete frequency grids. One of our goals is
to develop numerical strategies for conquering these com-
plications in a general, robust manner, as a first step toward
studying more complicated models in future work.

Keldysh fRG flows with dynamic 2p and 4p functions
were pioneered by Jakobs and collaborators [54-56] and
subsequently used in Refs. [57-59]. In all of these works,
the dependence of the 4p vertex on three frequencies was
approximated by a sum of three functions, each depending
on only one (bosonic) frequency. Here, we present Keldysh
one-loop fRG flows with the full, three-dimensional frequency
dependence of the vertex, finding remarkable improvement
compared with previous implementations [54,55]. We also
solve the parquet equations in the parquet approximation
(PA) in this setting, yielding results closest to NRG in the
regime where the parquet self-consistency iteration converges.
This regime corresponds rather accurately to the condition
u <1, where u=U/(wrA) is the dimensionless coupling
constant that controls the (convergent bare) zero-temperature
perturbation series [60]. For completeness, we also discuss
second-order perturbation theory (PT2). Although the PT2
self-energy in the particle-hole symmetric AM (sAM) yields
strikingly good results (for known reasons, see Sec. I1 E), the
susceptibilities or the results in the asymmetric AM (aAM)
clearly show the benefits of the infinite diagrammatic resum-
mations provided by fRG and the PA.

A conceptual equivalence between truncated fRG flows
and solutions of the parquet equations has been established via
the multiloop fRG [61-63]. For the AM treated in imaginary
frequencies, this equivalence was analyzed numerically in
Ref. [64], and multiloop convergence was demonstrated up
to moderate interaction strengths. We refrain from presenting
a similar study in real frequencies here, leaving that for future
work.

The rest of the paper is organized as follows: In Sec. II,
we give a minimal introduction to the KF (Sec. Il A) and
summarize the methodical background for fRG and the PA
(Secs. II B and I1 C). The AM is briefly introduced in Sec. II D,
followed by a concise description of our benchmark meth-
ods for this model (Sec. IIE). In Sec. III, we present our
results, beginning with dynamical correlation functions com-
puted directly on the real-frequency axis (Sec. III A). We
then turn to various static properties in Sec. III B and check
the fulfillment of zero-temperature identities between them
(Sec. III C). The frequency-dependent two-particle vertex is
shown in Sec. III D. We conclude in Sec. IV and give a brief
outlook on possibilities for future work.

Nine Appendixes are devoted to technical matters.
Appendix A summarizes our parametrization of the 4p vertex
and its symmetry relations. Appendix B shows the frequency
dependence of all vertex components, as obtained in the PA.
The fully parametrized parquet and fRG flow equations are
stated in Appendix C, and Appendix D discusses a channel-
adapted evaluation of the Schwinger-Dyson equation for the
self-energy in the PA. Appendix E deals with a known equal-
time subtlety in the KF, relevant for computing, e.g., the
Hartree self-energy in the aAM. In Appendix F, we give a
concise definition of all diagrammatic contributions to PT2.
We provide more details on the actual fRG and PA implemen-
tation in Appendix G and comment on the numerical costs in
Appendix H. Finally, Appendix I scrutinizes the fRG static
magnetic susceptibility at u 2> 1 for different settings of the
frequency resolution.

II. BACKGROUND
A. Keldysh formalism

The Keldysh formalism [36-38] is a suitable framework
for studying systems out of equilibrium, as well as systems
in thermal equilibrium if aiming for a finite-temperature real-
frequency description. An extensive introduction can be found
in Ref. [65]; more compact introductions in the context of
fRG are also given in related Ph.D. theses [54,57,66,67]. Here,
we only give a short summary of the concepts needed in this
paper.

Consider a (potentially time-dependent) Hamiltonian H (¢)
and a density matrix known at time ¢y, pp = p(fo). The expec-
tation value of an operator O at time f reads

(O) = Tr [Te i AHOOT o HO o1 (1)

Here, T is the time-ordering operator, and T denotes antitime
ordering. In the KF, one rewrites Eq. (1) as

(O(t)) = Tr [’Tc {(rf A HH () ¢y g iy AU H(¥) po}]

< —
<

<1} !
<+ T

t time to

Y

* o)

The Hamiltonian, and all operators in it, acquire an addi-
tional contour index ¢ = F, indicating whether they sit on the
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forward (—) or backward (4) branch of the Keldysh double-
time contour. The contour-ordering operator 7c puts all
operators on the backward branch left of those on the forward
branch, and antitime orders (time orders) them on the back-
ward (forward) branch.

In the above equation, O, inserted at time 7, can be placed
on either branch. However, if O is a product of multiple
operators, they also come with contour indices to ensure the
correct ordering. It follows that an n-point correlator generi-
cally has 2" Keldysh components. For example, the two-point
correlator in terms of the creation (1 7) and the annihilation
operator (i) reads

Gt 1) = —i(Tey (Y™ (). 3)
Resolving the contour indices ¢, ¢’ yields the matrix
. (G- G+ GT G-
G — <G+\— G+\+> = (G> GT ) @
Using the redundancy G< + G~ — G7T — GT = 0, which
holds as long as ¢t # ¢’ (see Appendix E for the case r = t'),

the Keldysh structure of G can be simplified. The Keldysh
rotation invokes the Keldysh indices k = 1 and 2, where

1 1
W:ﬁ(w——wﬂ, wkﬁ(w-ﬂm, Q)

and equivalently for /7. We can thus define a basis transfor-
mation matrix D via y¥ = Dkeyre:

(1 - a1
D_ﬁ(l 1) =5l q) ©

Rotating G as G = DG (D=1)¥ yields

. (G G'? o ¢
G =7, = : (7
G I1 GZ\Z GR GK
where G'' =0 follows from the redundancy mentioned
above. We find the retarded propagator
GR(t1, ) = —iO®t — n)({c(t), ')}, (®)

where {-, -} denotes the anticommutator, and its advanced
counterpart GA(t(, t,) = [GR(t2, t;)]*, as well as the Keldysh
propagator GX (¢, t,) = —[GX (12, 1/)]* [54].

For a time-independent problem, we have G(t,15,) =
G(t) — 1) and frequency conservation with

GW) = / dre”'G@t), G@)= / ;—;e’i“’G(v). )

In the following, we consider thermal equilibrium at tempera-
ture 7 and chemical potential p, set to zero. Then, the density
matrix is pg = e /T /Z (with kg =1 and Z = Tre H/T),
and the Keldysh components of G fulfill the fluctuation-
dissipation theorem (FDT) [54,65]

GX(v) = 2itanh (3)ImG* (v). (10)

B. Diagrammatic framework

The one-particle propagator can be expressed through the
bare propagator Gy and the self-energy X via the Dyson

equation. Using multi-indices 1, 1’, etc., we have

1 1 1 1 1 2 2 1
Gl‘l,:—<— = —e —}—A—@—d—,

Go Go G
(1n

where the internal arguments 2,2’ are summed over. This
equation is solved by G = (G, ' — ¥)~!. The self-energy has
a Keldysh structure similar to Eq. (7),

, 21“ 21\2 ZK ER
Zkl‘kl — (22“ 22‘2> = <EA 0 ), (12)
and ©X(v) = 2i tanh(3)ImZ* (v), cf. Eq. (10).

The two-particle (or four-point) correlation function G
can be expressed through the four-point vertex I,

2 2
@ -
G12|1'2' = B aw ~
1 1
Y 2 ¥ 2 ¥ 4 4 2
— > >
= — + + T ,
— - -
1 1 1 1 1 3 3 1

13)

where the internal arguments (3, 3', 4, 4') are again summed
over. From G™, one obtains susceptibilities by contracting
pairs of external legs (see Appendix C for details).

The bare vertex, as the full vertex, is fully antisymmetric in
its indices. Thus, a purely local and instantaneous interaction
is of the type
(Co)otogior0, 11 L2111 12)

1
= _US(tll = té =h= t2)80'|.5'2/(80']/,0'280:;,0'| - 801/,01 562’,62)5
(14)
with U > 0 for a repulsive interaction. This corresponds to a
Hugenholtz diagram (single dot) [68]

9 o! B o o
g g
Mohierna= 3= -
!
1 1 o o
(15)

As the bare vertex is part of either H™ or H~ in Eq. (2), all
its contour indices must be equal [54],

(F0)1’2’|12 = _Cl8(3,]:Cé=C]262(1—‘0)0']/(72,‘0']()'2(t£7 Z‘2/|t15 IZ)- (16)

It acquires a minus sign when moved from the forward (c; =
—) to the backward (c; = +) branch of the Keldysh contour.
After Keldysh rotation, one obtains

%(FO )01’0'2’|01¢72 s Z,‘ ki odd

Kikylkiky a7

(F()) !
[0310102 0, else,

where ), k; is short for k] + k) + ki + k,.
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C. Many-body approaches

So far, we defined the basic objects of interest, namely,
one- and two-particle correlation functions in the KF, encap-
sulated in the self-energy X and the 4p vertex I',

2 2/

1’ 1
Y= -4-@-4- s Tare =

1 1

. (18)

One can derive a diagrammatic perturbation series for each of
them. However, to extend our description from weak to inter-
mediate coupling, we want to resum infinitely many diagrams.
We use two strategies achieving this: fRG [39,69] and the PA
[40]. We summarize both schemes in turn and then comment
on their relation.

In fRG, one introduces a scale parameter A into the bare
propagator Gy, such that the theory is solvable at an initial
value A = A;, while the original problem is recovered at a
final value A = Ay (ie., Gé\’ = Gy). Here, we choose G(‘)\i
very small, so that £4/ and ' can be obtained by perturba-
tion theory or by iterating the parquet equations (see below)
until convergence. The final results ¥4 = ¥ and T'» =T
are obtained by solving a set of flow equations. In fact, the
fRG provides an infinite hierarchy of flow equations, which
is in principle exact but must be truncated in practice. The
flow equations for Y =9, and I" = 9,T in diagrammatic
notation are

The propagator with a dash is the single-scale propaga-
tor § = 95 Glxz—const; propagator pairs with a dash indicate
15 = SG + GS. We adopt the one-loop fRG scheme where
the truncation consists of I'© = 0. As is commonly done, we
then employ the so-called Katanin substitution [70] where T
is replaced by IT = GG + GG.

The parquet formalism consists of solving a self-consistent
set of equations on the one- and two-particle level. It involves
the Schwinger-Dyson equation (SDE)

o2 L CTH, -

where the first term is the Hartree self-energy ¥y, as well as
the Bethe—Salpeter equations (BSEs)

. (20c)

(20d)

Here, y, is the two-particle reducible vertex in a given channel
r € {a, p,t}, while I, =T — y, is the corresponding two-
particle irreducible vertex. The parquet equation

F'=R+y.+v,+n

gives the full vertex in terms of the two-particle reducible
vertices as well as the fully irreducible vertex R. The set
of equations (20) is exact. However, R in Eq. (20e) is not
determined by an integral equation itself and serves as an
input, for which an approximation must be used in practice.
The PA is the simplest such approximation:

R =Ty + O[(I'y)*] ~ I'y. 1)

(20e)

Thus, the set of equations (20) closes and can be solved by
standard means.

The truncated (one-loop) fRG flow and the PA are closely
related but differ in details. An equivalence between them
is established by the multiloop fRG [61-63] (see also
Refs. [64,71-76]): By incorporating additional terms into the
flow equations, which simulate part of the intractable six-
point vertex in the fRG hierarchy of flow equations, the scale
derivative of the self-energy and vertex is completed to a
total derivative of diagrams, which are precisely the diagrams
contained in the PA. Hence, if multiloop convergence can
be achieved, the regulator dependence of the truncated fRG
flow is eliminated, and one obtains results equivalent to the
PA. Here, we restrict ourselves to one-loop fRG flows. Our
numerical explorations with multiloop fRG for the AM in the
KF have so far shown that the additional terms are numerically
less well behaved, requiring a prohibitively high numerical
resolution. This task is therefore left for future work, where
compression techniques such as the new quantics tensor cross
interpolation scheme [7,33,77] could be used to keep the
needed numerical resources manageable.
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D. Single-impurity Anderson model

The formalism introduced above is completely general
and can be applied, e.g., to lattice or impurity models alike.
Comparing Keldysh to Matsubara approaches, the spatial or
momentum degrees of freedom of lattice models are treated
similarly in both cases. By contrast, the temporal or frequency
dynamics are naturally very different. In impurity models, the
frequency dynamics are isolated, saving the cost of including
momentum variables. Hence, we consider in this paper the
AM [49] in thermal equilibrium. Its physical behavior is well
understood [48], and NRG [43] can be used to obtain highly
accurate real-frequency benchmark data.

The model is defined by the Hamiltonian

H = ZGCZGCH’ + (Gd + h)l’l¢ + (Gd — h)fu + UIZTI’Q

€0

+ Z(Vedicm +H.c.), (22)

€0

with spinful bath electrons, created by cZa, and a local level
(d;). The latter has an on-site energy €; and Coulomb repul-
sion U acting on n, = d;do. Although we consider 2 = 0, we
include the magnetic field in Eq. (22) for a simple definition of
the magnetic susceptibility. The bath electrons are integrated
out, yielding the frequency-dependent retarded hybridization
function —ImAR(v) = > Ve |28(v — €). We consider a flat
hybridization in the wide-band limit, Af = —iA, so that the
bare impurity propagator reads

1

Gy(v) = ———.
o) vV—¢€g4+IiA

(23)
We use the dimensionless parameter u = U/(x A) for the in-
teraction strength on the impurity in units of the hybridization
strength to the bath. We focus on two choices of the on-site
energy: one with particle-hole symmetry, ¢, = —U/2, and
one without, ¢; = 0. We refer to these as the symmetric AM
(sAM) and asymmetric AM (aAM), respectively.

For the sSAM, Xy = U/2 is conveniently absorbed into the
bare propagator,

1

1
G — GR = . =—. 24
V—¢€4+IA— Xy v+ IiA

For perturbative calculations in the aAM (as in PT2 or to
initialize the parquet iterations), we also replace Gy by Gy
(see Appendix E for details).

For the fRG treatment, we use the hybridization flow [54],
where A acts as the flow parameter and is decreased from a
very large value to the actual value of interest. This is con-
venient because every point of the flow describes a physical
system, at the given values of A, U, T. In other words, the
fRG flow provides a complete parameter sweep in A, while
the other parameters (U, T) remain fixed. Then, the fRG
single-scale propagator is

SRW) = 9aGR (V)| gmcons = —i[GF M. (25)
In the limit A — o0, the values of I" and X are [54]

1_‘|A:c>o = 1-‘()7 ER'A:OO =Xy= U(”rr) (26)

Note that while all vertex diagrams of second order or higher
vanish as A — 00, the first-order contribution of %/ (the
Hartree term Xy) is finite. As discussed in Appendix E, Xy is
given by an integral over G=, which gives a finite value U (n,)
even in the limit A — oo. In practice, we start the flow at a
large but finite value of A, and use the self-consistent solution
of the parquet equations as the initial conditions for ¥ and I,
as they can be easily obtained for sufficiently large A.

E. Benchmark methods

As a real-frequency benchmark method, we use NRG in
a state-of-the-art implementation based on the QSpace ten-
sor library [78-80]. We employ a discretization parameter
of A =2, average over n, = 6 shifts of the logarithmic dis-
cretization grid [81], and keep up to 5000 SU(2) multiplets
during the iterative diagonalization. Dynamical correlators are
obtained via the full density-matrix NRG [82,83], using adap-
tive broadening [84,85] and a symmetric improved estimator
for the self-energy [86]. We also extract zero-temperature
quasiparticle parameters from the NRG low-energy spec-
trum [87-93]. Dividing the quasiparticle interaction U by the
square of the quasiparticle weight Z? yields the 4p vertex at
vanishing frequencies I';| (0). Thereby, we obtain I'} | (0) =
—U/Z* at T = 0 very efficiently and accurately. For a finite-
temperature estimate, we divide U by the finite-temperature Z
deduced from the dynamic self-energy as opposed to the zero-
temperature Z following from the low-energy spectrum. We
also compute the dynamical 4p vertex in the Keldysh formal-
ism, exploiting the recent advances described in Refs. [34,35].

For completeness, we also compare our results to PT2.
Perturbation theory of the AM is known to work well when
expanding around the nonmagnetic Hartree—Fock solution
[60,94-97]. PT2 famously and fortuitously (cf. the iterated
perturbation theory in the DMFT context [42]) gives very
good results for the self-energy of the sAM, where €¢; =
—U/2 and ¥y cancel exactly. The reason is that Xpr; is
correct in the limits u— 0 and u— oo. In the latter case,
the spectrum —%ImGR consists of two discrete peaks, and,
in the SAM, the resulting expression for ©* = 1/G§ — 1/GR?
is (U/2)?/(v +i07), coinciding with PT2. One may further
note that corrections to Ipro start at order u?, as only even
powers contribute to the expansion of ¥ for the sAM, and
that the expansion converges very quickly (see Figs. 3.6 and
3.7 in Ref. [95]). Additionally, the high-frequency asymptote
lim,_, o, V(ZR — Zy) is fully captured by PT2, as the general
expression U2 (n, )(1 — (n,)) reduces to (U/2)? (with (n,) =
1/2 in the sAM), i.e., the second-order result.

For the aAM, Xy must first be determined in a self-
consistent way. This is crucial because (n,) is not well
approximated by a few orders in u [recall the Friedel sum
rule at T =0 [98], (n,) = 1 — L arctan{[e; + Z(0)]/A}].
The self-consistent Hartree propagator fulfills the Friedel sum
rule at 7 = 0, but the resulting (n,) for given €, is of course
not exact. When using PT2, we compute quantities of interest,
such as Xpr, using the Hartree propagator (see Appendix F
for details). However, in contrast with the SAM, Xpt, is not
exact at u— oo (cf. Ref. [99]), odd powers in u contribute to
3, and the high-frequency asymptote of Xpr;, involving (1),
is not reproduced exactly.
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Finally, we also compare our fRG and PA results to
“K1SF calculations” mimicking the previous state of the art
in Keldysh fRG. References [54,55,58] used a scheme where
the full vertex is decomposed into the three channels [cf.
Eq. (20e)] and, for each two-particle reducible vertex y,, only
the dependence on the bosonic transfer frequency is retained
[see Eq. (76) in Ref. [55]]:

F~To+ Y v @7

r=a,p,t

Note that, within Matsubara fRG, Ref. [100] compared
this simplification (called “Appr. 17 therein) to the full
parametrization. When inserting the vertex parametrized ac-
cording to Eq. (27) into the self-energy flow (19a), no further
approximations are needed. However, when inserting the
vertex on the right of the vertex flow equation (19b), the
interchannel contributions are approximated by their static
values [in thermal equilibrium with u = 0, see Eq. (83) in
Ref. [55]]:

Tlruse) & To+ vr(@) + Y vr(@)lo,—0.  (28)
r'#r

With this approximation the only frequency dependence of the
integrands lies in the propagator pair. By contrast, an exact
decomposition of each y, has the form [2]

yr(wrv Vr, U;) = Klr(a)r) + KZr(wra Vr)
+ KZ’r(wh V;) + K3r(wr, Vr, U;) (29)

(The frequency arguments w,, v,, v. are defined in

Appendix A, Fig. 12.) Thus, the above approximation
can be understood by retaining only the Kj, contributions
while ensuring a static feedback (SF) between the differ-
ent channels—hence the abbreviation K1SF. Within K1SF,
there are different ways of treating the feedback from the
self-energy. Previous works found better results at 7 =0
by inserting only the static rather than full dynamic ¥ into
the propagator [56]. We confirm this finding at 7 = 0 but
observed that the static ¥ feedback has problems at T 5 0,
failing, e.g., the requirement Im¥ < 0. Instead, we obtained
much better results (particularly fulfilling Im¥ < 0) by using
the full dynamic ¥ feedback together with the Katanin substi-
tution [70].

F. Note on the numerical implementation

Compared with the more common Matsubara formalism
(MF), the KF entails notable differences in the numerical
implementation that we summarize here (see Appendix G
for details). Most importantly, while finite-temperature Mat-
subara computations employ a discrete set of (imaginary)
frequencies, Keldysh functions depend on continuous (real)
frequencies. Furthermore, the Keldysh index structure in-
creases the number of components of the correlators (to be
computed and stored) by a factor of 4 and 16 for 2p and
4p objects, respectively. Hence, working in the KF requires
considerably higher effort in terms of implementational com-
plexity and numerical resources.

To minimize systematic numerical errors, a faithful
representation of the vertex functions is essential. The de-

composition (29) of the reducible vertices [2] is beneficial
for capturing the high-frequency asymptotics. Indeed, the
lower-dimensional asymptotic functions, K; and K>, allow
for a good resolution at comparably low numerical cost. A
good resolution of the continuous Keldysh functions further
necessitates a suitable choice of sampling points. We use a fre-
quency grid with high resolution at small frequencies, where
the vertices show sharp features, and fewer points at higher
frequencies. In fRG with the hybridization flow, the frequency
grids also have to be rescaled to account for changes scaling
with A; for fully adaptive grids (which were not required in
this work, cf. Appendix G) see also Refs. [73,74,76].

Continuous-frequency computations also require efficient
integration routines. We use an adaptive quadrature routine
to capture the essential features of sharply peaked functions
(cf. Appendix G). The additional numerical costs due to the
Keldysh index structure can be mitigated by vectorization,
i.e., by exploiting the matrix structure of the summation
over Keldysh components. Storing all Keldysh components
contiguously in memory allows for efficient access to matrix-
valued vertex data, which can be combined to matrix-valued
integrands via linear algebra operations. (Note that vectoriza-
tion over Keldysh components requires a quadrature routine
that accepts matrix-valued integrands.) Symmetries are used
to reduce the data points that are computed directly, and most
resulting symmetry relations are compatible with vectoriza-
tion over Keldysh indices (see Appendix A).

Lastly, the fRG and the parquet solver generally have the
advantage that computations can be parallelized efficiently
over all combinations of external arguments. We use OMP and
MPT libraries to parallelize execution across multiple CPUs
and compute nodes.

III. RESULTS

In the results, we focus on retarded correlation functions
like GR, ©F, and xR. For brevity, we denote the real and
imaginary parts of, say, GF by G’ and G”, respectively, i.e.,
GR = G’ +iG". Since the fRG flow varies A at fixed U and T,
we consider a temperature of 7/U = 0.01. Most plots show
results both for the SAM (e; = —U/2) and aAM (¢4 = 0).
Recall thatu = U/(w A).

A. Dynamical correlation functions

As a first quantity that is directly measurable in ex-
periment, we show in Fig. 1 the spectral function A(v)=
7 AA(v) = —AG"(v). The absorbed factor of w A ensures
A(0) =1 for the sAM and T — 0. We consider three values
of u € {0.75, 1, 1.5}, referred to as “small,” “intermediate,”
and “large” in the following (although truly large interactions
in the AM rather are u = 2 [60]). There are no PA results
for large u, as we could not converge the real-frequency self-
consistent parquet solver there.

At small u, the curves produced by all methods are almost
indistinguishable. Small but noticeable deviations occur for
the aAM at intermediate u, and pronounced deviations are
found at large u. At u = 1.5 in the SAM, only the methods ex-
act in the u — oo limit (cf. Sec. Il E), NRG and PT2, produce
notable Hubbard bands centered at v = £U /2, while fRG also
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SAM (eq = ~U/2)
|u:om|

aAM (eq = 0)

1.0

00 1 1 1 1 1 1
—-2.5 0.0 2.5 —2.5 0.0 2.5

v/A v/A

FIG. 1. Spectral functions A(v) = 7w AA(v) for three interaction
values u in the symmetric AM (sAM, left) and the asymmetric AM
(aAM, right). Deviations between the methods appear with increas-
ing u. Here and in all subsequent figures, we consider a temperature
of fixed T/U = 0.01. At u = 1.5 in the sAM, the onset of Hubbard
bands centered at v = £U/2 is only captured by NRG and (for
reasons explained in Sec. IIE) PT2. At this interaction strength,
fRG underestimates the quasiparticle peak, and we were unable to
converge the PA results.

underestimates the height of the quasiparticle peak. Neverthe-
less, one may come to the conclusion that all methods agree to
a reasonable degree of accuracy. Note, although, that at small
u, where ¥ is small, G® = 1/([GE]™! — £F) and thus also
A(v) are dominated by the bare propagator. As all nontrivial
features of

4 1 A — %" (v)
O = e TP +A S0P

come from X, we can gain more insight by looking at ¥
directly.

In Fig. 2, we plot the negative imaginary part of the
retarded self-energy —X”(v) in units of the hybridization
strength A. This quantity is strictly non-negative [86], which
is a useful and nontrivial consistency check for all our meth-
ods. Here, deviations between the methods are visible at each
value of u. At small u, the results mostly agree, albeit better for
the sAM than for the aAM. At small and intermediate « in the
aAM, the PA matches NRG most closely and also captures the
peak position correctly, in contrast with fRG, K1SF, and PT2.
Strikingly, though, for intermediate u in the sAM (which is
the more strongly correlated setting with lower quasiparticle
weight Z, see Fig. 7), the PA shows considerable deviations
from NRG: X" has a “deformation” in that its maxima are
misplaced outward. We performed a separate PA calculation
in the MF to confirm that the corresponding MF result per-

sAM aAM

04 F

0.2

—X(w)/A

0.0, 1

deformation

N\

-X"(v)/A

-X(v)/A

FIG. 2. Imaginary part of the retarded self-energy, organized as
in Fig. 1. The limitations of PT2 in the aAM are clearly exposed. The
PA results are closest to NRG at u = 0.75 for both SAM and aAM,
and at u = 1 for the aAM (this corresponds to the regime of not too
strong correlation, Z 2 0.8, see Fig. 7). Artifacts appear at u = 1 in
the SAM (where Z ~ 0.65, see Fig. 7). Throughout, the fRG results
with full frequency dependence match NRG better than those in the
K1SF simplification.

fectly matches the “trivial” analytic continuation from KF
to MF, —% fdv’%, see Fig. 3. Hence, we conclude that
the Keldysh self-energy did not acquire artifacts during the
real-frequency self-consistent parquet iteration. Instead, the

deformations are a deficiency of the PA solution at u =1,

< 0.15 |
=
e
2010
DEJ —o— PA MF
5 0.05 PA KF — MF
| —— NRG
0‘00 1 1 1 1
03 u = 1.00
000000008333 = 1.
a i - =100
Fo2p 4 TTTT%%ees -
C/ o
W
£ 0.1f
|
OO 1 1 1 1
0 2 4 6 8 10

vn /A

FIG. 3. Imaginary part of the Matsubara self-energy in NRG and
the PA. The PA results stem from an independent solver imple-
mented in the MF and from the “trivial” analytic continuation of X"
obtained in the KF. The qualitative difference between NRG and PA
observed in the real-frequency results of Fig. 2 at u = 1 can hardly
be guessed from these imaginary-frequency results.
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Su/A

0 1 1 1
0 05 u 1 15

FIG. 4. Hartree self-energy ¥y = U (n,) in the aAM. PT2 cor-
responds to self-consistent solutions of the Hartree term. Only fRG
and PA agree well with NRG.

which are obvious in our Keldysh results, but could not have
been guessed from the more benign Matsubara self-energy
(Fig. 3).

We also observe from Fig. 2 that the PT2 results become
much worse as soon as one leaves the special case of particle-
hole symmetry (see Sec. ILE). The results from fRG with
full frequency dependence are better than those from K1SF,
showing that the frequency dependence of X is only generated
correctly if the dependence of the 4p vertex on its three fre-
quencies is kept [39]. In fact, for large u in the aAM, the K1SF
result becomes negative (with values on the order of 107°)
at around v/A ~ +£2, thus failing the previously mentioned
consistency check.

The inadequacies of a constant vertex manifest themselves
even in the constant Hartree part of the self-energy, ¥y =
U (n, ), shown in Fig. 4. The fRG and PA calculations produce
the NRG value almost exactly, but the K1SF curve starts to
deviate early. We attribute this to the fact that diagrammatic
contributions beyond the K; level are neglected, introducing
an error of O(U?) into the flow of X, including Ty, see
Eq. (ES). The PT2 curve shows the converged values obtained
from self-consistent evaluations of the Hartree diagram (see
Appendix E), which enters the Hartree propagator used in all
PT2 computations. The self-consistency is likely the reason
why PT2 performs better than K1SF (which does not obey
such a self-consistency) for small and intermediate u.

Apart from A and X, other dynamical quantities of interest
are susceptibilities. In the diagrammatic methods, these are
derived directly from the 4p vertex (see Appendix C). We
consider the imaginary part of the retarded magnetic and den-
sity dynamical susceptibilities fm/q(@)=m A xm/q(w), paying
special attention to the peak position and height. The peak
position of % shown in Fig. 5 is proportional to the Kondo
temperature and decreases with increasing u in the SAM. All
methods apart from K1SF produce good results at small u with
only minor deviations from NRG. The deviations are smallest
in PA from small to intermediate u, until the PA results are no
longer available at large u. fRG produces reasonable curves
but, at large u, under- or overestimates the peak in the sAM
and aAM, respectively. KI1SF does not produce sensible re-
sults for any u considered, while PT2 performs well for the
aAM but yields worse results than fRG in the SAM.

The density susceptibility shown in Fig. 6 is centered at
larger frequencies and has smaller magnitude than its mag-
netic counterpart. Indeed, while ¥, and 4 are equal at u = 0,
increasing interaction values discriminate between spin fluc-

tuations (enhanced) and charge fluctuations (reduced). Here,
fRG and the PA both produce acceptable results. However, the
PA data at intermediate u and in the sSAM show a deformation
around w/A 2~ 5, reminiscent of the deformation in X" (cf.
Fig. 2). The KI1SF curve for ¥4 (as for j¥n) is not sensible,
this time lying far above (rather than below) the NRG curve.
PT2 for x4, differently from yx,,, is unreliable, yielding a
qualitatively wrong double-peak structure.

In summary, we find that the PA results generically repro-
duce the NRG benchmark best, but are available only up to
intermediate u. Our new fRG computations with the full fre-
quency dependence of the vertex drastically improve upon the
KI1SF results in almost every case, but become quantitatively
off with increasing u.

B. Static properties

We now turn to static quantities, obtained from ¥ and I
by setting all frequency arguments to zero. Although these
can also be obtained using the imaginary-frequency MF (see
Ref. [100] for an early MF fRG treatment of the AM), they
serve as important consistency checks for our Keldysh compu-
tations. The zero-frequency fermion objects can be used for an
effective low-energy description, and, by rescaling, converted
to quasiparticle parameters as in Hewson’s renormalized per-
turbation theory [101]. For the AM in the wide-band limit
at T = 0, the static fermionic quantities can also be deduced
from the static susceptibilities. We hence consider the static
magnetic and charge susceptibilities as well, before analyzing
the zero-temperature identities in the next section.

By virtue of the A flow, see Sec. II D, a single fRG com-
putation suffices to obtain the entire dependence of, e.g., Z(u)
(at fixed T/U). By contrast, the PA requires separate compu-
tations for every value of u, resulting in a significantly bigger
numerical effort. The top row of Fig. 7 shows the quasiparticle
weight

z=(1-9%]_) " (30)

as extracted from the slope at v = 0 of the real part of the
retarded self-energy, X’. In all cases, the PA reproduces the
NRG benchmark best, but is again only available up to u < 1.
The fRG curve follows NRG for small u but starts to deviate
already at intermediate u. K1SF performs very well in the
sAM, but deviates from NRG in the aAM earlier than fRG.
Since PT2 reproduces the NRG full self-energy very well for
the SAM (cf. Fig. 2), the same applies to Z. In the aAM, PT2
also produces reasonable results for Z, in contrast with X" (v)
in Fig. 2.

The second row of Fig. 7 displays the scattering rate
—3%”(0) on a logarithmic scale. In the sAM, all methods
agree reasonably well up to intermediate u. Beyond that, fRG
significantly overestimates —%"”(0) (cf. Fig. 2). In the aAM,
the fRG results are slightly better. The PA yields the best
agreement with NRG, except for u >~ 1 in the aAM where
numerical artifacts appear. K1SF shows large deviations early
on, matching the observations in Fig. 2. PT2 reproduces NRG
almost exactly, even though this is not the case for X”(v)
(Fig. 2) in the aAM.

The last row of Fig. 7 shows the effective interaction.
The PA accurately reproduces the NRG results. In strik-
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—— NRG
K1SF
PT2
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FIG. 5. Imaginary part of the dynamical magnetic susceptibility,
Xm(@)=7 A xm(w). At small to intermediate «, all methods (except
K1SF) produce good results, while PA matches NRG best. Toward
large u, fRG does not capture the peak correctly. PT2 performs well
for the aAM but not the sSAM; K1SF is off in all cases.

ing contrast, fRG overestimates the effective interaction very
strongly. (This can also be seen in Fig. 11 below, third
row, columns four to six, where the frequency-dependent
vertex is plotted.) PT2 and KISF yield only very weak
renormalizations of the bare vertex (none at all in PT2 in
the SAM).

Figure 8 shows the static magnetic and density susceptibil-
ities,

Xm = %3;1(7% — ) n=0,  Xd = %354, (ap +1y), 3D

where 7i, = n, — (n,). Again, the PA results, where available,
reproduce the NRG benchmark best. The fRG results are
reasonable up to intermediate u for %/ /d(O) =T AXmpu- A
comparison with the results obtained by an independent MF
computation (dashed lines in Fig. 8) reveals that the KF data
at the largest u values is not fully converged in the size of
the frequency grid (see Appendix I for details). As for the
dynamical susceptibilities, K1SF does not produce sensible
results at all. PT2 gives fairly good results, in particular for
% in the aAM (see also Fig. 5), but %; in the sSAM quickly
deviates from NRG rather strongly (as it did in Fig. 6).

In summary, for all the static properties shown in Figs. 7
and 8, the PA results agree very well with NRG for all u for
which the parquet solver converged, i.e., up to u < 1. By con-
trast, fRG results begin to deviate from NRG somewhat earlier
than PA, sometimes even much earlier. This difference is most
striking for the effective interaction in the bottom panels of
Figs. 7, where the performance of fRG is surprisingly (even
shockingly) poor.

This comparatively poor performance of fRG may be due
in part to the well-known fact that one-loop fRG results de-

sAM aAM

03F |u=0%|

o1k L

03f |u:Lm| e

0.2 leformati - NRG
deformation K1SF

/ PT2

0.1} -

—Xd(w)

0.2 o

—Xq (@)

0.1F -

0.0 1 1 1 1
0 5 10 0 5 10

w/A w/A

FIG. 6. Imaginary part of the dynamical density susceptibility,
Xa(w)=m Axq(w). Both fRG and the PA produce good results. The
artifact in the PA solution at # = 1 in the SAM observed in Fig. 2 is
also seen here, while it was not apparent in Fig. 5. Neither PT2 nor
K1SF produce sensible results for 4.

pend on the choice of the fRG regulator. Figure 9 illustrates
this in the present context by comparing our KF results with
independent calculations in the MF. For the latter, we used

sAM aAM
1.0
08 F — RG
N —e— PA
0.6 r —— NRG
K1SF
04 F - PT2

10-3

-x"(0)/A

10-6

I¥(0)/T6 4,

=N W

FIG. 7. Static fermionic properties as a function of u: quasipar-
ticle weight Z, scattering rate —%”(0) on a logarithmic scale, and
effective interaction (k = 12|22) in units of the bare interaction.
Overall, the PA (available for u < 1) matches NRG best, except for
¥”(0) at u >~ 1 in the aAM. All other methods agree reasonably
well (except for Z and £”(0) in the aAM in K1SF). Strikingly, fRG
strongly overestimates the effective interaction.
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sAM
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- fRG (MF)

—— PA
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i PT2 i

303

0.2
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FIG. 8. Static susceptibilities as a function of u. fRG yields
sensible results until ¥, has a maximum at u ~ 1.3. PA data are
available only for u < 1, but show excellent agreement with NRG
there. Results from K1SF and PT2 (for j4) are rather bad.

three different regulators, called A flow (same as for our KF
computations), U flow, and @ flow. [See Egs. (3) and (4) in
Ref. [64] for definitions of the U and w flow. The w and U
flows require many more separate computations than the A
flow, since the former two hold 7 /A fixed (the w flow also
T /U), while the latter holds 7' /U fixed.] From Fig. 9, we note
three salient points. First, the MF and KF results for the A
flow match. This is expected for numerically converged calcu-
lations and serves as a useful consistency check. Second, the
U flow deviates from the NRG benchmark very early. Third,
the best MF result is obtained from the w flow (similarly as
observed in Ref. [64]). Regrettably, though, this advantage of
the MF w flow is not relevant for the KF: there, the @ flow
would violate causality [54] and hence cannot be used. This,
and the poor performance of the U flow, is the reason why we
chose the A flow for all our KF computations.

9F —
—— fRG(KF, Aflow) —— NRG -

z< 7l fRG(MF, A flow) —o— PA e
— QO .
— —e-- fRG(MF, U flow) PT2 v
=X 5 |—e— fRG(MF, w flow) g _
(=) R —
= N 4 —
= - -
52 3F /./‘/ e -
~ T

1 7 1 1

0 0.5 u 1 15

FIG. 9. Effective interaction (k=12|22) of the SAM in units of
the bare interaction, including fRG results in the MF obtained with
three different regulators. The MF result in the A flow perfectly
matches its KF counterpart. The U flow performs considerably
worse, as it quickly deviates from NRG. By far the best result is
obtained using the @ flow, which can however not be used in the KF
(see the main text for details). In the MF, we approximate vanishing
frequencies by averaging over the lowest Matsubara frequencies,
BO LS, v (0,0 ).

C. Zero-temperature identities

As an internal consistency check for each method, we
consider four Fermi-liquid identities. These hold T = 0 and,
more generally, at 7 « Tx, where Tk is the Kondo tem-
perature. We deduce Tx as Tx = 1/[4x,,(0)]|r=o [see, e.g.,
Eq. (20) in Ref. [102]] from zero-temperature NRG calcula-
tions. The resulting values for u€{0.75, 1, 1.5} are Tx /U €
{0.31, 0.18, 0.07} for the sAM and Tx /U €{0.58, 0.45, 0.32}
for the aAM. Note that the Kondo regime of the sSAM corre-
sponds to u = 2 [101].

First, for a constant hybridization function in the wide-
band limit, we have the following two ‘“Yamada—Yosida
(YY) identities” generalized to arbitrary €, [see Eq. (6.1) in
Ref. [95] and Eq. (7) in Ref. [97], Egs. (24)—(25) in Ref. [101],
or Egs. (4.30)—(4.33) in Ref. [103]]:

Z7" = [m(0) + xa(0)1/p(0),
—P(0)14(0) = [Xm(0) — xa(0)]/p(0).

Here, p(0)=A(0)|r—o is the spectral function evaluated at
v=0andT =0,

(32a)
(32b)

1 A
0)=—
A T
1 (1 fore; = —-U/2
= — 1 _ (33)
”A{IHZ/(O)/A]Z fOrEd—O.

Next, I'y; (0) is the full Matsubara 4p vertex evaluated at van-
ishing frequencies (in the zero-temperature limit). The minus
sign in Eq. (32b) stems from our convention of identifying,
e.g., the bare Matsubara vertex I'g 4| with —U. The analytic
continuation of ¢p functions between Matsubara and retarded
Keldysh components involves a factor 2¢/2~! [see Eq. (69) in
Ref. [34]]. Hence,

I'p,(0) = 2% (0),
k € {(12|22), (21]22), (22]12), (22|21)}. (34)

Another identity derived by YY [see Egs. (13)—(15) and
(18) in Ref. [97], Egs. (31) and (34) in Ref. [101], or Eq. (4.37)
in Ref. [103]] implies

—5'(0) = L p() [Ty, PO +7°T%)  (35)

for |v|,T <« Tx. We check this relation by fitting X"
(vV2 + 2T?). Finally, the Korringa—Shiba (KS) identity [see
Eq. (1.4) in Ref. [104]] reads

lim x;1(w)/@ = 27 [ 13, (0)F. (36)

To check the fulfillment of these identities, we analyze
the relative difference 2(LHS — RHS)/(LHS + RHS) [LHS
(RHS) = left- (right-) hand side] of Egs. (32a), (32b), (35),
(36), referred to as YY1, YY2, YY3, KS, respectively. These
zero-temperature identities of the AM only hold if T « Tx.
As we keep T /U = 0.01 constant, the temperatures increase
with u, and T <« T is no longer fulfilled for u > 1 in the
SsAM. Accordingly, there, the identities are violated even in
NRG.

As can be seen in Fig. 10, the PA fulfills most identities
very well (below 8% throughout), but is again available only
up to u =~ 1. The fRG results obey YY1 up to u < 1, but show
clear deviations in all other identities, setting in already for
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FIG. 10. Relative difference between the left- and right-hand
sides of the four zero-temperature identities as a function of u.
All calculations have finite 7 /U = 0.01; thus, even NRG violates
the identities if 7 < Tk is no longer fulfilled. Apart from NRG,
the PA shows the smallest violations of these identities (below 8%
throughout), but is only available for u < 1. The fRG data fulfill YY1
relatively well, but show clear deviations otherwise, setting in already
for very small values of u. For YY2, e.g., the deviations become
significant already at u = 0.25. PT2 obeys the identities (except
KS) in the sAM but not the aAM. KI1SF shows major deviations
throughout.

very small values of u. Except for the KS relation in the fourth
row, PT2 mostly fulfills the identities for the sSAM but less so
for the aAM, while K1SF shows major deviations, even for
small u.

D. Frequency dependence of the 4p vertex

Finally, we show fRG and PA results for the frequency
dependence of the 4p vertex in the SAM and compare them
to corresponding results from NRG. We restrict ourselves
to a fully retarded Keldysh component [34] and show both
the same-spin (11) and the opposite-spin (1)) components.
We plot the vertex in the two-dimensional frequency plane
(w; =0, v, = v, v/ =') in the natural parametrization of the
t channel for zero transfer frequency. Physically, this corre-
sponds to the effective interaction of two electrons on the
impurity with equal or opposite spins, respectively, and en-
ergies v, v’ without energy transfer [69]. The NRG 4p results
are computed with the scheme introduced in Refs. [34,35],
utilizing the symmetric improved estimator of Ref. [105].

In Fig. 11, we compare results from fRG, the PA, and NRG
for two values of the interaction u € {0.5, 1}. We observe good

qualitative agreement throughout, as all methods capture all
nontrivial features. At u = 1, however, we observe a qualita-
tive discrepancy in the data: ReT'y is strictly positive in fRG
and slightly negative in NRG (bottom part, top row, first panel
from the right in Fig. 11). The PA result reaches even larger
negative values and retains them for a large range of v values.
This strong negative signal appears to be an artifact of the PA;
it would likely be canceled by additional contributions missed
in the PA.

IV. CONCLUSIONS AND OUTLOOK

In this work, we have shown that real-frequency QFT cal-
culations with full frequency resolution of the 4p vertex are
feasible. We chose the AM for a proof-of-principle study and
employed one-loop fRG flows and solutions of the parquet
equations in the PA, benchmarked against NRG. We com-
pared dynamical correlation functions as well as characteristic
static quantities and performed a detailed numerical check of
zero-temperature identities. We found that keeping the full
frequency dependence of the 4p vertex in fRG strongly im-
proves the accuracy compared with previous implementations
using functions with at most one-dimensional frequency de-
pendencies. Note that the present study is performed at finite
temperature, 7 /U = 0.01, in contrast with previous work on
spectral functions at 7 = 0 [55].

The numerical challenges imposed by the fully
parametrized real-frequency 4p vertex were overcome
via a suitably adapted frequency grid, vectorization over the
Keldysh matrix structure, and a parallelized evaluation of the
fRG or parquet equations (see Appendix G). We employed
frequency grids with up to 1253 data points, and our most
expensive calculation consumed about 25 000 CPU hours for
a single data point in the PA.

The PA results could be converged only foru = U/(w A) in
the range u < 1, but there gave the best agreement with NRG
(except at the boundary of the accessible u range). The PA also
gave very good results for the effective interaction. However,
by looking at FIT( , in a frequency range around the origin, it
appears that the mechanism by which the PA achieves low
values of |F’; ¢(0)| (compared with, say, fRG) is different from
that of NRG, as the PA data have a spuriously large regime of
strongly negative values in ReF’T‘ '

The fRG calculations in the present context were compara-
tively economical, since a single run with the “A flow” yields
an entire parameter sweep in A. The flow could be followed
to large values of u, well beyond 1, i.e., far beyond the regime
where we could converge the PA. However, for u = 0.5 these
one-loop fRG results are significantly less accurate than the
PA (as compared with NRG). Strikingly, fRG strongly over-
estimates the effective interaction FITC ’ (0) by factors of three
to four for u in the range 1 to 1.5. We compared the Keldysh to
Matsubara fRG data obtained using three different regulators,
and we found that, for u > 0.5, the latter strongly depend on
the choice of regulator: For the A flow, the Matsubara results
agree with the Keldysh results, while performing better than
the U flow but worse than the w flow. Regrettably, the w flow
is not available in the KF, where it violates causality. It would
hence be worthwhile to find Keldysh fRG regulators akin to
the o flow but compatible with the KF requirements regarding
causality and FDTs [54].
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FIG. 11. Fully retarded (k = 12|22) Keldysh component of the full vertex, [[* (&, = 0, v, = v, v, =v') = T¢ _1/T§, |, foru = 0.5 (top
panel) and u = 1 (bottom), computed using fRG, PA, and NRG (following Refs. [34,35]). We observe very good agreement for # = 0.5, which,
qualitatively, mostly persists for higher interaction. However, Rel'y; at u = 1 and low frequencies differs significantly between the methods:
it is strictly positive in fRG, slightly negative in NRG, but much more strongly negative up to fairly large values of v in the PA. Generally, the
PA shows more complicated features than NRG for larger u, despite being numerically converged, indicating the breakdown of the PA.

The regulator dependence in fRG can be eliminated in the
multiloop fRG framework, yielding results equivalent to the
PA upon convergence in the number of loops [61-63]. This
has been demonstrated numerically in imaginary frequencies
for the AM [64] (and in Refs. [71,72] for the Hubbard model).
Yet, using a multiloop extension of our Keldysh fRG code, we
found the computation of multiloop contributions consider-
ably harder for Keldysh vertices than for Matsubara vertices.
The reason seems to be that, for real-frequency Keldysh ver-
tices, the higher-loop contributions for increasing u show a
considerably more complicated frequency structure than the
original fRG vertex itself (similarly to how the PA vertex has
more structure than its fRG counterpart in the bottom panel
of Fig. 11). A more detailed analysis along these lines is,
however, left for future work.

Our work paves the way for many follow-up studies.
For instance, one can exploit the power of the KF to study
nonequilibrium phenomena, and the AM with a finite bias
voltage is tractable with only minor increase in the numerical
costs [55,106]. Furthermore, we here considered moderate
interaction strengths u < 1.5 because it is known that fRG
and the PA are unable to access the nonperturbative regime
of the AM [20,64] or, e.g., the Hubbard model [72,107]. An
important future direction is, therefore, to use these methods

in a more indirect manner, as real-frequency diagrammatic
extensions [41] of dynamical mean-field theory [42]. The first,
established building block for this is the nonperturbative input,
namely, 2p and 4p vertices, from NRG [34,35]. The present
work presents another building block: real-frequency QFT
with full frequency resolution of the 4p vertex. An important
next step will be to use our diagrammatic framework to study
the consistency of the NRG results for the 2p and 4p vertices,
e.g., by checking whether they fulfill the SDE. The final build-
ing block will then be to include momentum degrees of free-
dom in real-frequency QFT approaches built on top of NRG.

Keeping track of the momentum dependence will lead to
a major increase in numerical complexity. This can be ad-
dressed using economical implementations and compression
algorithms such as truncated-unity approaches [108—111] or
the new quantics tensor cross interpolation scheme [7,33,77].
The latter can be used to obtain highly compressed tensor
network representations of multidimensional functions, po-
tentially leading to exponential reductions in computational
costs. First investigations have shown that the objects encoun-
tered in diagrammatic many-body approaches may indeed
have strongly compressible quantics representations [7].

All raw data required to reproduce the plots as well as the
full data analysis and the plotting scripts are available online
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[112]. A separate publication of the fully documented source
code used to generate the raw data is in preparation.
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APPENDIX A: THE TWO-PARTICLE VERTEX

In compact notation, we denote the vertex by I'-» 1> where
each leg carries a multi-index i = (k;, o;, v;) with Keldysh
index k;, spin o;, and fermionic frequency v;. Generic sym-
metries of the full Keldysh vertex are derived in Ref. [56]
and other symmetries (such as spin or particle-hole symmetry)
are given in Ref. [113]. In the following, we recap these
symmetries and detail the parametrization in our implementa-
tion. First, we work with Keldysh indices rather than contour
indices. In this basis, the 11---1 (22---2) component of a
multipoint correlator (vertex) vanishes [56]. This simplifies,
e.g., the Dyson equation, G® = [(GX)™! — ©R]~! and implies

22122 = (. Furthermore, crossing symmetry gives
Cyoie = =Tz = —Trypr =T, (Al)
and complex conjugation
Ty = (—1)l+2’kirf2|1/2/~ (A2)

Thermal equilibrium entails (generalized) fluctuation-
dissipation relations between different Keldysh components.
However, we choose to vectorize the code over Keldysh
components and thus do not use these relations (see
Appendix G for details on the vectorization). For a
comprehensive list of multipoint fluctuation-dissipation
relations, we refer to Refs. [56,114,115]. They are very well
fulfilled (percent level) by our numerical results.

In the absence of a magnetic field, spin conservation and
the invariance under a global spin flip reduce the number of
independent spin components. The remaining components are
related by the SU(2) relation [113]

= F05|ac7 + Fa(ﬂc’ro‘a (A3)

l—‘0'(7|¢70'

where 1 =] and vice versa. Hence, the spin dependence of
the vertex can be parametrized by

ra{az’\aloz = FTLSGI’,UI 802’.02 + Fwsol’.ag(saz/,al . (A4)

The components on the right-hand side are related by crossing
symmetry. It thus suffices to compute a single one of them. At
particle-hole symmetry, we further have

Crog2(v), v3|vr, v2) = Cigpra (—vi, —va| — vy, —v3)

)R (1], =)l — i, —0)S, (AS)
with the multi-indices i = (k;, 0;), reducing the number of
independent frequency components even more.

By frequency conservation, v{ 4+ 1) = v; + v, the vertex
depends on only three independent frequencies. These are
chosen differently for each two-particle reducible vertex y,
(see Fig. 12), with the bosonic transfer frequency w, and
the fermionic frequencies v, and v/. The vertices y, have
nontrivial asymptotics in the limits v’ — co. One can de-
compose the reducible vertex y, in asymptotic classes, see
Eq. (29) [2]. Since the bare interaction is frequency indepen-
dent, the asymptotic classes K;, can be identified with certain
diagrams that are reducible in channel r [2,73]. Connecting
two external legs to the same bare interaction vertex reduces
the dependence by one external frequency argument. K, (w,)
consists of all diagrams where the two external legs carrying
frequency v, connect to the same bare vertex and the external
legs carrying v, connect to another one. Hence, Kj, only
depends on w,. K (w,, v,) consists of all diagrams where
the v/ legs connect to the same bare vertex while each of the
other two legs connect to different bare vertices. Ky, (w,, v))
is analogous to K,, with the roles of v, and v, interchanged.
For K3,(w,, vy, v.) all external legs connect to different bare
vertices. The bare vertices simplify not only the dependence
of K, K», and Ky on frequencies but also on Keldysh indices.
If a bare vertex connects to two external legs, flipping their
Keldysh indices, 1 = 2 (2 = 1), leaves the function invariant,
see Eq. (17). This gives, e.g.,

Ky ko |k Ko Ky ko |1 ko Jeyr ks |y ey
K 1772 - K 17742 - K 17742
1p 1p

1p
ky ey |y &
— Kk, (A6
kkylkike  _ prkikylkiks (A6b)

2p,o 0y |o102 2p,opoyloior”

Note that the diagrammatic channels a and ¢ flip under
crossing symmetry, i.e., ¥4 1212 = —¥;, 1221, While channel
p is crossing symmetric itself. The symmetry relations in
Egs. (A1)—(AS5) are formulated for full vertices. They can
be adapted to the asymptotic classes Kj, by inserting the
decomposition on both sides of each relation and taking the
appropriate limits v’ — oco. For instance, K4 ), is related to
Kpy.2p by

KPS (@, ) B ()RR o, 0 (AT)
For a formulation of the parquet and fRG equations in terms
of asymptotic classes, we refer to Ref. [2] and to Egs. (75) in
Ref. [75].

As we vectorize over Keldysh indices, we explicitly keep
track of all Keldysh components. The symmetry relations
are then used to reduce the spin and frequency components
[Egs. (Al), (A2), and (A5) for I'4;]. To implement these
symmetries for the K3, class, it is convenient to express the
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FIG. 12. We show the frequency conventions for the two-particle reducible vertices y, with r = a, p, t. Symmetric parametrizations with

w
2
completeness.

relations in terms of the three bosonic frequencies [100],
giving

kyky lkiky  (A2) Fiskikalkyky * 143 ks
FN;wa,w,,,wr - [rN;wa,wpfwr] (=1 ’
AD Hhyky [k (AS) [ 1~kyrky [kiky * 143, ks
FT¢;7(U1U‘D]7~7(H! - [FN;*wufw,,.fw,] (=D ’
(A8)

such that the sign of the bosonic frequencies define sectors
that are related by symmetry.

APPENDIX B: FREQUENCY DEPENDENCE
OF VERTEX COMPONENTS

Figures 13 and 14 show plots for the frequency dependence
of the asymptotic classes K, and K3 for each of the three
two-particle channels re€{a, p,t}, computed in the PA for
u = 0.5 and u = 1, respectively. We use the natural frequency
parametrization for each channel » and set the bosonic transfer
frequency w, = 0 in the plots for K3. The figures instructively
show what types of nontrivial structures emerge during such
calculations. In particular, one can clearly see that the fre-
quency resolution needs to be very high throughout to resolve
all sharp features (many occurring on scales much smaller
than A). Moreover, the weak-coupling results may serve as
benchmarks for future computations of Keldysh vertices using
other methods, such as NRG or QMC.

APPENDIX C: FULLY PARAMETRIZED EQUATIONS

We can write the parquet equations (20) and one-loop fRG
flow equations (19) entirely in terms of two functions, bubbles
and loops. A bubble B, in channel r = a, p,t combines two
vertices via a propagator pair

3434 313 |4

Ha WaVqg Gva —wa /2 vt wa /27 (Cla)
3434 _ 313 414’

0, = Goprarn,Gopav, (Clb)
43134 313 4|4

O o =G 02005020 (Clo

where we use the natural frequency parametrization for
each channel (see Fig. 15) and superscripts indicate Keldysh
indices (34|3'4") = (ksk4|ks k). In the following, we give ex-
plicit formulas for the 1| -spin component of bubble diagrams
that combine vertices V and W:

22 14132 34[34 11,3214
BalV. Wi | wover, = / Vivowd Mo Wiiomy  (C22)
vV
22 1234 3434 1y, 3412
BP[V’ W]T¢,w1,v],v;7 - /‘EVTL,wpv,,ﬁH17,w,,D WTi,a),,fw;’ (CZb)

¢ ensure that vertex structures are centered around the frequency axis. The irreducible vertex R is shown in bosonic frequencies for

with [ = [ d¥/27i (the internal spin sum and crossing
symmetry in B, cancel the prefactor of 1/2), and

1'2[12

[V W]Ti W V]

_ 43|3'4' 1y ,4'2/|32 1’3114 42132 1’3114

- /:Ht,w,\? [VTi,w,,v,,ﬁWTT,w,ﬁv VTT [ Ti,w,f)v[]’
]

(C20)

where the 1 1-spin component is obtained via Eq. (A4).
For the loop, we parametrize the vertex in the ¢-channel
convention with w; = 0 and write

LT, Gl =— /Gilzl[rm + Tl (C3)
D

Using the loop L and bubbles B,, the parquet equations (20)
read
Yr = Br[lrv F]a
X = L[To, Gl +

(C4a)
(C4b)

In the SDE, the internal spin sum can be performed, can-
celing the factor of 1/2 in Eq. (C4b) by crossing symmetry to
give

IL[B,[T,. T, Gl.

=, = - [ GPIron + B THLL €9

The one-loop fRG flow equations [cf. Eq. (19)] are
2 =LT,S), y =BTI,I), (C6)

where the dot on B, denotes a differentiated propagator pair,
A, = GG + GG, including the Katanin substitution S —
G =S+ GEG[70].

Susceptibilities are obtained from G®, Eq. (13), by con-
tracting pairs of external legs and subtracting the disconnected
parts [116,117]. For the spin-1{, and spin-14 components, we
get

w2 = [ [ e, .
(CTa)
X, = [ MR =8
s [ [ mn e
v
A L
o [nEenenmiy. e
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FIG. 13. Real (left) and imaginary (right) parts of K, (top) and K3 (bottom) vertex components in the PA for u = 0.5. The three rows of
each subfigure show results for the three two-particle channels r € {a, p, t}. The columns show all independent Keldysh components. Natural
frequency parametrizations were used and for K3 the bosonic transfer frequency w, was set to zero. Consequently, some components of ReKj

vanish.

From these functions, we obtain physical susceptibilities
as Xd/m = Xt,.+1 £ Xi.14, or after exploiting spin and crossing
symmetry, Eqs. (A1) and (A3),

12112 _ 12112 21012
Xd - 2Xt,TL - Xa,T‘i, ) (C8a)
X 21112
X;LG 2 _ _Xa_TI¢ (CSb)

These functions have the Keldysh structure of 4p functions.
To identify the retarded susceptibilities x®(w) in terms of 2p
functions [analogous to the propagator, Eq. (7)], we use the
bare three-leg Hedin vertex Af)k‘k”’“ [118] where the Keldysh
indices k;, k, belong to x'?'? and k3 to x%. In terms of
contour indices, it reads kécl = —C10¢,=c,=c,; 1IN Keldysh
indices, the nonzero components are

)es

V2

Hence, two (un-)equal fermionic Keldysh indices translate to
a “2” (“1”) for the bosonic line. We thus identify

1
At = (C9)

_ ng1€)1.

xF=x =2x"", (C10)

r=a,p,t.

In the parquet formalism, it was shown that the suscep-
tibilities x, (r€{a, p,t}) are related to asymptotic functions
via [2]

K)oz = —To)vap(Xa)saze To)zyops,  (Clla)
(Klp)l,z,m = —(F0)1'2'\34(Xp)34|3/4f(F0)3'4'|12s (C11b)
Koz = —(Co)arm (X )saze To)rzpz.  (Clle)

For the retarded spin-1 | -component, we have
KRy =-UxE,. (C12)

Although one-loop fRG does not fulfill the BSEs (20b)—(20d),
Eq. (C12) can still be used as an estimate for susceptibili-
ties. In the present context, these are often called “flowing”
susceptibilities, while Eq. (C7) defines the “postprocessed”
susceptibilities. The PA, fRG, and K1SF results for x, and
X4 shown in the main text were computed using Egs. (C11).

APPENDIX D: CHANNEL-ADAPTED
SCHWINGER-DYSON EQUATION

In the parquet formalism, the frequency dependence of the
self-energy X(v) enters via the second term in the SDE (20a).
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FIG. 14. Same vertex components as in Fig. 13, computed in the PA for u = 1.
In the following, we discuss three options for the numerical
evaluation of this diagram.
Vot V4 a v+ e First, using the parquet decomposition [Eq. (20e)], the
second term of the SDE can be written in terms of bubbles
B, and loop L as (see Fig. 16) [72,107]
bt - ;
SDEIL
2P = L(B,(Ty, T0), G) + | L(B(T0. 7,). G).  (DI)
v, — Ya 1" wg ! wg
a— 3 Vg — 5 Vg — %5 ,
w wp w_, Here and below, a loop, L, acting on a ¢ bubble, B,, contracts
2 P 2, P 2 7P the two right legs, as opposed to the two top legs for all other
$— .
<7 vertex types (cf. Fig. 16).
irr =
Lty 2ty 4y
r = + Ya
v+t
Blw,Tp) =~ W+% .
+ o +
/| wt
vy + b
FIG. 16. Rewriting of the SDE, where crossing symmetry was
FIG. 15. Diagrammatic representation of the bubble functions in used for the y, part. The red line indicates which propagator enters
Eq. (C2). the loop L in Eq. (D1).
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-2"(0)/A

FIG. 17. Imaginary part of the retarded self-energy at v =0,
computed with the parquet solver and different versions of the SDE,
shown as a function of Nk, (u =0.1/7, T/U = 0.01). The dashed
line is the NRG result. For low Ng,, SDE2 and SDE3 give the wrong
sign. With increasing resolution, all results approach the correct
value.

Second, the SDE in Eq. (20a), without further manipula-
tion, reads
P82 = L(B,(T,T),G), relapth,  (D2)
where the channel r can be freely chosen. Third, using
B, (T, v») = K1, + Ky, [2], the SDE equivalently reads
% = LKy, + K2y, G). (D3)
Even though the above versions of the SDE are analytically
equivalent, they vary in numerical accuracy and cost. Eval-
uating X5PE3 is cheaper than the others since it skips the
computation of bubbles B,. However, we found that Eq. (D1)
is most accurate, since the y, are inserted into bubbles B, of
the same channel r. Using the natural frequency parametriza-
tion for the reducible vertices y,(w,, v,, v)), Z5PE! also has
the benefit that one only needs to interpolate along the v,
direction.
To illustrate this point, we consider a third-order contribu-
tion to the self-energy:

L(B;(T'y, K11), G) = L(B4(T'o, K11), G), (D4)
\

_ . (D5)
s

Inserting K, into B, as done on the right results in diagrams
that belong to the asymptotic class K,,. However, on the left,
K, is inserted into B, resulting in diagrams belonging to Kj;.
The latter can be treated with higher resolution and thus lead
to better results for X, see Fig. 17. Note that the question how
to best parametrize the SDE also arises in the context of the
truncated-unity formalism for momentum-dependent models,
where this choice was found to affect the quality of the results
even more strongly due to the additional approximation from
the truncation of the form-factor expansion [72,107].

APPENDIX E: EQUAL-TIME CORRELATORS
AND HARTREE SELF-ENERGY

Parts of the following discussion can be found in previous
works, see Refs. [54,59,66]. We reiterate some of the points
made there and extend on them to the context of this work.

The definitions of G+ and G~!~, Egs. (3) and (4), are
ambiguous at | = 1, because ®(t; — t, = 0) is not uniquely
defined. If two operators ¥, ¥ are placed at the same point
on the Keldysh contour, it is a priori not clear how to order
them. The ambiguity is resolved by demanding that ¥ be
put left of v (“normal ordering™), which implies G~ (¢, 1) =
G=(t,t) = G™1*(t,1). Then, G= + G* — G — G7 = 0 does
actually not hold, and care is due with Keldysh-rotated quan-
tities. Since the point #; =1, is of zero measure in time
integrals, which occur when computing diagrams in frequency
space, this subtlety is irrelevant for most practical purposes.
However, there is one important exception of equal-time na-
ture, namely, diagrams with loops that begin and end at the
same bare vertex. With an instantaneous bare interaction, both
incoming and outgoing legs have the same time argument,
so that these diagrams involve the frequency-integrated (i.e.,
equal-time) propagator.

The equal-time propagator determines the Hartree self-
energy of the AM (e.g., in PT2 calculations),

EH:—R. (E1)

Recall that, for the sAM (e; = —U/2), the Hartree term is
constant, ¥y = U/2, and can be absorbed into the bare prop-
agator G§ — GR, see Eq. (24). Subsequently, G} is used
for all computations involving bare propagators. In analogy,
in the aAM, the bare propagator is replaced by the Hartree
propagator, too. However, here, Xy is not constant and must
be computed self-consistently (using, e.g., a simple bracketing
algorithm), as it enters both sides of Eq. (E1). Now, a naive
computation of the retarded component of this diagram after
the Keldysh rotation (and in the frequency domain) would
yield

11T 22

3 3 =— -
17%2 1#£%2  17%

N——

Girto
> U vk,
S . E2
5| i & W) E2)

This is, however, incorrect since G'!'(¢|t) £ 0 after Keldysh
rotation. The correct result can be found by staying in the
contour basis, using that, at equal times, only E;‘f(t, t) =
—Z;{'H(t, t) is nonzero. Keldysh rotation yields Zﬁ(z, 1) =
Zﬁ‘_(t, t), for which one has

o T v/ .
sk pl :__R_ :U/Q_;_Gﬂu). (E3)

To compute Eq. (E3) in thermal equilibrium, one can relate
G~ to GF using the inverse Keldysh rotation and the FDT
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[Eq. (10)]:
G=(v) = [-G*() + G*(v) + GX ()]
= —2ing(V)ImGR (v), (E4)

with the Fermi function np(v) = 1/(1 + ¢*/T). This discus-
sion of Xy also applies to the PA via the first term of the SDE
(20a) (the second vanishes for |v| — 00).

In fRG, Xy is generally renormalized throughout the flow,
according to Eq. (19a) for X. In the limit |v| — oo, relevant
for extracting the Hartree contribution, only those diagrams
survive for which the in- and outgoing lines are attached to
the same bare vertex:

2[{ =— lim

(E5)

In practice, the Hartree contribution Xy is not computed sepa-
rately but is part of the full self-energy flow. There, equal-time
propagators are single-scale propagators, occurring in the fol-
lowing contributions:

D—SZ— — . (Eo)

However, in the context of this work, it turns out that these
specific equal-time loops can be computed from just the
Keldysh-component of the single-scale propagator, as in the
naive calculation Eq. (E2). The reason is that, in the hy-
bridization flow, the retarded component of the single-scale
propagator asymptotically scales as ~1/v? for v — 400, see
Eq. (25). Using the FDT in the forms of Egs. (E4) and (10),
we can write

SKW) = 2i[1 = 2nr()]ImSR(v)
= 2iImSR(v) +25<(v). (E7)

When computing f dvSX(v), one can apply Cauchy’s theorem
to the first term, using its asymptotic behavior (see above).
Closing the integration contour by an infinite semicircle in
the upper half plane, avoiding the pole in the lower half
plane, gives zero. Hence, in the hybridization flow, we have
JdvSK(v) =2 [dvS=(v), and the subtlety discussed previ-
ously is irrelevant. Note that this argument may not apply to
other regulators, where S has a different expression.

APPENDIX F: DIAGRAMMATIC DEFINITION
OF SECOND-ORDER PERTURBATION THEORY

Following the previous discussion, the Hartree term in PT2
is determined self-consistently. The resulting Hartree propa-

gator Gy then fulfills the Dyson equation

e S -

Gu Go Gy Gu

In these and the following diagrams, the Hartree propagator
Gy is represented by a black line, whereas the light gray line
denotes the bare propagator Gy. The dynamical part of the
self-energy is computed from the first nontrivial term of the
SDE, using Gy,

"‘@"‘EE—EH——%’@‘. (F2)

The vertex in PT2 is given by the three diagrams

1
rro)<:>(+26§, (F3)

again evaluated with Gy in the internal lines. Susceptibilities
are then computed from this vertex via the standard formula;
for x,, e.g., (again using Gy throughout)

e
+<:. .

To obtain exactly the second-order contribution to the suscep-
tibility, one insertion of the dynamical part of the self-energy
into each line of the bubble term is required, which gives rise
to the second and third diagrams shown.

We checked that, in the sSAM at sufficiently low tempera-
tures, our numerical PT2 solution matches the analytic 7 = 0
results of Ref. [95] [Egs. (3.14) and (3.6)—(3.8) therein]

Z=1-(3- 17, (F5a)
—32"()/A = 1PV +7T?)/A%, v, T < A, (F5b)
Fma = 3[1Eu+ (3 — j7°)’]. (F5¢)

APPENDIX G: IMPLEMENTATION DETAILS

Below, we describe our choices for the implementation
of the parquet and fRG solver, the sampling of continuous
functions, and the performance-critical quadrature routine. In
the process, we also discuss the numerical accuracy of our
results.

The evaluation of bubble diagrams, Eq. (C2), is a major
bottleneck in our methods. However, computations for dif-
ferent external arguments can be distributed efficiently over
multiple threads and compute nodes. It also proved ben-
eficial to vectorize the sum over internal Keldysh indices
by reordering and combining Keldysh indices &; to Keldysh
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FIG. 18. Nonlinear frequency grid {w j}?;l obtained via a trans-
formation f4(2), Eq. (G2), from an auxiliary linear grid {2 j}}}’:1
of size N.

multi-indices (k;,, k)

Gy ko), Gy K1)
[ kv k), Gy ko)
ke ko), Ky )

for a channel
for p channel
for ¢t channel,

[k ke

Aoy (GD)

turning the Keldysh sum into an ordinary matrix product
(which is optimized in common linear algebra libraries).
This preprocessing step enables us to efficiently fetch matrix-
valued integrands and to perform sums over Keldysh indices
and spins in an optimized manner. It requires all Keldysh
components to be present in the data, and, therefore, all of
them are included in our computations. Consequently, FDTs
could not be exploited to gain performance benefits as they
merely relate different Keldysh components.

For the integrals over internal frequencies in Egs. (C2)
and (C3), we implemented an adaptive quadrature algorithm
which picks sampling points based on a local error estimate
and tolerance (€,; = 107°). With various vertex components,
the evaluation of a vertex at a certain frequency is rather
expensive. Therefore, we choose a quadrature algorithm that
reuses the previous function evaluations when it refines the
quadrature value on a subinterval (4-point Gauss—Lobatto rule
with 7-point Kronrod extension) [119]. Due to fine structures
in the integrands, we found a higher-order quadrature rule to
be beneficial for the convergence of the routine. To help the
algorithm find the structure in the integrand, we subdivide the
integration interval at the expected positions of structure in
the vertices or the propagators. Quadrature of the integrand’s
tails at high frequency is performed numerically by means
of a suitable substitution of the integration variable [120].
For matrix-valued integrands, we use the sup norm | - ||o to
compute the error estimate for the quadrature.

Since Keldysh functions depend on continuous frequen-
cies, a reliable and efficient representation is vital. We choose
a nonuniform set of sampling points and obtain function val-
ues by (multi-)linear interpolation. The overall behavior of
our functions is known: The self-energy and the asymptotic
functions K, can have sharp structures at smaller frequencies
while, at large frequencies, they decay to a constant value with
an approximate w % with k € N. To capture this behavior, we
map an equidistant grid of an auxiliary variable 2 € [—1, 1]

ImKéim(w, 0,0)

-1 0 1 -5 0
Q

S

FIG. 19. Illustration of the resolution of vertex data for a slice
through ReI(3]a”12 and ImK;al“Q. The left panels show the data on
the equidistant auxiliary grid, the right panels show the data on
real frequencies. Many sampling points are placed around the center
where structures are peaked, while the tails are treated with very few
points. Here, we also see an artifact due to our choice of the grid
function (G2): since the grid function has a discontinuity at second
order, we see a saddle point in the bottom left panel even though the
function is linear there. The good resolution of the central peak in the
real part comes at the cost of a saddle point in the imaginary part.

to a nonuniform one via the function
AQ|Q|
V1=%

with constant A > 0, see Figs. 18 and 19. The resulting sam-
pling points are dense around @ = 0. At large frequencies, the
function f4($2) captures a 1/w? decay effectively for |Q2] < 1.
Furthermore, the structures in the AM scale approximately
with the hybridization A. Therefore, we choose the frequency-
grid parameter A as multiples of A and wp,x = 100A. With a
fixed maximal frequency wnayx, the variable A determines the
interval [—Qmax, Qmax] used to construct the frequency grid
via Eq. (G2). Our choices for A are given in Table 1.

It is also possible to adapt the frequency-grid parameter
A automatically. Interpolating the vertex linearly, we can ap-
proximate the error by the maximal curvature in the space
of the linearly sampled auxiliary variable 2. Hence, we can
use the curvature as an error function to optimize the param-
eter A in Eq. (G2). The direction-dependent curvature of a
multivariate function f is encoded in the Hessian, H;; =
0;0; f (x). We can efficiently compute a scalar measure for the
curvature via the Frobenius norm of the Hessian, giving

IHIF = |Hy = TeH? =Y [nil?,
i

ij

o= fa(Q) = (G2)

(G3)

where A; are the eigenvalues of H. An approximation of the
partial derivatives can be obtained with the finite differences
method. However, for the studied parameter regime of the
AM, we found (using Brent’s method [121] as the minimizer)
that optimizing the grid parameters A did not make a big dif-
ference compared with a simple rescaling according to Table I.

TABLE 1. Frequency-grid parameter A for Eq. (G2).

z Kl KZ.w KZ,v K3.w 1(3,1)

A/A 10 5 15 20 10 10
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TABLE II. Number of frequency points for different diagram-

MF matic classes and methods. We use the same number of points for ¥
g 1.0650 === converged MF value as for K;. In most PA computations, Ng, = 51, except for the largest
8 values of u, which required Nk, = 101 for converging the parquet
1.0625 - solver.
1.0600 &L L
N, Ny, Ni,
_ 0243 F fRG 401 201 101
< PA 401 201 51-101
" £0.1% PT2 801 0 0
0242 & g KISF 401 0 0
103 1/Ng, 1072

FIG. 20. Convergence with respect to frequency resolution for
the static susceptibilities as in Fig. 8 from parquet solvers in the KF
and the MF for u = 0.75 (a setting where K, and Kj are relevant). The
numbers of frequency points for K; and K, are chosen proportional to
Nk, . In the MF, we used Nk, = 33,49, 73, 129, 257,513, 701, 801,
in the KF Nk, = 33, 51,75, 125. The KF and MF results agree very
well; the shaded region marks 0.1% deviation.

To verify convergence in the number of sampling points, we
compared the static susceptibilities between implementations
in the KF and the MF and found agreement up to 1%o, see
Fig. 20.

To solve the fRG equations (19) we employ a Runge-
Kutta solver with adaptive step size control (Cash—Carp).
The step size is chosen according to an error estimate and
tolerance (here: relative error €, = 10~9). Furthermore, we
reparametrize the flow parameter A(t) = fa—s(¢) to provide
a good first guess for the step sizes, using the same function
fa(t) as for frequencies w, Eq. (G2), with A = 5. It provides
large steps for high A and small steps for small A for equidis-
tant ¢. As initial condition of £ and T'A' at large A;, we use
the converged parquet solution. As discussed in Sec. III, the
PA gives good results in the perturbative regime.

To solve the self-consistent parquet equations fpa in
Eqgs. (20), which constitute a fixed-point equation for the
state W = (X, I), i.e., ¥ = fpa(V¥), we perform fixed-point
iterations until the result meets a tolerance criterion, here
W — foa(W)]loo < 107%||¥||. For intermediate to higher
u 2 1, it proves beneficial to stabilize the algorithm with a
partial update scheme, i.e.,

V< (1 —m)W¥ + mfpa(W), (G4

with mixing factor 0 < m < 1 (here typically m = 0.5). For
faster convergence in the vicinity of the fixed point, we use
Anderson acceleration [122,123].

APPENDIX H: NUMERICAL COSTS

The numerically most complex objects in all calculations
are the K3 components of the two-particle reducible vertices,
as they depend on three continuous frequency arguments
independently. The numerical cost of a parquet or fRG com-
putation is therefore O(N,%}), where Nk, is the number of grid
points per frequency used for K. This applies to memory (as
all this data has to be stored) and to computation time (as
BSEs or fRG flow equations are evaluated for all external

arguments). We give in Table II the number of frequency
points used for each diagrammatic class. The self-energy was
resolved on a grid with the same number of points as the K;
class.

The numerical cost is further determined by the accu-
racy (or the convergence criteria) chosen for the iterative
parquet solver or the Runge—Kutta solver in fRG flow (see
Appendix G). Finally, the accuracy of the integrator also af-
fects the numerical cost strongly (see again Appendix G). Our
most costly computations were 150 iterations of the parquet
solver with Nk, = 101 (required for convergence in the region
u < 1). On the KCS cluster at the Leibniz-Rechenzentrum der
Bayerischen Akademie der Wissenschaften (LRZ), equipped
with chips of the type Intel® Xeon® Gold 6130 CPU @ 2.10
GHz capable of hyperthreading, one such computation took
about two days on 32 nodes, running 32 threads each.

APPENDIX I: CONVERGENCE OF ¥, (0)

Figure 21 shows the static magnetic susceptibility of the
SAM obtained with fRG, zooming into the regime u 2> 1
(where deviations between MF and KF results become notice-
able) and scrutinizing convergence with respect to frequency
resolution. Compared with Fig. 8, there is an additional KF
(MF) line with higher (lower) resolution, as determined by
the number of frequency points used to resolve the K3 class,
Nk, (cf. Fig. 20). The MF result appears converged in Ng,,
whereas the KF result is slightly improved by increasing Nk, .
The improvement is minor, however, and does not justify the
additional numerical cost: The computation for Nk, = 125
consumed roughly 30000 CPU h, while the computation for
Nk, = 101 took only half that time. Nevertheless, one should
keep in mind that these computations yield a full parameter
sweep in u and are thus more economical than individual PA

—— fRG (KF, Ngg3 = 101)

— = fRG (KF, Ngg3 = 125)

MF, Ngg = 257)

MF, Ngg = 513)
1

fRG (
fRG (
1 1 1 1

1.0 1.1 1.2 1.3 1.4 1.5

FIG. 21. Static magnetic susceptibility of the SAM obtained with
fRG. Compared with Fig. 8, there is an additional KF (MF) line with
higher (lower) resolution. The MF result appears converged in Nk, ;
the KF result is slightly improved by increasing N, from 101 to 125.
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computations. Further analysis, including line plots through
all vertex components and asymptotic classes, is provided in
the dataset attached to this paper. This analysis shows that the

resolution of fine structures in some Keldysh components of
the K3 class could still be improved using even higher values
of N, K3+
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ABSTRACT

We provide a detailed exposition of our computational framework designed for the accurate calculation of real-frequency dynamical correla-
tion functions of the single-impurity Anderson model in the regime of weak to intermediate coupling. Using quantum field theory within the
Keldysh formalism to directly access the self-energy and dynamical susceptibilities in real frequencies, as detailed in our recent publication
[Ge et al., Phys. Rev. B 109, 115128 (2024)], the primary computational challenge is the full three-dimensional real-frequency dependence
of the four-point vertex. Our codebase provides a fully MPI+OpenMP parallelized implementation of the functional renormalization group
(fRG) and the self-consistent parquet equations within the parquet approximation. It leverages vectorization to handle the additional com-
plexity imposed by the Keldysh formalism, using optimized data structures and highly performant integration routines. Going beyond the
results shown in the previous publication, the code includes functionality to perform fRG calculations in the multiloop framework, up to
arbitrary loop order, including self-consistent self-energy iterations. Moreover, implementations of various regulators, such as hybridization,
interaction, frequency, and temperature, are supplied.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0221340

I. INTRODUCTION formalism™ (MaF), obtaining real-frequency information is cru-

cial for direct comparisons to experiments. The extraction of

L0:00:60 $Z0Z JOGWOAON €T

In the study of strongly correlated electrons, dynamical cor-
relation functions are quantities of major interest, as they provide
insights into the collective behavior and emergent phenomena
arising from electronic interactions. Capturing the effects of
two-particle (or four-point) correlations is one of the current major
frontiers in the field. Their dynamical properties are inherently
difficult to compute, as they involve three independent frequency
arguments.

While most previous works on this subject focused on
four-point functions in imaginary frequencies in the Matsubara

real-frequency data from the results of a calculation in the MaF
is, in principle, possible via analytic continuation." However,
it is hard to do so reliably in practice, as the conditions
for the procedure outlined in Ref. 4 are not met by finite
amounts of numerical data. This renders analytic continuation
an ill-defined problem, despite numerous attempts.” Further-
more, it had not been worked out in full detail until very
recently’ how analytic continuation of four-point functions could
be achieved even under the assumption of analytically available
results.

J. Chem. Phys. 161, 054118 (2024); doi: 10.1063/5.0221340
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Pioneering attempts to directly compute real-frequency
dynamical four-point correlation functions using simplified
approaches made use of diagrammatic ladder approximations”'’
or were restricted to a simplified frequency dependence.'' "’ The
first fully unbiased treatment of the fluctuations contributing to
the four-point vertex was achieved only a few years ago using
a multipoint extension of the numerical renormalization group
(NRG). "

Even more recently, we presented a similarly unbiased treat-
ment of the four-point vertex of the single-impurity Anderson
model using a QFT framework within the Keldysh formalism
(KF), employing two related diagrammatic methods: the functional
renormalization group (fRG) and the self-consistent parquet equa-
tions in the parquet approximation.! While we focused on the
conceptual aspects and discussed the performance of the methods
in great detail in the previous publication, here we wish to provide
a detailed exposition of the computational framework for the
numerical calculations of self-energies and vertex functions. In
addition to what was shown in Ref. 1, the code discussed in this
paper is capable of performing fRG calculations in the multiloop
framework up to an arbitrary loop order, which connects the fRG
to the parquet formalism.'*™"

This paper aims to serve as a reference for future extensions or
revisions of the code. The codebase discussed here was developed
by several people over the course of multiple years, during which
some goals and priorities changed and the code had to be adapted
accordingly. This paper will document how the code works and what
was learned during its development.

Some general design choices made during development
resulted in convenient features of the code and are recommended
for future projects. In the following, we briefly discuss the most
important features:

a. Modularity. Every main building block of the code and each
functionality is implemented individually, using classes and func-
tions that serve one purpose only. As a consequence, a developer can
keep an overview of the functionality. It is also comparatively easy to
reuse existing features and combine them into new functionality. For
example, for both the computation of the Schwinger-Dyson equa-
tion during parquet computations and the evaluation of the flow
equation for the self-energy during the solution of an mfRG flow,
the same classes for vertices, propagators, self-energies, and the same
function for contracting a loop are used, as described in Secs. II C
and II D. In addition, modularity enables unit-testing of each
functionality, something too often ignored during research software
development. Modularity is probably the most important feature
that should be prioritized in developing any research software.

b. Flexibility. A modular design makes the code flexible, too.
Some additional choices were made to improve its flexibility even
further. Most importantly, the code enables computations in three
different formalisms: the finite-temperature Matsubara formalism
(MaF), the zero-temperature Matsubara formalism, and the Keldysh
formalism (KF), which works at any temperature and generalizes to
systems out of thermal equilibrium. Consequently, some function-
ality had to be implemented multiple times, such as contractions,
which require summations over discrete Matsubara frequencies
in the finite-temperature MaF but integrations over continuous
frequencies in the zero-temperature MaF and the KF. Additionally,

ARTICLE pubs.aip.org/aipljcp

in the KF, all quantities are complex-valued, whereas they are
real-valued in the MaF for particle-hole symmetry. Template
parameters were introduced to enable the same functions to work
with objects of different types. Despite the resulting additional com-
plexity, this conveniently enables computations in each of these
three formalisms in the same codebase, still using much of the same
functionality.

c. Performance. Computing dynamical correlation functions is
a computationally demanding task, especially for four-point func-
tions that depend on three frequency arguments. Depending on
the desired resolution, this requires both excessive memory to store
these functions during computations and central processing unit
(CPU) power to perform computations for each combination of
arguments. Concerning the latter, using optimized data structures
for efficient readouts of data as well as an efficient but still precise
algorithm for integrating over frequencies (the numerical bottle-
neck) improved matters significantly. In addition, using a compiled
programming language is basically a must, and keeping track of
constant variables and member functions helps the compiler
optimize the code.

d. Scalability. Apart from the simplest calculations, most dia-
grammatic calculations would not be feasible without paralleliza-
tion. This is because practically all calculations in parquet formalism,
or mfRG, require computations for all possible combinations of
external arguments of the correlation functions. As those are inde-
pendent from each other, it is possible and advisable to parallelize
the demanding computations of bubbles and loops (see Sec. II D)
in the external arguments. Using the OpenMP and MPI interfaces,
this can easily be achieved for parallelization across different threads
on the same node and across multiple nodes, respectively (for more
details, see Sec. II G 1). As long as the memory requirements are
met, the performance of the code scales almost perfectly with the
computational resources.

At this point, we disclose that the present code also has a num-
ber of weaknesses that evolved over the course of development. If the
reader intends to set up a new codebase for the purpose discussed
here, we recommend considering the following points:

a. Too many preprocessor macros (“flags”). The code contains
far too many preprocessor macros, used to specify different para-
meters and settings before compilation (see Sec. II I). This not only
hampers readability but also increases the risk of errors, as it is never
possible to test the full functionality of the code because one would
have to compile and test all possible configurations independently.
With simple combinatorics, this quickly becomes an overwhelming
task. Using preprocessor macros is, however, useful for quick imple-
mentations of new functionality, which is why they accumulate over
time.

b. Too many overly complicated structures. The code contains
several classes that are way more complicated than they need to be,
such as the different vertex classes or the data buffer (see Secs. I[1 C 1
and II G 8). When they were set up, the goal was to keep them as
general as possible, such that they could be used for all kinds of
models in all kinds of formalisms. For this purpose, templates are
used excessively as well. As a consequence, they are indeed flexible,
but they are cumbersome to use in any specific context, and their
implementations are difficult to grasp. In addition, the code takes a
long time to compile and link, which is inconvenient for everyday

J. Chem. Phys. 161, 054118 (2024); doi: 10.1063/5.0221340
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development. Ultimately, as a developer, one has to find the right
trade-off between flexibility and simplicity.

c. Too little use of existing implementations. Several textbook
algorithms, such as the Gaup-Lobatto routine for frequency integra-
tions or the Cash-Karp routine for solving ODEs (see Secs. I1 G 5
and 11T C 1), were implemented by hand. The reason for this was
the desire to comprehend and track the inner workings of the
algorithms at every point during a calculation. In hindsight, much
time and effort could have been saved if existing implementations of
these algorithms had been used as “black boxes.”

d. Language. C++ is a very versatile language that runs on
essentially any computer and can produce very fast code. However,
a codebase written in C++ requires a lot of work to write and main-
tain. Initially, C++ was chosen for performance reasons. By now,
however, there are established alternative programming languages
that are easier to use, less error-prone, and (almost) as fast, such as
Julia,'” Rust,”’ or Mojo.”!

e. Priorities. Driven by the desire to obtain data with maximal
resolution and precision, the top priority has always been perfor-
mance. While this is very typical for codes written by physicists, it is
not in line with the typical reccommendation in software engineering,
which would prioritize correctness and maintainability over perfor-
mance.”” While we are confident that the code produces correct
results after extensive benchmarks,' the code is not written in the
simplest way and is not easily readable and maintainable. While we
acknowledge that generating results quickly is deemed to be the most
important aspect of research at present, we advocate for reconsider-
ing the priorities during research software development for future
projects.

The rest of the paper is structured as follows: In Sec. I A,
we briefly introduce the single-impurity Anderson model (AM). In
Sec. I B, we briefly recapitulate the main concepts of diagrammatic
many-body theory. In Sec. I C, we comment on the complica-
tions that arise by performing computations in the very general
Keldysh formalism, which is the main selling point of the present
codebase.

In the second part of the paper, we give details on the code itself,
introducing the main objects in Sec. II C and explaining the main
functionality in Sec. II D. We list several options for postprocessing
the raw data obtained after a completed calculation in Sec. 1T E
and briefly explain how the data are organized in Sec. II F. Special
emphasis is placed on performance-critical aspects of the code in
Sec. I G. We comment on how the code is tested in Sec. IT H. Finally,
we provide an overview of the most important options for parameter
choices that can be performed in Sec. I1 I, illustrating the versatility
of the codebase.

In the third main part of the paper, we elaborate on how three
different diagrammatic algorithms, perturbation theory, the parquet
equations, and the mfRG, are implemented. In particular, we list the
different flow schemes that are available in mfRG. Finally, Sec. IV
presents a conclusion.

Before the end of this introduction, a disclaimer is in order: This
paper does not mention every single class or function in the code
but focuses on the most important aspects and functionalities. In
addition, while the code enables computations in the KF and the
MaF at both finite and zero temperatures, we focus our specific
descriptions mainly on the KF functionality, as this is a unique
feature of our codebase.

ARTICLE pubs.aip.org/aipljcp

A. Model

We consider the single-impurity Anderson model (AM) in
thermal equilibrium, one of the most studied models in all of con-
densed matter physics. Its physical behavior is well understood,
and numerically exact benchmark data for single-particle correlation
functions is available from NRG,* as are exact analytical results for
static quantities at zero temperature from the Bethe ansatz.”*” This
makes it an ideal candidate for studies focused on reliable method
development.

The AM is a minimal model for localized magnetic impurities
in metals introduced by Anderson to explain the physics behind the
Kondo effect.”® It is defined by the Hamiltonian

H=3" el Cer + > eang + Umyny + Y (Vediceo +He), (1)
&0 o &0

describing a local impurity d level with on-site energy ¢, hybridized
with spinful conduction electrons, created by cl,, of the metal
via a matrix element V.. Hence, it qualifies as an open quantum
system. The electrons in the localized d state, where n, = d};dg,
interact according to the interaction strength U, whereas the ¢ elec-
trons of the bath are non-interacting. The bath electrons are hence
formally integrated out, yielding the frequency-dependent retarded
hybridization function —Im A®(v) = ¥, 7| V[*8(v — €). We consider
a flat hybridization in the wideband limit, A®(v) = —iA, so that the
bare impurity propagator reads Ga (v) = (v — g4 + iA) ™.

The code can treat all choices for the on-site energy ¢;. For
the special choice e; = —U/2, the model has particle-hole symme-
try and is referred to as the symmetric Anderson model (sAM).
This setting simplifies the calculations somewhat. For instance, in
this case, the Hartree-term of the self-energy is constant Xy = U/2
(see also Sec. III A 1). In addition, in the MaF, all quantities become
real-valued, whereas they are complex-valued otherwise. Hence, the
code supplies a parameter flag to make use of these properties
(see Sec. 11 I). For general ¢; # —U/2, we speak of the asymmetric
Anderson model (aAM).

Some physical applications require an additional external
magnetic field h, described by an additional term h(ny —ny) in
the Hamiltonian. At present, the codebase is, however, not appli-
cable in this setting, as this would break SU(2) symmetry, which
is heavily used and hard-coded into the codebase (see Sec. II G 3).
A generalization to h# 0 is possible but would require major
effort.

While the present implementation is restricted to the AM, the
code in principle can also treat other models: all data structures pos-
sess an additional internal index suitable for encoding additional
dependencies and quantum numbers of more complicated models,
such as a momentum dependence or multiple orbitals. Indeed, the
first attempts to study the 2D Hubbard model had been started; how-
ever, the simplest KF perturbation theory calculations turned out to
be too demanding at the time. The corresponding functionality is,
therefore, not included in this release.

B. Diagrammatic many-body theory

The basic objects of interest in all our calculations are one- and
two-particle correlation functions. Their non-trivial contributions
due to interaction effects are contained in the self-energy X and the
four-point vertex T,
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The self-energy is used together with the bare propagator Gy to
express the one-particle propagator G via the Dyson equation

G=—+= + @—‘—, 3)

Go Go G

which is formally solved by G =1/(G;' - Z). The vertex is the
connected and amputated part of the two-particle correlation
function G,

N I T i

from which physical susceptibilities can be obtained by contracting
pairs of external legs (see. Appendix C of Ref. 1 for details). The first-
order contribution to the vertex is given by the fully antisymmetric,
local, and instantaneous bare vertex, represented as a single dot,

roz)(~u>0, ()

in standard Hugenholtz notation. Using the bare vertex and the
bare propagator Gy, diagrammatic perturbation series for both the
self-energy and the vertex can be derived, which will be the sub-
ject of Sec. III A. A perturbation series up to finite order in I is,
however, only appropriate for weak coupling strengths. In order to
reach larger couplings, an infinite number of diagrams have to be
summed. This is the purpose of two related formalisms, the parquet
formalism and the multiloop functional renormalization group, to
be discussed in Secs. I1I B and III C, respectively. Both formalisms
employ the parquet decomposition to organize all diagrammatic
contributions to I' into one of four distinct categories: Two-particle
reducible diagrams in one of the three two-particle channels g, p,
and t, included in the three two-particle reducible vertices y, ., , 4 or
two-particle irreducible diagrams, included in the fully irreducible

vertex R,
P:0:0:0: G
b d
=R (+%; :— +0|(To)’. (6b)

P

Any specific diagram is said to be two-particle reducible if it can be
disconnected by splitting a propagator pair. Otherwise, it is said to be
two-particle irreducible. The parquet decomposition is exact, as it in
essence just provides a classification of all diagrams that contribute
to I'. However, neither the parquet formalism nor the mfRG provide
equations for R. In practice, some approximation is required. The
simplest one is the parquet approximation (PA)

R=To+O[(T)*] ~ Iy, (7)
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which approximates the fully irreducible vertex R by the bare vertex
Ty. As it introduces an error in the fourth order in perturbation
theory, it fails for large coupling strengths and is hence applicable
only up to intermediate couplings. The PA was applied throughout
in Ref. 1 and is the only one so far implemented in the codebase (see
Sec. 11 C 1 for a comment on other possibilities).

C. Keldysh formalism

The following section assumes familiarity with the KF and
describes challenges arising for computations with the KF rather
than the more widespread MaF (for a more extensive discussion of
the KF, see Refs. 27 and 28).

The KF” ' works both out of equilibrium and in thermal
equilibrium at arbitrary temperature, in a real-frequency descrip-
tion. This is an advantage over the more popular MaF, which works
at imaginary (“Matsubara”) frequencies, requiring analytical con-
tinuation, a mathematically ill-defined problem if one works with
a finite amount of imperfect numerical data. Still, the KF is seldomly
used because practical calculations are more complicated for two
main reasons.

In the KF, all operators acquire an additional contour index,
which specifies whether they sit on the forward or backward branch
of the Keldysh double-time contour. It follows that the four-point
vertex, for example, has 2* = 16 different components. While some
of these components can be eliminated by causality or related
to other components by fluctuation-dissipation relations in ther-
mal equilibrium or symmetries, this additional index structure
complicates the implementation and the numerics.

In thermal equilibrium, energy conservation can be leveraged
by Fourier-transforming all correlation functions into frequency
space. In contrast to the MaF at finite temperatures, this dependence
is continuous. Hence, contractions over frequency arguments
require numerically more expensive integrations instead of
summations. The integrations become more costly at lower
temperatures as the frequency dependence of the correlation
functions becomes more sharply peaked. The four-point functions,
which depend on three continuous frequency arguments, are the
numerical bottleneck for which arbitrarily high resolutions are
out of reach due to both computation and memory demands.
Discretizing the frequency dependence in a clever way and using
adaptive integration routines is, therefore, key, as discussed in
Secs. 1 G4and 11 G 5.

Finally, the KF also allows for computations outside of thermal
equilibrium. However, the present discussion is restricted to thermal
equilibrium. Extending the code out of equilibrium is possible with
moderate effort.

Il. THE CODE

In part II of the paper, we describe the main building blocks
of the code—the classes representing correlation functions and
other functions for combining them in diagrammatic computations.
Furthermore, we describe post-processing schemes and emphasize
aspects important for performance. More information on the
technical details of individual code pieces can be found in the doc-
umentation attached to the source code (see the code availability
statement at the end of this paper).
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A. Prerequisites

The code itself is written in C++17°” and is built using CMake,*’
demanding at least version 3.10. It requires the GSL,”! boost,”
and Eigen3° libraries, as well as the HDF5°” library for input and
output. For parallelization, the OpenMP*® and MPI* interfaces are
used. Notably, we do not supply precompiled executables that could
be run directly, for several reasons: First, the code makes heavy use
of preprocessor flags that must be set before compilation and that are
in part used to specify the concrete problem at hand (see Sec. I I).
Second, special compilers for the particular architecture at hand
might be available, which could optimize the code during compila-
tion and linking, improving the performance. The user should hence
adapt the file CMakeLists. txt accordingly, such that the required
libraries are included and linked properly and all compiler settings
are as desired.

The technical documentation supplied with the code is gener-
ated automatically using the tools Doxygen,"’ Sphinx,*' Breathe,
and CMake.

B. Basic structure

The structure of the main part of the codebase is depicted in
Fig. 1. The main objects of interest are the SelfEnergy X and the
four-point Vertex I. Separate classes have been implemented for
both, discussed in detail below. Both classes use instances of the class
that defines suitably chosen FrequencyGrids, to be discussed in
Sec. I1 G 4, for discretizing the continuous frequency dependence. A
self-energy and a vertex always come together in any practical calcu-
lation, representing data for a step of an mfRG flow or an iteration
of the parquet solver. The self-energy and vertex classes are hence
combined in a State class ¥ = (Z,T). The algorithms discussed
in Sec. III require computing bubble- and loop-type diagrams, the
main functionality of the codebase. As detailed in Sec. IT D 1 below,
the bubble_function contracts two input vertices with a pair of
propagators in one of the three two-particle channels to yield a new
four-point vertex, which is stored as an instance of the Vertex class.
For example, contracting two vertices I'y and I'; in the a channel is
denoted as

By([},I) =Ty oTl 0T, = . : ®)

see also Appendix C in Ref. | for a fully parametrized version.
The required propagator pair IT belongs to a separate Bubble

FrequencyGrid

w
o
o
o+
o

~
‘ SelfEnergy X ‘ - ‘ Propagator G,G,S ‘
|

bubble_function (T— Bubble IT,IT

FIG. 1. Schematic depiction of the main parts of the codebase.
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class, ensuring the correct combination of propagators and their
parametrization. The propagators themselves are defined in the
Propagator class, which essentially implements the Dyson equa-
tion, Eq. (3), combining Gy and X. The former contains all the system
parameters, including the regulator in mfRG; the latter encodes
the interaction effects. Both the Propagator and Bubble classes
can handle differentiated objects arising in mfRG (see Sec. III C).
Finally, the loop function is used to contract two external legs of a
four-point Vertex with a Propagator, yielding an instance of the
SelfEnergy class, for example,

L(I,G) = 4 ©)

These types of diagrams are required, e.g., for the mfRG flow equa-
tion of the self-energy or for the evaluation of the SDE after a
previous bubble diagram computation.

C. Correlation function classes

In the following, we discuss the main building blocks of the
code in more detail. We begin by outlining the self-energy and vertex
classes. In addition, there are two helper classes: the first represents
propagators, combining the bare propagator and the self-energy; the
second combines a pair of propagators as needed for bubble-type
diagrams.

1. The Vertex classes

In total, the code contains the four classes irreducible,
rvert, fullvert, and GeneralVertex to store different types of
four-point vertices.

The irreducible class contains the two-particle irreducible
part of the vertex, R. In the PA, its 16 Keldysh components are just
constants. It can easily be extended to hold nontrivial input data, for
example, in the context of diagrammatic extensions*’ of dynamical
mean-field theory** such as DTA* or DMF*RG.*®

The rvert class stores the two-particle reducible vertices
Vre tapay- Each of them is split up into their asymptotic classes,’” Ki,
K>, and K3, where the Ky class is inferred from K, by crossing
symmetry. Being one-, two-, and three-dimensional objects, respec-
tively, each of those naturally has its own frequency grid. The rvert
supplies several methods to store and read out data, either directly
or interpolated. Conveniently, it can return all vertex parts where
external legs either do or do not meet at the same bare vertex
on the left or on the right-hand side by suitably combining the
Ki, Kz<’>’ or Kz(’> and Kj classes, respectively. This turned out to
be very handy for keeping track of contributions for the differ-
ent asymptotic classes during calculations. In addition, the rvert
class can track and, if desired, enforce symmetries in the Keldysh-,
spin-, and frequency domains (see Sec. II G 3 for details). For
debugging purposes, functionality not using symmetries is provided
as well.

The fullvertex class combines one instance of the
irreducible class and three instances of the rvert class, one for
each two-particle channel g, p, . It can then return the value of the
full vertex, which is the sum of the four contributions for a given
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Keldysh and spin component, interpolated at a given combination
of frequencies. As each individual rvert instance, it can collect all
those parts of the vertex where the external legs either do or do not
meet at the same bare vertex on the left or on the right-hand side and
includes functionality to exploit various symmetries. In addition, it
can compute the p-norm of each asymptotic contribution, which
is useful for debugging purposes and convergence criteria, e.g., in
parquet computations.

While instances of the fullvertex class hold the data of
the symmetry-reduced sector of a full vertex, certain diagrammatic
equations involve subsets of vertex diagrams. One example is the
r-channel-irreducible vertex used in the Bethe-Salpeter equations
outlined in Sec. I1I B. Such diagrams do not necessarily obey all the
symmetries of a full vertex, so they must be treated differently. These
asymmetric cases are, therefore, encoded in the GeneralVertex
class. It uses multiple instances of fullvertex, which together
cover the symmetry-reduced sector of the asymmetric vertex data.
Let us comment here that, while this approach is feasible, it turned
out to be inconvenient in practice, as one always has to make
sure that all sectors are covered, i.e., that all required fullvertex
instances are provided. This is a source of logical errors that can
sometimes be hard to find. In retrospect, it would have been better
to pay the increased cost in memory to store all vertex contribu-
tions in the same object, making the code easier to read and to
work with.

All vertex classes allow adding or subtracting two instances of
the respective classes or multiplying a number with a vertex instance.

Splitting up the vertex functionality into so many different
classes was made at the beginning of developing the code to provide
enough flexibility, in particular regarding symmetries and a possible
non-trivial input for the irreducible vertex. In hindsight, it turned
out that for the computations performed in Ref. 1, this structure
would not have been required in this generality.

2. The SelfEnergy class

The SelfEnergy class comes with a dataBuffer that stores
the discrete values of the retarded and Keldysh components of the
self-energy on a given frequency grid (see Secs. II G 4 and II G 8).
When instantiating an object of the SelfEnergy type, a given
frequency grid can either be supplied or a suitable one is generated
automatically based on the value of the regulator A. In addition,
the asymptotic value of the retarded component of the self-energy
has to be set. Most of the time, this should be the Hartree value
2H, as the SelfEnergy inside the code is supposed to be used
only for the dynamical, i.e., frequency-dependent, contributions of
the self-energy, which excludes the constant Hartree value. For the
sAM, the Hartree value is constant, £y = U/2; in the asymmetric
case, it has to be computed self-consistently beforehand. This can
be performed inside the code using the HartreeSolver class (see
Sec. IIT A 1).

The SelfEnergy class provides a host of methods used
throughout the code. Most importantly, it can return the value of
the self-energy either directly at a given input on the frequency grid
(fast) or return an interpolated value at a given continuous frequency
(not so fast). It can also set the value of X for a given input. In addi-
tion, one can compute the p-norm of ¥ and the relative deviation
to a different SelfEnergy instance using the maximum norm. This
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is used to check convergence in parquet computations detailed in
Sec. IIT B.

Finally, multiple operators are defined for the SelfEnergy
class, which are used to add or subtract two SelfEnergy instances
or to multiply some number with a SelfEnergy instance.

3. The State class

Instances of the State class are the high-level objects that are
mainly used by the high-level algorithms discussed in Sec. III. The
State class combines a GeneralVertex and a SelfEnergy, which
together contain all non-trivial information that one might wish to
compute. In that sense, it suffices to completely specify the “state”
of the calculations. For the purpose of fRG calculations, the State
class also holds the value of the flow parameter A.

As with the vertex classes and the Se1fEnergy class, the State
class also comes with operators that can be used to add and subtract
states from one another and to multiply a number with a state.
Under the hood, these operators just invoke the corresponding
operators previously defined for the vertex and self-energy. Hence,
all high-level algorithms can manipulate instances of the State class
directly, e.g., by combining several iterations of the parquet solver in
a mixing scheme.

4. The Propagator class

The Propagator class is special in the sense that it stores
almost no data itself. Instead, it references instances of the
SelfEnergy class and combines the analytical form of the bare
propagator Go with the self-energy via the Dyson equation,
G =1/[(Go)™" = Z]. To that end, it can return the value of a given
propagator at some point, interpolated on the frequency grid of the
referenced self-energy. This can be performed either directly for a
given Keldysh component at some continuous frequency or vector-
ized over all Keldysh components. As Gy depends on the formalism
used and in mfRG on the choice of the regulator, separate methods
for a variety of choices are provided. In addition, one can specify
whether the full propagator G shall be computed, or the single-scale
propagator S, the differentiated propagator including the Katanin
extension,” or just the Katanin extension by itself (see Sec. 111 C).
Note that the Katanin extension requires the self-energy differen-
tiated with respect to the flow parameter A; hence, the propagator
class references two SelfEnergy instances, one non-differentiated
and one differentiated.

5. The Bubble class

Finally, the Bubble class combines two propagators to yield a
bubble in one of the three two-particle channels a, p, and t, according
to Egs. (Cla)-(Clc) in Ref. 1. For evaluating differentiated bubbles
in mfRG, one of the propagators can be chosen to be the single-
scale propagator S or the fully differentiated one G. In that case,
the bubble already takes care of the product rule, giving (sym-
bolically) ITS = GS + SG or IT = GG + GG. Otherwise, it just yields
IT = GG. The Bubble class provides functions for obtaining the
value of a bubble in a given channel at specified bosonic and
fermionic frequencies, either for one specific Keldysh compo-
nent directly or vectorized over the Keldysh structure. This class
simplifies bubble computations using the bubble_function (see
Sec. I1 D 1).
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D. Main functions for diagrammatic computations

Computing bubbles and loops involves contractions over quan-
tum numbers and Keldysh indices, including integrations over
frequencies for all possible combinations of external arguments, and
is by far the most costly part for the numerics. A clean and efficient
implementation of this functionality is, therefore, paramount and
should be of the highest priority when setting up a new code. In the
following, we provide technical details on this most important part
of the code.

1. The bubble_function

The bubble_function implements Eqs. (C2a)-(C2c) from
Ref. 1. It takes references to three vertices as arguments, one to
store the result of the computation and two others to be connected
by a Bubble object. This Bubble object can either be supplied
as well or is initialized by an overload of the bubble_function,
which in addition requires the two propagators that shall be used
for the Bubble. The main work is then performed by an instance
of the class BubbleFunctionCalculator, which performs the
bubble contractions for each diagrammatic class separately. This is
performed for every possible combination of external arguments,
i.e., Keldysh indices and frequencies. At this point, the calculations
are parallelized as outlined in Sec. II G 1. For each set of argu-
ments, an Integrand object is instantiated, which puts together
the two vertices and the bubble and performs the contraction over
Keldysh indices if the flag SWITCH_SUM_N_INTEGRAL is set to 1. The
Integrand class provides an operator that reads out the integrand
at a given frequency. It is called by the integrator, invoked subse-
quently, and described in detail in Sec. II G 5. The results of all the
frequency integrations are finally collected and added to the vertex
object that was given as the first argument to the bubble_function.
The choice not to output a completely new vertex but instead to add
the result to an existing vertex has historical reasons to save memory.
This increased the risk of logical errors during high-level algorithm
implementations, though, and in hindsight, the bubble_function
should better have been designed to output a completely new vertex
object.

2. The loop function

The loop function implements Eq. (C3) from Ref. 1 and is
structured similarly to the bubble_function. It takes a reference
to self-energy for storing the result as well as references to a ver-
tex and a propagator as arguments for the loop. For each external
fermionic frequency, in which the computation is parallelized again,
it invokes the integrator to perform a frequency integration using the
IntegrandSE class. For the aAM, the asymptotic value of the just
computed self-energy is extracted from the Hartree- and the K ; and
K, , terms after the calculation. For the sAM, the asymptotic value
of the self-energy is a known constant.

E. Postprocessing

The code provides a host of postprocessing functions. These
are not required for the actual calculations themselves but are
useful to extract additional information from their results, either
as consistency checks or to infer derived quantities for later
analysis.

ARTICLE pubs.aip.org/aipljcp

1. Causality check for the self-energy

By causality, the imaginary part of the retarded component
of the self-energy is strictly non-positive;*” Im =¥(v) < 0 for all fre-
quencies v € R. A violation of this condition not only constitutes an
unphysical result but often leads to numerical instabilities. The code,
therefore, provides the function check_SE_causality that checks
this condition for a supplied instance of Se1fEnergy. Typically, this
function is invoked after each ODE step during an mfRG calculation
or after each iteration of the parquet solver.

2. Fluctuation dissipation relations

In thermal equilibrium at temperature 7T, one has
a fluctuation—dissipation relation (FDR)'"”"  between the
retarded and the Keldysh components of the propagator,
GK(v) = 2i tanh (%) Im GR(V), and the self-energy, ZK(v)
=2i tanh (557 ) Im ¥R(v). This relation can be used to infer the
Keldysh components of the self-energy from the retarded compo-
nent or vice versa; hence, it would in principle suffice to compute
only one of the components. However, in the vectorized form of the
code, both components of the self-energy are computed anyway.
The FDR can hence be used as an internal consistency check,
provided by the function check_FDTs_selfenergy. It computes
¥X from =® via the FDR and compares it to the independently
computed Keldysh-component of the self-energy by computing the
2-norm of the difference.

As an additional consistency check, the fulfillment of
fluctuation-dissipation relations for the K; classes, reading

ImKf(w) = —%tanh(%)Kf(w), (10)

can be examined. One may also want to check generalized FDRs for
three-point and four-point contributions of the vertex.”’

3. Kramers-Kronig relation

For functions f(w) that are analytic in the upper half plane, like
retarded single-particle correlation functions, the Kramers-Kronig
transform relates the real and imaginary parts via

Re f(w) = %9[: dw'%, (1)

where & denotes the Cauchy principal value. Inside the code, the
function check_Kramers_Kronig can be used to test how well this
generic analytic property is fulfilled.

4. Sum rule for the spectral function

The fermionic spectral function A(v) = —-Im GX(v)/n must
obey the sum rule

/°° dvA(v) = 1. (12)

The function sum_rule_spectrum implements this integral as a
consistency check.
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5. Susceptibilities

Susceptibilities, which are of significant physical relevance,
are derived from the vertex by contracting pairs of external legs.
Diagrammatically, the formula for the a-channel susceptibility reads

and similarly for the susceptibilities in the p and t channel.
The fully parametrized equations are provided in Eq. (C7)
of Ref. 1. Linear combinations of these diagrammatic sus-
ceptibilities yield the physical susceptibilities [see Eq. (C8) of
Ref. 1]. The code computes susceptibilities using the func-
tion compute_postprocessed_susceptibilities, which can
be invoked after a completed calculation using the name of the file
that stores the results. It iterates through all layers that correspond
to ODE steps or parquet iterations (see Sec. I ), evaluates Eq. (C7)
using the vertex and self-energy for each, and stores the results as a
new dataset in the same file.

It was found in Ref. 47 that for converged parquet computa-
tions, susceptibilities can more easily be extracted directly from the
K class. As discussed in Refs. | and 51, one can also choose to com-
pute susceptibilities that way during fRG computations, even though
the two schemes are inequivalent if multiloop convergence is not
reached. The two different schemes of computing susceptibilities can
then be used to gauge the quality of the truncation.

6. Vertex slices

Finally, the function save_slices_through_fullvertex
can be used to read out two-dimensional “slices” of the full
vertex. It takes the filename corresponding to the results of a fin-
ished calculation as an argument, iterates through all layers, and
saves a two-dimensional cut of all Keldysh components of the full
vertex in the t-channel parametrization for zero transfer frequency
(wr = 0,vs, vf) for a given spin component. While this function does
not perform any non-trivial calculations, it is useful for visual-
ization purposes. If desired, the function can be straightforwardly
adapted to store vertex slices at finite transfer frequencies, enabling
full scans through the three-dimensional structure of the four-point
vertex.

F. /0

We use the HDF5 file format” for input and output pur-
poses throughout. To organize the data for output, the contents of
a state are split into different datasets that correspond, e.g., to all the
asymptotic classes of the vertex in each channel, the self-energy, the
frequency grids, and the most important parameters of the calcula-
tion. The output file is then organized on a high level in terms of
“A layers,” the idea being that each layer enables access to a differ-
ent state stored in the same file. Thereby, a single file contains, e.g.,
the results of a full mfRG flow, where each “A layer” corresponds
to a different value of the regulator. Alternatively, this structure
can be used to store the results of all iterations needed for solving
the parquet equations. Of course, one can equally well use just a
single layer to store the end result of a computation, such as a
converged solution of the parquet equations or the result of a PT2
computation.
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The function write_state_to_hdf creates a new file with
a fixed number of layers and saves an initial state into the first
layer. Additional states generated during subsequent computations
can be added to the same file (but into a different layer to be
specified) using the function add_state_to_hdf. In effect, these
functions are wrappers of a host of additional functions that are
able to store various data structures, such as scalars, vectors, or even
Eigen-matrices, in an HDF file.

When using parallelization, as detailed in Sec. II G 1, one has to
ensure that only one single process writes data into the output file.
Collisions, where multiple processes simultaneously try to write to
the same location in memory, will cause the program to crash.

It is possible to read data from an existing HDF file to gener-
ate a new state for subsequent computations. For this purpose, the
functionread_state_from_hdf reads a state from a specified layer
of a provided HDF file. One can thus do checkpointing: If all steps
of an mfRG flow or all iterations of the parquet solver are stored
separately, a computation that was interrupted can be continued
from the last step stored. This design feature is useful for large
computations that have to be split over several separate jobs or
in the case of a hardware error causing a job to crash. Setting up
checkpointing functionality is, therefore, strongly recommended.

G. Performance

In the following, we discuss parts of the code of special
importance for performance. Of course, there is always a trade-
off between accuracy and performance, as, e.g., an arbitrary high
frequency resolution quickly becomes prohibitive. Nevertheless,
efficient implementations are necessary for challenging compu-
tations.”” For the precision-focused calculations for which this
codebase was developed, these parts are, therefore, of utmost
importance.

1. MPI+0penMP parallelization

As mentioned in the beginning, mfRG and parquet compu-
tations can be heavily parallelized since the correlation functions
are (repeatedly) evaluated independently for every possible combi-
nation of external arguments. Parallelization is especially advisable
for computing bubbles of two four-point vertices, as outlined in
Sec. II D 1. We use the OpenMP interface for parallelization across
multiple threads on a single node and the MPI interface for paral-
lelization across multiple nodes. While OpenMP parallelization works
with shared memory, meaning that all threads have access to the
same data on the node that they are running on, one has to be careful
with MPI parallelization working on distributed memory. Processes
that run on different nodes to compute, say, a four-point vertex for
different sets of external arguments cannot write their results into
the same instance of a four-point vertex. Hence, we introduce addi-
tional buffers distributed across the nodes. After the computation
of, say, a four-point vertex is finished, these buffers are collected,
and their contents are put together to yield the full result. While
this scheme is initially somewhat cumbersome to set up, it pays
off tremendously, as the code’s performance scales well with the
computational resources, including multiple nodes. This is because,
first, computations for different external arguments are independent
from each other, so there is minimal communication between the
nodes. Second, the number of external arguments required for
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precision-focused calculations is large, so individual threads have
little downtime waiting for other threads to finish. For example, the
most expensive calculations in Ref. | involved 125 points along each
of the three frequency axes, which were parallelized across 32 nodes
running 32 threads each. Provided enough CPU power, the resolu-
tion could, in principle, be increased further but is ultimately limited
by memory.

2. Vectorization

As outlined in Sec. I C, KF calculations require computing
2" Keldysh components of n-point functions. These components
can be arranged into a matrix, yielding, e.g., a 4 x 4 matrix for the
four-point vertex. This structure can be exploited for summing over
Keldysh indices by using vectorization and the data structures of the
Eigen library,”® significantly improving performance. This works
because all Keldysh components are stored in contiguous sections of
memory. Of course, the other parts of the code have to be able to use
these data structures properly, which is why all functions that enable,
e.g., access to the correlation functions (see Sec. II C) have two
versions: one that can handle matrix-valued data when vectorization
is used, and another used otherwise.

When using vectorization, all Keldysh components have to be
stored explicitly. As a consequence, identities that relate different
Keldysh components, such as certain symmetries or FDRs, cannot be
used to reduce the numerical effort. Although maximal exploitation
of symmetries initially was one of our main objectives, we later found
that vectorization over Keldysh components is preferential despite
the larger memory costs.

In the finite-T MaF, we use vectorization to represent the
Matsubara frequency dependence of all correlation functions. This
leads to massive speedups when performing Matsubara sums as
matrix-multiplications.

3. Symmetries

Many symmetries for reducing the number of data points to
be computed directly can still be used together with vectorization
over Keldysh indices. These include crossing symmetry of the vertex,
which relates a vertex to itself with one pair of external fermionic
legs exchanged; complex conjugation of the vertex; SU(2) symmetry
in the absence of a magnetic field (which, in combination with cross-
ing symmetry, reduces the number of independent spin components
to 1); and frequency symmetries in the presence of particle-hole
symmetry. For explicit details on these symmetries, see Appendix
Ain Ref. 1.

Since frequency integrations are the most costly part of the
computations, symmetry operations are not used for evaluating
integrands on the fly. Instead, they are used to reduce the num-
ber of vertex components to be computed. Since the vectorized
version of the code performs sums over Keldysh indices by matrix
multiplication, the result of the integration contains all Keldysh
components. Hence, we use the symmetry relations to reduce the
other arguments, i.e., spin and frequency. Information about the
symmetry-reduced components is encoded in symmetry tables.
These contain entries for every channel, asymptotic class, spin com-
ponent, and frequency sector and indicate whether a data point
belongs to the symmetry-reduced sector or, otherwise, how to
retrieve a value via symmetry relations.

ARTICLE pubs.aip.org/aipljcp

4. Frequency grids

For numerical calculations, the continuous frequency depen-
dence of correlation functions in the KF (and in the MaF at
T = 0) must be discretized. Since these functions can become sharply
peaked around certain frequencies, especially at lower temperatures,
but simultaneously decay only slowly asymptotically (typically ~1/+*
or even ~1/v for some components), finding a suitable discretization
that resolves all sharp structures but still captures the asymptotic
decay is hard. Since the sharp features mostly occur at smaller
frequencies (measured relative to the hybridization A), we use a fre-
quency grid that provides high resolution at small frequencies and
fewer points at high frequencies. To achieve this, an equidistant
grid of an auxiliary variable Q € [-1,1] is mapped to frequencies

according to v(Q) = AQ|Q|/V/1 — Q% The parameter A > 0 can be
suitably chosen automatically or by hand for all quantities, as further
explained in Appendix G of Ref. 1. However, we do not recom-
mend optimizing A automatically, as this can become expensive and
unreliable in the presence of numerical artifacts.

The frequency grid is implemented in the FrequencyGrid
class. It specifies the grid parameters such as the number of grid
points or the scale factor A, and can access both continuous frequen-
cies v and auxiliary variables Q) corresponding to a given discrete
index. Crucially, this also works the other way around, yielding the
discrete index that corresponds to the frequency closest to a given
continuous frequency. This is needed for interpolations, discussed
inSec. 1 G 7.

An instance of the FrequencyGrid class is instantiated in
every instance of one of the correlation function classes to param-
eterize their respective frequency dependencies. The vertex classes
naturally require up to three instances of the FrequencyGrid
each.

The frequency grids are rescaled during mfRG flow calcula-
tions, which use the hybridization flow scheme (see Sec. I1I C). The
FrequencyGrid class provides all the functionality required for that
purpose.

As a side note, two alternative frequency grids have been imple-
mented. One is a hybrid grid, which consists of a quadratic part
at small frequencies, a linear part at intermediate frequencies, and
a rational part at large frequencies. The other uses polar coordi-
nates to parametrize the two-dimensional frequency dependence of
three-point functions, i.e., the K, and K classes. Which grid is to be
used is controlled by the GRID flag (see Sec. II I). In our experience,
the non-linear grid explained at the beginning of this section is the
most useful if the scale parameters A are chosen suitably.

5. Frequency integration

The following passage is taken almost verbatim from the Ph.D.
thesis of E. Walter.”®

Computing numerical integrals with high accuracy is a cru-
cial ingredient for obtaining correct results in the context of the
diagrammatic calculations discussed here. At the same time, the
integrator is also critical for the performance of the computa-
tion, since evaluating integrals constitutes the computationally most
expensive part of the code. For these reasons, we use an adaptive
integration routine that automatically determines where to evaluate
the integrand within the integration domain. Regions with sharp fea-
tures require many evaluation points in order to get high accuracy,
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while in regions where the integrand is smooth, fewer evaluations
suffice, which increases the performance of the computation. Such
an adaptive integrator is really indispensable for the problem at
hand. Non-adaptive routines like a simple trapezoidal or Simpson
rule on an equidistant grid often lead to systematically wrong
results.

We use n-point integration rules that approximate integrals of
the kind fab F(x) dx ~ ¥_; F(x;)w; with nodes x; and correspond-
ing weights w;. The integrator we use and which is implemented in
the Adapt class in the code is an adaptive 4-point Gauss-Lobatto
routine with a 7-point Kronrod extension and a 13-point Kronrod
extension as an error estimate, as detailed in Ref. 53. The ben-
efit of Gauss-Lobatto rules, compared to, e.g., the widely used
Gauss-Kronrod rules, is that the nodes include the endpoints of
the integration domain. This allows us to subdivide the domain at
the nodes of the integration rule and reuse points that have been
computed previously, which is preferential in terms of performance.
Similarly, the Kronrod extensions of a Gauss-Lobatto rule reuse
all points from a corresponding lower-point rule and simply add
additional points, which effectively allows us to get two different
rules from one set of evaluation points.

The nodes x; of the 4-point Gauss—Lobatto rule with 7-point
and 13-point Kronrod extensions are distributed as shown in Fig. 2.
There, the lower row indicates the values of the nodes for integra-
tion boundaries a = -1, b = 1 (for other values of a, b, the values
have to be rescaled correspondingly). The four-point Gauss-Lobatto
rule (GL4) and four-point Gauss-Lobatto with seven-point Kronrod
extension (GLK?) use the following points:

GLA(x0,%6) = ».  F(x;) wj, (14)
j€{0,2,4,6}
6
GLK7(x0,%6) = Y F(x;) w;. (14b)

Jj=0

The smaller marks between the nodes xo,...,xs in the graphical
representation above indicate the additional 6 points that are
added in the 13-point Kronrod extension (GLK13), which are
only known numerically (these and the weights w; are found in
Ref. 53).

The recursive algorithm of the integrator then works as shown
in Fig. 3. Note that the error estimate I; is determined only once
for the full integral and then reused for each subinterval in order
to avoid infinite recursions in subintervals. A typical recommended
value for the relative accuracy is & = 10>, which is set by the global
variable integrator_tol (see Table II).

FIG. 2. Distribution of the nodes ; of the 4-point Gauss-Lobatto rule with 7-point
and 13-point Kronrod extensions. The lower row indicates the values of the nodes
for integration boundaries a = -1, b = 1.
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Error estimate: Iy = GLK13(a,b)

I = GL4(a,b)
I = GLK7(a,b)

yeS I)
[b-hL|<e Iy |—— [[F(x)dx=1

no

Xp4a,xgb

subdivide:

[xo,x1], [x1,x2], - - - [x5, X6]

~ ~

for each subinterval separately

I; = GLA(xi, Xi41)
I = GLK7(x;,%;41)

1
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no

X0 < X
X6 € Xit1

FIG. 3. Schematic illustration of the integration algorithm: an adaptive 4-point
Gauss-Lobatto routine with a 7-point Kronrod extension and a 13-point Kronrod
extension as an error estimate.

6. Asymptotic corrections to frequency integrals

In Sec. IT G 5, it was explained how frequency integrations over
a finite interval [a,b] are performed. Since diagrammatic calcula-
tions require integrations over the full frequency axis (or summa-
tions over an infinite set of discrete Matsubara frequencies for the
finite-T MaF), the contributions to the integral resulting from the
high-frequency asymptotics of the integrands have to be treated as
well. This is particularly relevant for slowly decaying integrands,
which occur often, as the correlation functions arising in the present
context typically only decay as ~1/v or ~1/v%.

In the KF and the zero-T MaF, involving continuous frequency
integrations, a naive treatment turned out to be sufficient: Since
the frequency axes are discretized non-uniformly, as described in
Sec. 1T G 4, the largest discrete frequency grid point is always so
large that the high-frequency tails can be treated via quadrature,
ignoring the minuscule contributions of even larger frequencies. For
finite-T MaF computations, which involve infinite sums, the code
provides two options for the treatment of high-frequency tails in
the integrand: (i) The tails can be treated via quadrature by approx-
imating the sum with an integral and then following the same logic
as in the KF. (ii) For bubble computations, the lowest order con-
tribution from the bare bubble, which is known analytically, can
be used. This is justified by the fact that in the high-frequency
asymptotic limit, the non-trivial contributions due to interactions
encoded in the self-energy have decayed, and only the bare contri-
bution is responsible for the asymptotic behavior. The first or second
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option is chosen with the ANALYTIC_TAILS parameter flag (see also
Sec. I11).

7. Interpolation routines

Whenever the value of a correlation function at some
continuous frequency argument is required, in particular during
frequency integrations, the data stored on discrete frequency grids
has to be interpolated. In addition, the diagrammatic algorithms dis-
cussed here have feedback between the three two-particle channels,
which all have their own channel-dependent parametrizations. This
necessitates accurate interpolations between different frequency
parametrizations; otherwise, errors accumulate over the course of a
computation.

To handle the interpolation of multidimensional correla-
tion functions, we implemented multilinear interpolation and
cubic spline interpolation using cubic Hermite splines. While
spline interpolation is robust against minor inaccuracies of the
data points and offers faster convergence in the number of
frequency points for smooth functions, multilinear interpolation
is generally faster numerically. Having tried out both options,
we prefer linear interpolation, as spline interpolation only really
becomes useful for better precision if the function is already well
resolved.

Regarding linear interpolation, the code offers options: One
can either interpolate on the grid of frequencies v or on the grid of
auxiliary frequencies Q, which are equidistantly spaced on the inter-
val [—1,1] (see Sec. II G 4). We found the latter option to be more
accurate. The global parameter INTERPOLATION specifies which
type of interpolation shall be used (see also Sec. II I).

8. Data structures

The central low-level data structure used for storing and
retrieving numerical data inside the code is the dataBuffer class.
It was devised with the two main intentions of efficiency and
flexibility in mind (see also our discussion of the main design
choices for the codebase in the introduction, Sec. ). On the one
hand, it should enable building integrands that return scalar- or
vector-valued entries as efficiently as possible, particularly avoiding
conditional (“if-else”) statements during runtime, as these prevent
optimizations such as loop-vectorization or function inlining. On
the other hand, it should be useable in all parts of the codebase, e.g.,
for both calculations with interpolations on continuous frequency
grids and for finite-T MaF calculations, which only require indexing
of discrete data points.

The dataBuffer class is structured as follows. It builds
upon the dataContainerBase class, which is used to represent
multi-dimensional tensors, allowing scalar and vector-valued access
to contiguous elements. The DataContainer class then inher-
its dataContainerBase, adding frequency information. It con-
tains a multi-dimensional frequency grid (see Sec. II G 4) to
parameterize all its associated frequency arguments and provides
functions to analyze the resolution of frequency grids. Inheriting
the DataContainer class, the Interpolator classes then imple-
ment the different interpolation routines outlined in Sec. II G 7.
Multilinear cubic spline interpolations require pre-computation and
storage of interpolation coefficients, whereas linear interpolations
happen on the fly. Finally, the dataBuffer class inherits both the
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Interpolator and the DataContainer classes and can be used
in actual computation. In addition, it can update and optimize grid
parameters as required.

9. Template arguments

Another performance-critical aspect of the codebase is its heavy
use of templates. In particular, the propagation of template argu-
ments as specified by preprocessor flags enables the determination
of the required diagrammatic combinations for any given computa-
tion at compile time. Selecting and combining the necessary vertex
contributions this way, e.g., for contributions to specific asymptotic
classes, enables further optimization by the compiler. However, the
ubiquity of template arguments comes at the expense of readability
in many places.

H. Tests

The code includes a large number (178 as of writing) of self-
explanatory unit tests that run checks on the low-level parts of the
codebase. They are implemented using the popular Catch2 library™*
and are invoked from a separate C++ source file, unit_tests.cpp,
which should be built separately from the main source file. From
inside this file, more involved and expensive tests can be started if
desired. These include detailed tests of the ODE solver or pertur-
bation theory, which are too expensive to be part of the unit test
suite. Finally, the code includes functionality to produce reference
data that can be used later to compare the results of a calcula-
tion after changes to the code have been made. We have found it
immensely useful to include many unit tests in the codebase, as they
can tell almost immediately if a single technical part of the code
has broken. Moreover, having a way to compare the results of very
involved computations that involve large parts of the codebase at
once is useful to catch logical errors. We wholeheartedly recommend
both.

. Parameters

Before any individual calculation can be started, a number of
parameters have to be set. As the code provides a large degree of
flexibility, the number of possible parameter choices is large. Most
of these parameters are set inside the corresponding header files
before compilation. The reason for this is that, depending on these
choices, often different functionality of the code is invoked, depend-
ing, e.g., on the choice of formalism. This is achieved by defining
preprocessor macros accordingly, which makes the correspond-
ing functionality accessible. As discussed previously in too many
preprocessor macros (“flags”), while this approach was useful for
implementing new functionality quickly, in the long run, it turned
out to be problematic with regard to the readability and maintain-
ability of the code. Table I provides a list (albeit incomplete) of the
most important preprocessor flags used in the code with a short
description of each.

In addition, global parameters have to be set, which specify
settings like the resolution of the frequency grid, convergence
criteria, or start- and end-points of an mfRG flow. Table II provides
a non-exhaustive list of those.

Finally, it should be mentioned that once the code has been
compiled and the resulting executable is to be called, it requires
three run-time arguments: The first one invokes an mfRG run if it
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TABLE 1. Incomplete list of the most important preprocessor macros to be set before compilation.

Macro name Possible values

Description

ADAPTIVE_GRID

ANALYTIC_TAILS

BARE_SE_FEEDBACK

CONTOUR_BASIS

DEBUG_SYMMETRIES

GRID

KATANIN
KELDYSH_FORMALISM

MAX_DIAG_CLASS

NDEBUG

PARTICLE_HOLE_SYMM

PT2_FLOW

REG

REPARAMETRIZE_FLOWGRID
SBE_DECOMPOSITION
SELF_ENERGY_FLOW_CORRECTIONS
STATIC_FEEDBACK
SWITCH_SUM_N_INTEGRAL
USE_ANDERSON_ACCELERATION

USE_MPI
USE_SBEb_MFRG_EQS

VECTORIZED_INTEGRATION

ZERO_TEMP

If defined, use the optimization routine to find the best scale factor A of the
frequency grid; if undefined, just rescale the grid. Warning: Can be expensive
and unreliable in the presence of numerical artifacts

0 for false; 1 for true. If true, the analytic expression for the bare bubble is
used to treat the high-frequency asymptotics during bubble computations in
the finite-T MaF

If defined, only bare selfenergy is used. It only makes sense if
STATIC_FEEDBACK is defined. Useful for benchmarks with previous Keldysh
fRG schemes

0 for false, 1 for true: If true, no Keldysh rotation is performed, and the
contour basis is used instead to parameterize the Keldysh components of
all correlation functions. It is useful for comparisons with results that use
this convention. Not as well tested and, therefore, not recommended for
production runs

0 for false; 1 for true. Performs computations without the use of symmetries,
if true. Useful for debugging purposes

Controls which frequency grid is to be used. 0 for the non-linear grid, 1
for the hybrid grid, and 2 for the polar grid. Recommendation: 0. See also
Sec. 11 G 4

If defined, the Katanin extension is used during fRG computations
Determines whether calculations shall be performed in the Keldysh or
Matsubara formalism. 0 for Matsubara formalism (MaF); 1 for Keldysh
formalism (KF)

Defines the diagrammatic classes that will be considered: 1 for only Kj,
2 for Ky and K3, and 3 for the full dependencies. Useful for debugging
purposes and for computations in second-order perturbation theory, or if
STATIC_FEEDBACK is defined, when only K| is required

If defined, assert functions are switched off. Recommended setting for
production runs

0 for false; 1 for true. If true, particle-hole symmetry is assumed

If defined, only compute the flow equations up to O(U?). Only makes sense
for pure K calculations. It is useful as a consistency check together with
independent PT2 calculations

Specifies the mfRG flow regulator to be used. 2: A-flow, 3: w-flow, 4: U-flow,
5: T-flow. For details, see Sec. 111 C 2

If defined, the flow parameter is reparametrized according to Sec. III C 1.
Only recommended for the A-flow

0 for false; 1 for true. If true, the SBE decomposition is used to parameterize
the vertex and the flow equations. Only implemented in the MaF!

0 for false; 1 for true. If true, corrections to the flow equations for the vertex
from the self-energy, starting at £ = 3, are included

If defined, use static K; inter-channel feedback as performed in 11. Only
makes sense for pure K; calculations

0 for false; 1 for true. If true, the sum over internal Keldysh indices is
performed before the frequency integration. Recommended setting: 1

0 for false; 1 for true. If true, Anderson acceleration is used to converge
parquet iterations and self-energy iterations in mfRG faster

If defined, MPI is used for parallelization across multiple nodes

Determines which version of the SBE approximation shall be used. 0 for
SBEa, 1 for SBEb. Only implemented in the MaF!

0 for false; 1 for true. If true, integrals are performed with vector-valued
integrands. For Keldysh, vectorization over Keldysh indices. For Matsubara
at finite T, vectorization over the Matsubara sum

0 for false; 1 for true. If true, temperature T = 0 is assumed
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INTERPOLATION

Lambda_ini double
Lambda_fin double
Lambda_scale double
dLambda_initial double
nBOS int
nFER int
nB0S2 int
nFER2 int
nB0S3 int
nFER3 int
U_NRG std: :vector<double>
VERBOSE bool
nmax_Selfenergy_iterations int
tol_selfenergy_correction_abs double
tol_selfenergy_correction_rel double

of Chemical Physics ARTICLE pubs.aip.org/aipljcp

TABLE II. Incomplete list of global parameters to be set before compilation.

Parameter name Type Description

converged_tol double Tolerance for loop convergence in mfRG

COUNT int Used to set the number of frequency points in the MaF. For details,
see the definitions in the file frequency_parameters.hpp

Delta_factor_K1 int Scale factor for the frequency grid of the K1 vertex class

Delta_factor_SE int Scale factor for the frequency grid of the self-energy

Delta_factor_K2_w int Scale factor for the frequency grid of the bosonic frequency of the
K2 and K2’ vertex classes

Delta_factor_K2_v int Scale factor for the frequency grid of the fermionic frequency of the
K2 and K2’ vertex classes

Delta_factor_K3_w int Scale factor for the frequency grid of the bosonic frequency of the
K3 vertex class

Delta_factor_K3_v int Scale factor for the frequency grid of the fermionic frequencies of
the K3 vertex class

EQUILIBRIUM bool If true, use equilibrium FDRs for propagators

glb_mu double Chemical potential - w.l.o.g. ALWAYS set to 0.0 for the AM!

integrator_tol double Integrator tolerance

inter_tol double Tolerance for closeness to grid points when interpolating

linear, linear_on_aux, cubic Interpolation method to be used. linear: linear interpolation on

the frequency grid. linear_on_aux: linear interpolation on the
grid for the auxiliary frequency Q. cubic: Interpolation with cubic
splines (warning: expensive!)

Initial value of the regulator A for an mfRG flow

Final value of the regulator A for an mfRG flow

Scale of the log substitution, relevant in the hybridization flow
Initial step size for ODE solvers with adaptive step size control
Number of bosonic frequency points for the K vertex class
Number of fermionic frequency points for the self-energy
Number of bosonic frequency points for the K, and K, vertex
classes

Number of fermionic frequency points for the K; and K, vertex
classes

Number of bosonic frequency points for the K3 vertex class
Number of fermionic frequency points for the K3 vertex class
Vector with the values of U in units of A that an mfRG flow should
cover. Serve as checkpoints for the flow. It is useful for bench-
marking purposes if data from other methods at precise parameter
points are available

If true, detailed information about all computational steps is writ-
ten into the log file. Recommended setting for production runs:
false

Maximal number of self-energy iterations to be performed during
an mfRG flow for £ > 3. Default value: 10

Absolute tolerance for self-energy iterations in mfRG. Default
value: 10~°

Relative tolerance for self-energy iterations in mfRG. Default
value: 107°

is a positive integer, specifying the maximal number of loop orders
calculated during the mfRG flow. Alternatively, if it is set to 0 or
-1, a parquet or PT2 calculation is started, respectively. The second
is a positive integer and specifies the number of nodes to be
utilized. The third runtime argument defines the temperature for the

calculation and was introduced to easily enable parameter sweeps
without having to recompile the code every time. Note that its value
is irrelevant for calculations that have the flag ZERO_TEMP set to 1
or if an mfRG run is performed with the flag REG set to 5, which
employs the temperature flow.
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Il ALGORITHMS

In the third main part of the paper, we finally describe three
diagrammatic algorithms that have been implemented. These are
second-order perturbation theory (PT), a self-consistent solution
of the parquet equations, and the flow equations provided by the
multiloop functional renormalization group (mfRG). For all three
methods, we first give some theoretical background before describ-
ing schematically how the algorithms are implemented and what
functions are being used.

A. Perturbation theory

The simplest computations that can be performed with the
code are perturbation theory calculations. While these are easy to
implement in the second order, going to higher orders involves an
increasing number of diagrams, which can in principle be evalu-
ated separately. This is, however, not always straightforward, e.g.,
if symmetries are to be exploited: individual diagrams of the pertur-
bation series do not all have the same symmetries as a full vertex,
such that symmetry-related diagrams have to be provided, which
can become tedious. Alternatively, the flag DEBUG_SYMMETRIES can
be set to 1, see Sec. II I, in which case the code does not attempt
to exploit symmetries. As higher-order perturbation theory has
so far only been performed for testing purposes and consistency
checks (see, e.g., Chap. 7 in Ref. 28), we refrain from going into
further detail here. Instead, we focus just on the second-order
case and on Hartree-Fock theory for the self-energy relevant to
the aAM.

1. Hartree-Fock

As elaborated in Ref. 1, it is helpful to replace the bare prop-
agator Go by the Hartree-propagator Gy, which is shifted by the
Hartree-term of the self-energy,

1

R R
GO‘)GH:%R'
v—gg+iA-2Zg

(15)

For the sAM, this is almost trivial, as the retarded component of the
Hartree term reads 5 = U/2, which simply yields G& = (v +iA) ™.
For the aAM, on the other hand, the Hartree-term can be computed
self-consistently.

For this purpose, the class Hartree_Solver provides
tl}{e function compute_Hartree_term_bracketing. It computes
Xy via

/
SR U/;i—; Ga(v), (16)

where in  thermal equilibrium, the relation G*(v)
= —2i np(v)ImGR(v) is used with the Fermi function np(v)
=1/(1+¢'T). As =8 enters both sides of Eq. (16), this calculation is
performed self-consistently using a simple bracketing algorithm.

In addition, the Hartree_Solver class provides the func-
tion compute_Hartree_term_oneshot, which evaluates Eq. (16)
just once, given a provided self-energy for GX(v). This function is
invoked in the context of parquet iterations and evaluations of mfRG
flow equations to update the Hartree term of the aAM.
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FIG. 4. Schematic depiction of the function sopt_state.

Finally, the Hartree_solver class provides function-
ality to check the fulfillment of the Friedel sum rule”
(ns) = 3-Larctan[(g4 + £(0))/A], which the self-consistent
Hartree term fulfills at T = 0.

2. Second order perturbation theory (PT2)

The self-energy and vertex in second-order perturbation the-
ory are computed via the function sopt_state, which works as
depicted in Fig. 4. It first initializes a bare state (see Sec. I C 3),
given the system parameters and the current value of the regulator
A. For the aAM, this already includes a self-consistent calculation
of the Hartree term (see Sec. III A 1). Then, it invokes the func-
tion selfEnergyInSOPT, which computes the single diagram for
the dynamical part of the self-energy in PT2 by first computing
a bare bubble in the a-channel using the bubble_function (see
Sec. II D 1), with two bare vertices, and then closing the loop
over that bare bubble with the Hartree-propagator using the loop
function (see Sec. [T D 2).

Thereafter, the vertex is computed using the function
vertexInSOPT, which simply invokes the bubble_function three
times, once for each of the three two-particle channels 4, p, and ¢,
using two bare vertices, adding each result to the vertex.

In total, this procedure yields all diagrams for the dynamical
part of the self-energy and the vertex in PT2, using the Hartree-
propagator Gy. For the precise diagrammatic definition of PT2, see
Appendix F in Ref. 1.

B. Parquet equations

The parquet formalism™ provides a self-consistent set of equa-
tions for the self-energy X and the three two-particle reducible ver-
tices y, with r € {a, p, t}. The latter are given by the Bethe-Salpeter
equations (BSEs)

(17a)

(17b)
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Hartree_Solver

FIG. 5. Schematic depiction of the parquet_solver function.

(17¢)

where I, = T -y, is the two-particle irreducible vertex in channel r.
The self-energy is given by the Schwinger-Dyson equation (SDE),

O RAK I

which includes the Hartree term discussed in Sec. III A 1. Together,
these equations close once the fully irreducible vertex R is provided,
for example, by employing the PA, as discussed in Sec. I B.

In practice, these equations are solved iteratively. The code pro-
vides functions to evaluate the right-hand sides of the BSEs and
the SDE, called compute_BSE and compute_SDE. Schematically,
the parquet solver works as depicted in Fig. 5. Inside the code,
a parquet computation is started by the function run_parquet.
It first initializes a state using PT2, as detailed in Sec. III A 2,
before the parquet_solver function is called. Internally, the
parquet_solver calls parquet_iteration, which evaluates the
BSEs and the SDE, given a provided input state, and combines them
into an output state. The corresponding functions compute_BSE
and compute_SDE use the machinery described in Secs. IT Cand I1 D
to evaluate Eqs. (17) and (18). In practice, symmetrizing Eq. (17),
i.e., computing the sum of the right-hand side as is and with I, and T
interchanged and dividing by two, has proven beneficial for stability.

ARTICLE pubs.aip.org/aipljcp

In addition, we found it helpful to combine all three ways to evaluate
the SDE, Eq. (18) (see Appendix D in Ref. 1).

The parquet_solver can either proceed directly from one
iteration to the next, or it can combine multiple results from pre-
vious iterations using mixing schemes to improve convergence. For
example, one can combine the two most recent iterations with a mix-
ing factor as outlined in Eq. (G4) of Ref. 1. One may start with a
mixing factor of around 0.5, which can be reduced automatically if
the convergence properties of the calculation are poor. In addition,
one can use Anderson acceleration”””" to combine multiple previ-
ous iterations for a prediction of the next iteration. We have found
that this leads to faster convergence in the vicinity of the solution
but does not extend the parameter range where convergence can be
reached.

The parquet solver can also be used for calculations in the ran-
dom phase approximation (RPA). Switching off the BSEs in two of
the three two-particle channels readily yields the RPA-ladder in the
other channel.

C. mfRG

In fRG,” the self-energy and vertex are interpolated between
the initial and final values of a single-particle parameter A intro-
duced into the bare propagator Go. The initial value A = A; should
be chosen such that the theory is solvable at that point; in practice,
it typically suffices that very good approximations of %* and I'*' can
be obtained by PT2 or by converging the parquet equations. The fRG
then provides a set of differential “flow” equations in A for =* and
I, which yield the final results %/ and I'*/ at the actual point of
interest A = A 7. In the multiloop fRG framework, these flow equa-
tions are derived from the parquet equations by differentiation with
respect to the flow parameter A, as detailed in Ref. 18. This yields an
infinite set of contributions of increasing “loop order” ¢,

= > (19a)
re{a;p,t}

=399, (19b)
£=1

where a dot represents a derivative with respect to A. Diagrammati-
cally, the ¢-loop contributions in the a channel read

(20a)

(20b)

2
a

2)
Yar

7, )
( (L . 5
- e EC Jel R EC e
(20¢)

(0+2)
Ya.L

(6+2) (+2)
a,C Ya.r
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and analogously in the other two channels p and f. Here,
Vil = Y yf,é), and Eq. (20c) applies for all higher loop orders
£ +22>3. The double-dashed bubble in Eq. (20) corresponds to
a sum of two terms, IT = GG + GG, where G = S+ GEG with the
single-scale propagator S = OzGl|y_,,, and the Katanin substitu-
tion.**

The multiloop flow equation for the self-energy reads

(21a)

(21b)

with y;c=3, (y‘(fC) + y;ec)) where the single-dashed line denotes

the single-scale propagator S from above.

Historically, fRG flow equations have been derived from a
generating functional, yielding an exact hierarchy of flow equations
which couple n-point vertices of increasing order.” As the six-point
vertex, which contributes to the flow equation of T, see Eq. (19) in
Ref. 1, is inaccessible numerically, its contribution is often neglected
completely, resulting in the so-called “one-loop” flow equations.
This, however, results in an unphysical dependence of the final result
of the flow on the choice of regulator (as the flow equations no longer
constitute total derivatives) and also introduces a bias toward ladder
diagrams.'*"'

The multiloop framework builds upon the one-loop scheme
by iteratively adding precisely those two-particle reducible dia-
grammatic contributions to the flow equations that are required to
reinstate total derivatives with respect to A and thereby reproduce
the solution of the parquet equations. In that sense, it provides an
alternative scheme for solving the parquet iterations via differen-
tial equations. From a computational standpoint, the mfRG flow
equations introduce a complication compared to the one-loop flow
equations, in that the right-hand sides of the flow equations for both
I' and ¥ involve the differentiated self-energy and vertex. In order to
still be able to use standard algorithms for ordinary differential equa-
tions, a scheme was outlined in Ref. 16 to include those differentiated
quantities iteratively. Starting from the one-loop term Eq. (21a) to
evaluate the flow Eq. (20) for T, these are then iterated with the
multiloop corrections (21b) at every step of the flow until conver-
gence is reached. The number of iterations required for convergence
at this point can again be reduced using Anderson acceleration, as
described in Sec. I1I B.

From the code, an mfRG-flow computation can be started with
the function n_loop_flow, which requires only the string for the
name of the output file and a set of parameters. It is overloaded
to enable checkpointing, i.e., it is possible to continue a previ-
ously started computation from a given iteration. This is particularly
useful for demanding jobs that take a long time, and it is highly
recommended to any user.

ARTICLE pubs.aip.org/aipljcp
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FIG. 6. Schematic depiction of the function n_loop_flow.

The function n_loop_flow works as shown in Fig. 6. It first
initializes a state using PT2 with the function sopt_state, see
Sec. III A 2, and then uses this result as a seed for a full parquet
computation at the initial value of the regulator A; with the
parquet_solver function, see Sec. III B. This provides a suitable
starting point for the following mfRG calculation.

The ode_solver function carries out the actual calcula-
tion of solving the mfRG flow. It uses an instance of the
rhs_n_loop_flow_t class, which provides a wrapper to the
function rhs_n_loop_flow, which in turn evaluates the right-
hand side of the flow equations given an input state at a
given value of A. This is performed iteratively by loop order
according to flow Eq. (20), including self-consistent iterations for
the self-energy starting at the three-loop level, as outlined ear-
lier. The function rhs_n_loop_flow is structured as shown in
Fig. 7. Starting from the self-energy and vertex from the previ-
ous step of the ODE-solver, it evaluates the right-hand sides of
the flow equations by first computing the one-loop term of the
flow equation for the self-energy, Eq. (21a), with the function
selfEnergyOneLoopFlow. The result is then used to evaluate the
one-loop term of the flow equation for the two-particle reducible
vertices j, and Eq. (20), involving a fully differentiated bubble.
Then, the one-loop result is used to evaluate the two-loop con-
tribution, Eq. (20b), which consists of two terms: one where the
differentiated one-loop contribution )'/51) is used as the left part
of a bubble contraction with the full vertex, and one where it
is used on the right side. These two terms are computed using
the functions calculate_dGammal. and calculate_dGammaR,
respectively. Next, the three-loop contribution is computed,
which involves both the one-loop and the two-loop results
[see Eq. (20c)]. Again, the functions calculate_dGammal and
calculate_dGammaR are invoked, and in addition, the function
calculate_dGammaC is invoked to compute the “center term”
involving two bubble contractions of j}ﬁl) with the full vertex, once
to the left and once to the right. As the structure of the flow
equations does not change from this point on, this part is iterated
until the maximally desired loop number n (which is given as a
runtime parameter; see Sec. II I) is reached. The resulting cen-
ter terms of the a and p channels are then used to evaluate the
multiloop corrections to the self-energy, according to Eq. (21b).
This updates the differentiated bubble used in the computation
of the one-loop terms )'/51), such that the whole process is finally
iterated from that point on until convergence is reached, as deter-
mined by the parameters tol_selfenergy_correction_abs and
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‘ selfEnergyFlowCorrections }—) yi=n

FIG. 7. Structure of the function rhs_n_loop_f1low, including multiloop itera-
tions up to loop order £ = n and self-consistent self-energy iterations due to the
multiloop corrections.

tol_selfenergy_correction_rel (see Sec. II I). All functions
invoked by rhs_n_loop_flow, of course, make heavy use of the
main functionality outlined in Sec. IT D.

As aside note, it is possible to parameterize the vertex using the
single-boson exchange (SBE) decomposition®” *” and to rewrite the
mfRG flow equations in this language, as outlined in Ref. 68. This is
achieved by setting the flag SBE_DECOMPOSITION to 1. Two versions
of the SBE approximation can be used, known as “SBEa” and “SBEb”
in the literature.”” Which version is to be used is controlled by the
flag USE_SBEb_MFRG_EQS (see Sec. II I). This functionality is, so far,
only implemented in the MaF. We, therefore, refrain from providing
further details here.

In the final two parts of this section, we discuss the ODE-solver
and the different flow schemes.

1. Details on the ODE-solver

To solve the mfRG flow equations accurately, a Cash-Karp
routine’’ is implemented, which constitutes a fourth-order
Runge-Kutta solver with adaptive step size control. An adaptive
step-size control is crucial for obtaining accurate results and is
hereby strongly recommended for solving fRG flow equations
precisely. For a good first guess of the step size in the A-flow
(see Sec. 111 C 2 a), the flow parameter is reparametrized as A(t)

= 5t|t|/V/1 - #*. For equidistant ¢, this parametrization provides
large steps for large A and small steps for small A. This is sensible in
the context of the A-flow, where A is gradually reduced to enter ever
more challenging parameter regimes.

ARTICLE pubs.aip.org/aipljcp

2. Flow schemes

In fRG, one chooses a regulator introduced into the bare prop-
agator Go — Gé\ , i.e.,, the flow scheme. While the solution of a
truncated set of fRG flow equations will depend on this choice,
a converged multiloop flow will not, as it reproduces the self-
consistent solution of the parquet equations. It is generally advisable
to choose the most convenient flow scheme for the problem at hand.
In particular, the fRG flow can be used to compute a full parameter
sweep in one go by choosing a physical parameter as the regulator.
Compared to direct solutions of the parquet equations, which have
to be computed individually at every point in parameter space, this
makes mfRG computations more economical, provided they can be
quickly converged in the loop order. In the following, we outline the
flow schemes that have been implemented and can be used by set-
ting the REG flag and the Lambda_ini and Lambda_fin parameters
accordingly (see Tables I and II).

a. A-flow. The hybridization flow'' uses A as the flow para-
meter, starting at a very large value and decreasing A to a smaller
value, keeping the other parameters U and T fixed. The hybridiza-
tion flow thus performs a parameter sweep in U/A for fixed T/U.
The Keldysh fRG single-scale propagator reads
= -i[G*"(W)]~

S=const.

§'(v) = 0 G* ()|

In practice, we start the fRG flow from a solution of the par-
quet equations at large A (small U/A), where that solution can
be easily obtained. For historical reasons, the hybridization flow is
implemented as

1
vogg+i(T+A)/2-2R(v)’

Gr(v) = (22)

inside the code, where T is fixed to some arbitrary value and A is used
to fix the hybridization A = (T + A)/2. Note that keeping T/U fixed
during the A-flow is a somewhat unconventional choice, as in most
works on the AM, the scale T/A is kept constant. As explained in
Ref. 28, keeping T/A fixed during the A-flow would lead to addi-
tional sharply peaked terms in the single-scale propagator and has
hence not been pursued yet.

b. U-flow. An alternative to the A-flow is the following flow
scheme, first introduced in Ref. 71,

A

GR(v) = N
A() v—gg+ih - AZR(v)

(23)

starting at A; = 0 (or very small, in practice) and flowing toward
A = 1. The corresponding single-scale propagator then reads

— iA
S*(v) = OGN (v = Vot . 24
() = 00 G (Vo [v—es+iA - AR (W] @9

This flow scheme is called interaction- or U-flow because increasing
A effectively amounts to increasing U. This can be shown by a simple
rescaling argument: A bare diagram for X (or I') at order # has n fac-
tors of U and 2n — 1 (or 2n — 2) factors of Gy, each contributing
one factor of A. The same scaling behavior in A can be achieved
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without a A-dependent Gy by multiplying U with A* and dividing
out an extra A (or A%). It hence holds that

2A(U) = S(A*U)/A, (25a)

TA(U) = T(A*U) /A (25b)

Note that at zero temperature, the two flow schemes discussed so far
should be equivalent: For T = 0, the only energy scales of the AM
in the wideband limit are U and A, so there is only one external
parameter U/A and it does not matter whether U is increased or
A is decreased.

Historically, the U-flow has not been very popular, as it does
not regulate IR divergences.”” Nevertheless, it can be used for the
AM. In Ref. 1, we found that, for a truncated 1-loop Keldysh fRG
flow at finite T, this scheme produces inferior results compared to
the A-flow when benchmarked against numerically exact NRG data.
Still, the U-flow has the nice property that it keeps T/A fixed.

c¢. T-flow. Using temperature as the fRG flow parameter has
been popular in the past when performing fRG computations in the
MaF.”>” It has been argued that temperature cannot be used for
this purpose in Keldysh fRG computations,'’ the reason being that
a truncated fRG flow does not preserve fluctuation—dissipation rela-
tions (FDRs). However, solutions to the parquet equations do fulfill
the FDRs. If the FDRs are not used explicitly during mfRG calcula-
tions (as this would mix FDRs at different temperatures and hence
introduce an inconsistency), it should also be possible to obtain these
solutions by converging an mfRG flow. Instead of the standard FDR,
which relates GX and G~ in this scheme, the general expression for
the Keldysh component of the propagator should be used, which
reads®

G*(v) = G*(v) [ZK(V) — 2iA tanh (%):IGA(V). (26)

The Keldysh component of the single-scale propagator is then

iAv

X=const. = WZ(%)

$¥(v) = 9rG* (v)| IGRWPE. @7)

Note that its retarded component is zero; S%(v) = 0, as G(v) does
not depend explicitly on T. While preliminary numerical results
suggest that this scheme indeed performs well, a systematic study
of the temperature flow in Keldysh fRG is left for future work. So
far, at the time of writing, the temperature flow described earlier can
only be used in the KF; corresponding regulators in the MaF, as in
Refs. 72 and 73, have not been implemented.

d. v-flow. Using a frequency regulator of the form Goa(iv)
= Go(iv)O@a(iv) with @4(iv) = v*/(+* + A*) has been a popular
choice in the literature for (m)fRG calculations in the Matsubara
formalism.”*”> However, in this form, the frequency regulator can-
not be used in the Keldysh formalism, as the analytical continuation
of @, (iv) gives OF (v) = v*/(+v* — A* +2|v]i0*) with a branch cut

ARTICLE pubs.aip.org/aipljcp

for v < 0. One can, however, change the form of the regulator to
@4 (iv) = [v|/(|v| + A), for which the retarded counterpart reads

v

R —
Orv) = v+iA 28)

which is a well-behaved function. This choice is implemented as

0L (v)

Gr(v) = .
A() v—gq+ih—OR ()R (v)

(29)

The corresponding single-scale propagator then reads

Ry =t [OAMT(v=es+id)
S ( ) V[V_Ed*'iA—@ﬁ(v)Eﬁ(v)]z' (30)

With this choice, all causality relations and FDRs are satisfied. How-
ever, this regulator has two drawbacks compared to the other flow
schemes: First, it does not produce a parameter sweep, as A does not
directly correspond to a physical parameter. Second, computations
become ever more challenging for smaller A: Even if all correla-
tion functions are reasonably smooth in frequency space for A =0,
for small but finite A, they exhibit sharp features. While this is not
an issue for finite-temperature Matsubara calculations, where only
sums over discrete Matsubara frequencies are performed, it turns
out to be a major inconvenience in the Keldysh context.

IV. CONCLUSION

In this paper, we outline the structure and design of our C++
codebase for diagrammatic calculations of the AM in the Keldysh
formalism. We explained the building blocks for representing real-
frequency correlation functions and the central routines used to
compute them. We elaborated on all performance-critical aspects,
allowing one to handle the three-dimensional frequency dependence
of the four-point vertex, and summarized the implementation of the
parquet and mfRG equations. By discussing the most convenient
features of the codebase—modularity, flexibility, performance, and
scalability—but also some of its design flaws in detail, we hope to
provide guidance and inspiration to others who plan to write code
for similar purposes.

Our codebase forms the basis for numerous future projects
involving the dynamical correlation functions of electronic many-
body systems. Since the AM is very well understood, we want to gen-
eralize our treatment to more complicated models with unexplored
physics, like lattice models, possibly including multiple bands. The
main problem in that regard is the numerical complexity. In addi-
tion to their real-frequency Keldysh structure, all functions would
acquire momentum dependencies and orbital indices. Parametriz-
ing those naively appears prohibitively costly. Fortunately, the new
quantics tensor cross interpolation (QTCI) scheme® " is cur-
rently being developed, which can be used to obtain highly com-
pressed tensor network representations of correlation functions and
promises exponential reductions in computational costs. It remains
to be seen how efficiently the Keldysh four-point vertex can be com-
pressed using this method. If it turned out to be highly compressible,
one could combine the diagrammatic approaches outlined here with
non-perturbative results from dynamical mean-field theory to access
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truly strongly correlated parameter regimes (see related works’* "'

in the MaF). In particular, computing non-local real-frequency
dynamical vertex corrections beyond DMFT for observables like
optical conductivities with high precision is a formidable long-term
goal.

Another possible future direction relates to nonequilibrium
phenomena, for example, the influence of the full four-point vertex
on observables like differential conductivities."”*” Nonequilibrium
physics has been the most popular application of the KF in the past,
and the AM with a finite bias voltage is tractable with only a minor
increase in both the numerical costs and the implementation effort.

In order to leverage ongoing efforts in the QTCI framework,
an interface to the corresponding Julia package®® would be required.
Given that, in recent years, multiple Julia codes have been developed
to perform calculations of two-particle correlation functions,” "’ it
would be natural to switch to that language in the future, especially
since it allows much simpler structures and, in general, performs
almost as well as C++.
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Abstract

The Matsubara Green’s function formalism stands as a powerful technique for com-
puting the thermodynamic characteristics of interacting quantum many-particle sys-
tems at finite temperatures. In this manuscript, our focus centers on introducing
MatsubaraFunctions. jl1, a Julia library that implements data structures for general-
ized n-point Green’s functions on Matsubara frequency grids. The package’s architecture
prioritizes user-friendliness without compromising the development of efficient solvers
for quantum field theories in equilibrium. Following a comprehensive introduction of
the fundamental types, we delve into a thorough examination of key facets of the inter-
face. This encompasses avenues for accessing Green’s functions, techniques for extrap-
olation and interpolation, as well as the incorporation of symmetries and a variety of
parallelization strategies. Examples of increasing complexity serve to demonstrate the
practical utility of the library, supplemented by discussions on strategies for sidestepping
impediments to optimal performance.
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1 Motivation

In condensed matter physics, strongly correlated electrons emerge as paradigmatic examples
of quantum many-body systems that defy a description in terms of simple band theory, due to
their strong interactions with each other and with the atomic lattice. Their study has led to
a cascade of discoveries, ranging from high-temperature superconductivity in copper oxides
(cuprates) [1, 2] to the Mott metal-insulator transition in various condensed matter systems
such as, e.g., transition metal oxides or transition metal chalcogenides [3-5] and the emer-
gence of quantum spin liquids in frustrated magnets [6, 7], to name but a few.

The study of correlated electron systems is equally exciting and challenging, not only be-
cause the construction of accurate theoretical models requires the consideration of many dif-
ferent degrees of freedom, such as spin, charge, and orbital degrees of freedom, as well as
disorder and frustration, but also because of the scarcity of exactly solvable reference Hamil-
tonians. The single-band Hubbard model in more than one dimension, for example, has re-
mained at the forefront of computational condensed matter physics for decades, although it
in many respects can be regarded as the simplest incarnation of a realistic correlated electron
system [8,9]. It is therefore not surprising that a plethora of different numerical methods have
been developed to deal with these models [10].

However, no single algorithm is capable of accurately describing all aspects of these com-
plex systems: each algorithm has its strengths and weaknesses, and the choice of algo-
rithm usually depends on the specific problem under investigation. For example, some al-
gorithms, such as exact diagonalization (ED) [11-13] or the density matrix renormalization
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group (DMRG) [14, 15] are better suited for studying ground-state properties, while others
(quantum Monte Carlo (QMC) simulations [16-19], functional renormalization group (fRG)
calculations [20-22], ...) perform better when one is interested in dynamic properties such as
transport or response functions.

Another popular method, dynamical mean-field theory (DMFT) has been immensely suc-
cessful; in particular it correctly predicts the Mott transition in the Hubbard model [23]. By
approximating the electron self-energy to be local, it however disregards non-local correlation
effects, leading to a violation of the Mermin-Wagner theorem [24, 25] as well as a failure to
predict the pseudo-gap in the Hubbard model [10]. Non-local (e.g. cluster [26-29] or dia-
grammatic [30]) extensions of DMFT improve on that front, but are computationally much
more expensive. Ultimately, the choice of algorithm is guided by the computational resources
available and the trade-off between accuracy and efficiency, as well as by physical insights into
which approximations may be justified more than others.

A common motif of many of these algorithms is that they rely on the computation of n-
particle Green’s functions, where usually n = 1, 2. Roughly speaking, these functions describe
correlations within the physical system of interest, such as its response to an external perturba-
tion. In thermal equilibrium, Green’s functions are usually defined as imaginary-time-ordered
correlation functions, which allows the use of techniques and concepts from statistical me-
chanics, such as the partition function and free energy. In Fourier space, the corresponding
frequencies take on discrete and complex values. This Matsubara formalism is widely used
to study strongly correlated electron systems, where it provides a powerful tool for calculat-
ing thermodynamic quantities, such as the specific heat and magnetic susceptibility, as well as
dynamical properties, such as the electron self-energy and optical conductivity [31,32].

In this manuscript, we present MatsubaraFunctions. jl1, a software package written
in Julia [33] that implements containers for Green’s functions in thermal equilibrium. More
specifically, it provides a convenient interface for quickly prototyping algorithms involving
multivariable Green’s functions of the form G; ; (w;, ..., w,), with lattice/orbital indices i
(k =1,...,n) and Matsubara frequencies w; (I = 1,...,m). In an attempt to mitigate monilithic
code design and superfluous code reproduction, our goal is to promote a common interface
between algorithms where these types of functions make up the basic building blocks. We
implement this interface in Julia, since some more recently developed methods, such as the
pseudofermion [34—41] and pseudo-Majorana fRG [42-45], seem to have been implemented
in Julia as the preferred programming language. In the spirit of similar software efforts, such as
the TRIQS library for C++ [46], this package therefore aims to provide a common foundation
for these and related codes in Julia that is fast enough to facilitate large-scale computations
on high-performance computing architectures [47], while remaining flexible and easy to use.

2 Equilibrium Green’s functions

In this section, we give a brief introduction to equilibrium Green’s functions and their proper-
ties. In its most general form, an imaginary time, n-particle Green’s function G™ is defined
as the correlator [48]

™" (T15ee0 Ton) = (TCZ(71)01-2(72)---%“_1(TZn—l)CiZU(TZn», (€D)

ig.ipy

where T is the imaginary-time-ordering operator and (O) = %Tr(e_m:‘@) denotes the ther-
mal expectation value of an operator @ with respect to the Hamiltonian # at temperature
T =1/p. Note that natural units are used throughout, in particular we set kz = 1. Here, c(*
are fermionic or bosonic creation and annihilation operators and Z = Tr(e ™ ?:‘) is the partition
function. The indices i, represent additional degrees of freedom such as lattice site, spin and

3
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orbital index. In order for the right-hand side in Eq. (1) to be well defined, it is necessary
to restrict the 7 arguments to an interval of length f3, as can be seen, for example, from a
spectral (Lehmann) representation of the expectation value [48]. Furthermore, the cyclicity
of the trace implies that the field variables are anti-periodic in 3 for fermions, or periodic in
B for bosons, respectively. This allows us to define their Fourier series expansion

(T)=F D cie ™, G(T) =% D Ge™, @
Vk Vk
B ' B .
Cik = J drei(t)e™”, Cik = f drci(r)e ™, 3)
0 0
x| 2k+1, ) . . .1
where v, = B ok with k € Z are the fermionic or bosonic Matsubara frequencies.
These definitions carry over to the n-particle Green’s function G, giving
L (= § 0 S, O i), @
V1 Van
(n) ’ i ’ i (n)
Gi:..im("l’“'! Von) =J dt, e_wm...f dty, e”Z"TZ"Gi:__iZH(Tl,--~,Tzn)~ (5)
0 0

3 Code structure

MatsubaraFunctions. jl is an open-source project distributed via Github [49] and licensed
under the MIT license. Using Julia’s built-in package manager, the code can be easily installed
using

1$ julia
2 julia> ]
3 pkg> add https://github.com/dominikkiese/MatsubaraFunctions.jl

from the terminal. Here, ] activates the package manager from the Julia REPL, where add
downloads the code and its dependencies. The following is an overview of the functionality
of the package, starting with a discussion of its basic types and how to use them. A full
documentation of the package is available from the github repository.

3.1 Basic types

The package evolves around three concrete Julia types: MatsubaraFrequency,
MatsubaraGrid and MatsubaraFunction. A Matsubara frequency can be either fermionic
or bosonic, that is, v, = %(Zk +1) or v = 2/5—“k. For a given temperature T = 1/ and
Matsubara index k they can be constructed using

1v = MatsubaraFrequency(T, k, Fermion)
2w = MatsubaraFrequency(T, k, Boson)

Basic arithmetic operations on these objects include addition, subtraction and sign reversal,
each of which creates a new MatsubaraFrequency instance.

This way, e/?** = —1 for fermions and e'®”* = +1 for bosons such that anti-periodicity or periodicity, respec-
tively, of ¢;(7) are ensured.
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1vl = v + v # type(vl) = :Boson
2v2 = w - v # type(v2) = :Fermion
3v3 = -v # type(v3) = :Fermion

MatsubaraGrids are implemented as sorted collections of uniformly (and symmetrically)
spaced Matsubara frequencies. To construct them, users need only specify the temperature,
number of positive frequencies, and the particle type.

1T =1.0
2N = 128
3 gl = MatsubaraGrid(T, N, Fermion) # total no. frequencies is 2N

4 g2 = MatsubaraGrid(T, N, Boson) # total no. frequencies is 2N - 1

Note that the bosonic Matsubara frequency at zero is included in the positive frequency count.
Grid instances are iterable

1for v in gl

2 println(value(v))
3 println(index(v))
4 end

and can be evaluated using either a MatsubaraFrequency or Float64 as input.

1 idx = rand(eachindex(gl))
2 G@assert gl(gl[idx]) == idx
3 Gassert gl(value(gl[idx])) == idx

Here, we first select a random linear index idx and then evaluate gl using either the corre-
sponding Matsubara frequency g1 [idx] or its value. In the former case, g1 (g1 [idx]) returns
the corresponding linear index of the frequency in the grid, whereas g1 (value(gl[idx]))
finds the linear index of the closest mesh point.? The package supports storage of grid instances
in H5 file format.

1 using HDF5

2 file = hbopen("save_gl.h5", "w")

3 save_matsubara_grid!(file, "gl", gl)
4 glp = load_matsubara_grid(file, "gl")
5 close(file)

Finally, a MatsubaraFunction is a collection of Matsubara grids with an associated tensor
structure G; _; for each point (1, ..., vy) in the Cartesian product of the grids. The indices
i, could, for example, represent lattice sites or orbitals. To construct a MatsubaraFunction
users need to provide a tuple of MatsubaraGrid objects, as well as the dimension of each i;.

1T =1.0

2 N 128

3 g = MatsubaraGrid(T, N, Fermion)

4

s# 1D grid, rank 1 tensor with index dimension 1 (scalar valued)
6 f1_complex = MatsubaraFunction(g, 1)

7 £1_real = MatsubaraFunction(g, 1, Float64)

8

o# 1D grid, rank 1 tensor with index dimension 5 (vector valued)

2In both cases the argument must be in bounds, otherwise an exception is thrown.
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10 £2_complex = MatsubaraFunction(g, 5)

11 £2_real = MatsubaraFunction(g, 5, Float64)

12

13 # 1D grid, rank 2 tensor with index dimension 5 (matrix valued)
14 £3_complex = MatsubaraFunction(g, (5, 5))

15 £3_real = MatsubaraFunction(g, (5, 5), Float64)

16

17 # 2D grid, rank 2 tensor with index dimension 5 (matrix valued)
18 f4_complex = MatsubaraFunction((g, g), (5, 5))

19 f4_real = MatsubaraFunction((g, g), (5, 5), Float64)

In addition, a floating point type can be passed to the constructor, which fixes the data type
for the underlying multidimensional array.® Similar to the grids, MatsubaraFunctions can
be conveniently stored in H5 format.

1 using HDF5

2 file = hbopen("save_f1_complex.h5", "w")

3 save_matsubara_function! (file, "f1_complex", f1_complex)
4 f1lp = load_matsubara_function(file, "f1_complex")

5 close(file)

3.2 Accessing and assigning Green’s function data

The library provides two possible ways to access the data of a MatsubaraFunction, using
either the bracket ([]) or parenthesis (()) operator. While the notion of the former is that
of a Base.getindex, the latter evaluates the MatsubaraFunction for the given arguments
in such a way that its behavior is well-defined even for out-of-bounds access. The bracket
can be used with a set of MatsubaraFrequency instances and tensor indices i, as well as
with Cartesian indices for the underlying data array. It returns the value of the data exactly
for the given input arguments, throwing an exception if they are not in bounds. In addition,
the bracket can be used to assign values to a MatsubaraFunction as shown in the following
example.

1y = 0.5
2T = 1.0
3N = 128

4 g = MatsubaraGrid(T, N, Fermion)
5 £ = MatsubaraFunction(g, 1)

7for v in g

8 # if there is only one index of dimension 1, it does not need
9 # to be specified, i.e. f[v] can be used instead of f[v, 1]
10 # (also works for the '()' operator)

11 flvl = 1.0 / (im * value(v) - y)

12 end

13

14 # access MatsubaraFunction data

15 v = glrand(eachindex(g))]

16 println(£f[v]) # fast data access, throws error if v is out of bounds

When f is evaluated using Matsubara frequencies within its grid, it returns the same result
as if a bracket was used. However, if the frequencies are replaced by Float64 values, a
multilinear interpolation within the Cartesian product of the grids is performed. If the fre-
quency / float arguments are out of bounds, MatsubaraFunctions falls back to extrapola-
tion. The extrapolation algorithm distinguishes between one-dimensional and multidimen-
sional frequency grids. In the 1D case, an algebraic decay is fitted to the high-frequency tail of

By default, ComplexF64 is used.
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the MatsubaraFunction, which is then evaluated for the given arguments. The functional
form of the asymptote is currently restricted to f(v) = ag + a—vl + % (with ag, a;,a, € C),*
which is motivated by the linear or quadratic decay that physical Green’s functions typically
exhibit. For multidimensional grids, a constant extrapolation is performed from the boundary.
Different modes of evaluation are illustrated in an example below.

1y = 0.5

2T =1.0

3N = 128

4 g = MatsubaraGrid(T, N, Fermion)
5 f = MatsubaraFunction(g, 1)

6

7 for v in g

8 flvl = 1.0 / (im * value(v) - y)

9 end

10

11 # access MatsubaraFunction data

12 v = glrand(eachindex(g))]

13 println(£(v)) # fast data access, defined even if v is out of bounds
14 println(f (value(v))) # slow data access, uses interpolation

15

16 # polynomial extrapolation in 1D, constant term set to O (the default)
17 vp = MatsubaraFrequency(T, 256, Fermion)

18 println(f (vp; extrp = ComplexF64(0.0)))

3.3 Extrapolation of Matsubara sums

A common task when working with equilibrium Green’s functions is the calculation of Matsub-
ara sums % >, f(»), where we have omitted additional indices of f for brevity. However, typi-
cal Green’s functions decay rather slowly (algebraically) for large frequencies, which presents a
technical difficulty for the accurate numerical calculation of their Matsubara sums: they may
require some regulator function to control the convergence® (difficult to implement) and a
large number of frequencies to sum over (expensive). In contrast, there exist analytical results
for simple functional forms of f even in cases where a straightforward numerical summation
fails. MatsubaraFunctions provides the sum_me function, which can be used to calculate
sums over complex-valued f (), if f(z) (with z € C) decays to zero for large |z| and is repre-
sentable by a Laurent series in an elongated annulus about the imaginary axis (see App. A for
details). An example for its use is shown below. Note that this feature is experimental and its
API as well as the underlying algorithm might change in future versions.

1y = 0.5
2T = 1.0
3N = 128
4 g = MatsubaraGrid(T, N, Fermion)

5 f = MatsubaraFunction(g, 1)

6

7for v in g

8 flvl = 1.0 / (im * value(v) - y)

9 end

10

11 # evaluate the series and compare to analytic result
12rho(x, T) = 1.0 / (exp(x / T) + 1.0)

13 println(abs(sum_me(f) - (rho(+y, T) - 1.0)))

“Note that a, has to be provided by the user.
5 i VOi . . . .
For example, a factor e"” might be necessary in cases where f decays linearly in .
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3.4 Padé approximants

Although the Matsubara formalism provides a powerful tool for the calculation of thermody-
namic quantities, it lacks the ability to directly determine, for example, dynamic response func-
tions or transport properties associated with real-frequency Green’s functions, which facilitate
comparison with experiments. There have been recent advances in the use of real-frequency
quantum field theory [50-53], yet the calculation of dynamic real-frequency Green’s functions
remains a technically challenging endeavor. In many applications, therefore, one resorts to
calculations on the imaginary axis and then performs an analytic continuation in the complex
upper half-plane to determine observables on the real-frequency axis. The analytic continu-
ation problem is ill-conditioned, because there may be significantly different real-frequency
functions describing the same set of complex-frequency data within finite precision. Never-
theless, there has been remarkable progress in the development of numerical techniques such
as the maximum entropy method [54-56] or stochastic analytical continuation [57,58]. These
methods are particularly useful when dealing with stochastic noise induced by Monte Carlo
random sampling. A corresponding implementation in Julia is, for example, provided by the
ACFlow toolkit [59]. On the other hand, if the input data are known with a high degree of
accuracy (as in the fRG and related approaches), analytic continuation using Padé approxi-
mants is a valid alternative. Here, one first fits a rational function to the complex frequency
data which is then used as a proxy for the Green’s function in the upper half-plane. If the
function of interest has simple poles this procedure can already provide fairly accurate results,
see e.g. Ref. [60]. In MatsubaraFunctions we implement the fast algorithm described in the
appendix of Ref. [61], which computes an N-point Padé approximant for a given set of data
points {(x;, ¥;)|i = 1,...,N}. A simple example of its use is shown below. Note that it might
be necessary to use higher precision floating-point arithmetic to cope with rounding errors in
the continued fraction representation used for calculating the Padé approximant.

1 # some dummy function

2 as ntuple(x -> rand(BigFloat), 4)

3f(x) = as[1] / (1.0 + as[2] * x / (1.0 + as[3] * x / (1.0 + as[4] * x)))
4

5 # generate sample and compute Pade approximant
6 xdata = Vector{BigFloat}(0.01 : 0.01 : 1.0)

7 ydata = f.(xdata)

8 PA PadeApprox(xdata, ydata)

9

10 Gassert length(coeffs(PA)) ==

11 @assert PA.(xdata) ~ ydata

3.5 Automated symmetry reduction

In many cases, the numerical effort of computing functions in the Matsubara domain can be
drastically reduced by the use of symmetries. For one-particle fermionic Green’s functions
Gj,i,(v), for example, complex conjugation implies that G; ; (v) = Gl.*2 l.l(—v), relating positive
and negative Matsubara frequencies. Our package provides an automated way to compute the
set of irreducible MatsubaraFunction components,® given a list of one or more symmetries
as is illustrated in the following example

1y = 0.5

2T = 1.0

3N = 128

4 g = MatsubaraGrid(T, N, Fermion)
5 f = MatsubaraFunction(g, 1)

5These are all elements of the underlying data array which cannot be mapped to each other by symmetries.
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6

7for v in g

8 flvl = 1.0 / (im * value(v) - y)

9 end

10

11 # complex conjugation acting on Green's function
12 function conj(

13 w :: Tuple{MatsubaraFrequency},

14 x :: Tuple{Int64}

15 ) :: Tuple{Tuple{MatsubaraFrequency}, Tuple{Int64}, MatsubaraOperation}
16

17 return (-w[1],), (x[1],), MatsubaraOperation(sgn = false, con = true)
18 end

19

20 # compute the symmetry group

21 8G = MatsubaraSymmetryGroup([MatsubaraSymmetry{1, 1}(conj)], f)
22

23 # obtain another Green's function by symmetrization

24 function init(

25 w :: Tuple{MatsubaraFrequency},
26 x :: Tuple{Int64}

27 ) :: ComplexF64

28

29 return flw, x...]

30 end

31

32 InitFunc = MatsubaraIlnitFunction{1, 1, ComplexF64}(init)
33h = MatsubaraFunction(g, 1)

34 SG(h, InitFunc)

35 @Qassert h ==

Here, one first constructs an instance of type MatsubaraSymmetry by passing a function that
maps the input arguments of f to new arguments extended by a MatsubaraOperation. The
latter specifies whether the evaluation of £ on the mapped arguments should be provided with
an additional sign or complex conjugation. Next, the irreducible array elements are computed
and an object of type MatsubaraSymmetryGroup’ is constructed from a vector of symmetries
provided by the user. Here, the length of the vector is one (we only considered complex con-
jugation), but the generalization to multiple symmetries is straightforward (see Ref. [62] for
more examples). A MatsubaraSymmetryGroup can be called with a MatsubaraFunction
and an initialization function.® This call will evaluate the MatsubaraInitFunction for all
irreducible elements of the symmetry group of f, writing the result into the data array of h. Fi-
nally, all symmetry equivalent elements are determined without additional calls to the (costly)
initialization function. Symmetry groups can be stored in H5 format as shown below.

1 using HDF5

2 file = hbopen("save_SG.h5", "w")

3 save_matsubara_symmetry_group! (file, "SG", SG)
4 SGp = load_matsubara_symmetry_group(file, "SG")
5 close(file)

3.6 Running in parallel

To simplify code parallelization when using MatsubaraFunctions. j1, the package has some
preliminary MPI support based on the MPI. j1 wrapper and illustrated in an example below.

1 using MatsubaraFunctions
2 using MPI

7A MatsubaraSymmetryGroup contains all groups of symmetry equivalent elements and the operations
needed to map them to each other.

8A MatsubaraInitFunction takes a tuple of Matsubara frequencies and tensor indices and returns a floating
point type.



SC|| SciPost Phys. Codebases 24 (2024)

3

4 MPI.Init()

s mpi_info()

6 mpi_println("I print on main.")

7 ismain = mpi_ismain() # ismain = true if rank is O
8

9y = 0.5

10T = 1.0

11N = 128

12 g = MatsubaraGrid(T, N, Fermion)
13 f = MatsubaraFunction(g, 1)

14

15 for v in g

16 flvl = 1.0 / (im * value(v) - y)

17 end

18

19 # simple loop parallelization for UnitRange
20 for vidx in mpi_split(l : length(g))

21 println("My rank is $(mpi_rank()): $(vidx)")
22 end

23

24 # simple (+) allreduce

25 mpi_allreduce! (f)

Calls of MatsubaraSymmetryGroup with an initialization function have an opt-in switch
(mode) to enable parallel evaluation of the MatsubaraInitFunction (by default
mode = :serial). If mode = :polyester, shared memory multithreading as provided
by the Polyester Julia package [63] is used.” This mode is recommended for initialization
functions that are cheap to evaluate and are unlikely to benefit from Threads.@threads
due to the overhead from invoking the Julia scheduler. For more expensive functions,
users can choose between mode = :threads, which simply uses Threads.@threads, and
mode = :hybrid. The latter combines both MPI and native Julia threads and can therefore
be used to run calculations on multiple compute nodes.

3.7 Performance note

By default, types in MatsubaraFunctions. j1l perform intrinsic consistency checks when
they are invoked. For example, when computing the linear index of a MatsubaraFrequency
in a MatsubaraGrid, we make sure that the particle types and temperatures match between
the two. While this ensures a robust modus operandi, it unfortunately impacts performance,
especially for larger projects. To deal with this issue, we have implemented a simple switch,
MatsubaraFunctions.sanity_checks (), which, when turned off'% disables @assert ex-
pressions. It is not recommended to touch this switch until an application has been thoroughly
tested, as it leads to wrong results on improper use. For the MBE solver discussed in Sec. 4.3.2,
we found runtime improvements of up to 10% when the consistency checks were disabled.

4 Examples

4.1 Hartree-Fock calculation in the atomic limit

As a first example of the use of MatsubaraFunctions. j1 we consider the calculation of the
one-particle Green’s function G using the Hartree-Fock (HF) approximation in the atomic limit
of the Hubbard model, i.e., we consider the Hamiltonian

H = Uy — iy + 1)), (6)

°Here, the batchsize argument can be used to control the number of threads involved.
"MatsubaraFunctions.sanity_checks() = false.

10
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where U denotes the Hubbard interaction and 71, are the density operators for spin up and
down. In the following, we fix the chemical potential to u = 0, i.e., we consider the system in
the strongly hole-doped regime.

The Hartree-Fock theory [64-66] is a widespread method in condensed matter physics
used to describe, e.g., electronic structures and properties of materials [67,68]. It is a mean-
field approximation as it treats the electrons in a solid as independent particles being subject
to an effective background field due to all the other particles.

In an interacting many-body system, the bare Green’s function G, has to be dressed by
self-energy insertions, here denoted by %, in order to obtain G, which is summarized in the
Dyson equation

G=Gy[1—% Gyl ' =Gy +GyIGy + GyIG=Gy + ..., %)

where G, G and X in general are matrix-valued. In HF theory one only considers the lowest
order term contributing to the self-energy, which is linear in the interaction potential. For the
spin-rotation invariant single-site system at hand, ¥ = %, = % and the HF approximation for
the self-energy reads

n(v) ~ %Z G(v)e”"" =Un, 8
/V/

where n is the density per spin. The Dyson equation then takes the simple form
G(») ~[Gy (v —Un] ™. ©)

Below, we demonstrate how to set up and solve Egs. (8) & (9) self-consistently for the density
n using Anderson acceleration [69, 70] as provided by the NLsolve Julia package [71] in
conjunction with MatsubaraFunctions. jl.

1 using MatsubaraFunctions
2 using NLsolve
3

4const T = 0.3 # temperature
sconst U = 0.9 # interaction
6 const N = 1000 # no. frequencies

7

8 # initialize Green's function container
9 g = MatsubaraGrid(T, N, Fermion)

10 G = MatsubaraFunction(g, 1)

11

12 for v in g

13 Glvl = 1.0 / (im * value(v))

14 end

15

16 # set up fixed-point equation for NLsolve
17 function fixed_point!(F, n, G)

18

19 # calculate G

20 for v in grids(G, 1)

21 G[vl = 1.0 / (im * value(v) - U * n[1])
22 end

23

24 # calculate the residue

25 F[1] = density(G) - n[1]

26

27 return nothing

28 end

29
30 res = nlsolve((F, n) -> fixed_point!(F, n, G), [density(G)], method = :anderson)

11
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Figure 1: Exemplary Hartree-Fock results. (a) Comparison of the bare Green’s
function G, with the HF result Gyp for T/U = % (b) Hartree-Fock density n as a
function of temperature.

Here, we first build the MatsubaraFunction container for G and initialize it to Gy(v) = liv
This container is then passed to the fixed-point equation using an anonymous function, which
mutates G on each call to incorporate the latest estimate of n.!! Fig. 1 shows exemplary results
for the full Green’s function and HF density. As can be seen from Fig. 1(b) the latter deviates
from its bare value ny = % when the temperature is decreased and approachesn =0 for T — 0,
as expected.

4.2 GW calculation in the atomic limit

In this section, we extend our Hartree-Fock code to include bubble corrections'? in the calcula-
tion of the self-energy. The resulting equations, commonly known as the GW approximation,
allow us to exemplify the use of more advanced library features, such as extrapolation of
the single-particle Green’s function and the implementation of symmetries. Therefore, they
present a good starting point for the more involved application discussed in Sec. 4.3.1.

The GW approximation is a widely used method in condensed matter physics and quan-
tum chemistry for calculating electronic properties of materials [72-74]. In addition to the
Hartree term Xy = Un, which considers only the bare interaction, the mutual screening of
the Coulomb interaction between electrons is partially taken into account. For spin-rotation
invariant systems it is common practice to decouple these screened interactions n'® into a
density (or charge) component ° and a magnetic (or spin) component n™ (see App. B), such
that

S~ G =5 260N [FnP (v =)+ M (v— )], (10)

for the atomic limit Hamiltonian. The 7 are computed by summing a series of bubble diagrams
in the particle-hole channel, i.e.,

U
PIMQ)= ——— 11
0~ () 15 UP(D)’ an
where the polarization bubble P is given by
P(Q) =% > G(Q+ v)G(v). (12)
v

A diagrammatic representation of these relations is shown in Fig. 2. Finally, the set of equations
is closed by computing G from the Dyson equation. Since the Green’s function transforms as

"Here, we make use of the density function, which calculates the Fourier transform f(t — 07) given a
complex-valued input function f(v).

12That is, Feynman diagrams formed by a closed loop of two single-particle Green’s functions.

3Here, we denote the screened interactions by 7 instead of W to avoid conflicting notation with the code
examples in Sec. 4.3.2.

12
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Figure 2: Diagrammatic representation of spin-conserving GW equations in the
atomic limit. Wavy lines denote the screened interactions in the density (red) and
magnetic (blue) channel. They are obtained by dressing the respective bare interac-
tions with a series of bubble diagrams P((2), as illustrated in the second and third
line from the top.

G*(v) = G(—v) under complex conjugation [48], we also have that
P(—2) =3 G(=Q+MG(M) =3 D G(-Q—»)G(=») = § ¥ .G*(Q+ v)G*(v)
= P*(Q), (13)

and likewise ¥*(v) = %(—v). Thus, the numerical effort for evaluating Eqs. (10) and (12)
can be reduced by a factor of two using a MatsubaraSymmetryGroup object. To structure
the GW code, we first write a solver class which takes care of the proper initialization of the
necessary MatsubaraFunction instances.

1 using MatsubaraFunctions
2 using HDF5
3

4 conj(w, x) = (-w[1],), (x[1],), MatsubaraOperation(sgn = false, con = true)
5

6 struct GWsolver

7 T :: Float64

8 4) :: Float64

9 N :: Int64

10 G :: MatsubaraFunction{l, 1, 2, ComplexF64}

11 Sigma :: MatsubaraFunction{l, 1, 2, ComplexF64}

12 P :: MatsubaraFunction{l, 1, 2, ComplexF64}

13 n_D :: MatsubaraFunction{1, 1, 2, ComplexF64}

14 n_M :: MatsubaraFunction{1, 1, 2, ComplexF64}

15 SGE :: MatsubaraSymmetryGroup

16 SGb :: MatsubaraSymmetryGroup

17

18 function GWsolver(T, U, N)

19

20 # fermionic containers

21 gf = MatsubaraGrid(T, N, Fermion)

22 G = MatsubaraFunction(gf, 1)

23 Sigma = MatsubaraFunction(gf, 1)

24

25 # bosonic containers

26 gb = MatsubaraGrid(T, N, Boson)

27 P = MatsubaraFunction(gb, 1)

28 n_D = MatsubaraFunction(gb, 1)

29 n_M = MatsubaraFunction(gb, 1)

30

31 # symmetry groups

32 SGf = MatsubaraSymmetryGroup([MatsubaraSymmetry{1, 1}(conj)l, G)
33 SGb = MatsubaraSymmetryGroup([MatsubaraSymmetry{1, 1}(conj)], P)

13
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34

35 return new(T, U, N, G, Sigma, P, n_D, n_M, SGf, SGb)
36 end

37 end

As a second step, we implement the self-consistent equations, which we solve using Anderson
acceleration. Note that we have rewritten the GW equation for the self-energy as

S(v) ~Un—3 > G(V)[3nP(v—)+ 3nM(v—1)+ 4], (14)

which is beneficial since the product of G with the constant contributions to n°/™ simply shifts
the real part of the self-energy by % such that & = ©; + O(U?).

1 function fixed_point!(F, x, S)

2

3 # update Sigma

4 unflatten! (S.Sigma, x)

5

6 # calculate G

7 for v in grids(S.G, 1)

8 S.G[vl] = 1.0 / (im * value(v) - S.Sigmalv])
9 end

10

1 sum_grid = MatsubaraGrid(S.T, 4 * S.N, Fermion)
12

13 # calculate P using symmetries

14 function calc_P(wtpl, xtpl)

15

16 P =0.0

17

18 for v in sum_grid

19 P += S.G(v + wtpl[1]) * S.G(v)

20 end

21

22 return S.T * P

23 end

24

25 S.SGb(S.P, MatsubaraInitFunction{l, 1, ComplexF64}(calc_P))
26

27 # calculate 7n_D and n_M

28 for w in S.P.grids[1]

29 S.n_D[wl = +8.U / (1.0 - S.U * S.P[w])

30 S.n_M[w]l = -S.U / (1.0 + S.U * S.P[w])

31 end

32

33 # calculate Sigma using symmetries

34 function calc_Sigma(wtpl, xtpl)

35

36 Sigma = S.U * density(S.G)

37

38 for v in sum_grid

39 Sigma -= S.T * S.G(v) * (

40 0.25 * 8.n_D(wtpl[1] - v; extrp = ComplexF64(+S.U)) +
41 0.75 * S.n_M(wtpl[1] - v; extrp = ComplexF64(-S.U)) +
42 0.50 * S.U)

43 end

44

45 return Sigma

46 end

47

48 S.SGf(S.Sigma, MatsubaraInitFunction{l, 1, ComplexF64}(calc_Sigma))
49

50 # calculate the residue

51 flatten!(S.Sigma, F)

52 F .-=x

14
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54 return nothing
55 end

a b
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Figure 3: Exemplary GW results. (a) The complex-valued self-energy %y, with its
real part offset by the Hartree shift 3y = Ungy, for T/U = % (b) GW and Hartree-
Fock densities as a function of U/T.

Here, we make use of the flatten! and unflatten! functions which allow us to parse
MatsubaraFunction data into a one dimensional array.'* The fixed-point can now easily be
computed with, for example,

1const T = 0.3 # temperature

2 const U 0.9 # interaction

3 const N 1000 # no. frequencies
4
58

GWsolver(T, U, N)

6 init = zeros(ComplexF64, length(S.Sigma))

7 res nlsolve((F, x) -> fixed_point!(F, x, S), init, method = :anderson, m = 8, beta =
< 0.5, show_trace = true)

In Fig. 3 we show exemplary results for the self-energy and density obtained in GW. In con-
trast to the Hartree-Fock calculations in the previous section, ¥ is now a frequency-dependent
quantity, whose real part asymptotically approaches Ungy,. As can be seen from Fig. 3(b),
these GW densities agree quantitatively with the HF result for weak interactions U/T < %,
but yield larger densities for higher values of U as expected when the local interaction is par-
tially screened.

4.3 Multiboson exchange solver for the single impurity Anderson model

Note: Readers who are not interested in the formal discussion presented below should feel
free to skip this section and proceed directly to Section 5 on future directions.

In the following, we extend upon the previous computations for the Hubbard atom by
coupling the single electronic level to a bath of non-interacting electrons. Specifically, we con-
sider the single-impurity Anderson model, a minimal model for localized magnetic impurities
in metals introduced by PW. Anderson to explain the physics behind the Kondo effect [75]. It
is defined by the Hamiltonian

— T T T T
H = Z Gddo’_dg + Und,Tnd,l + kz (deo'_Ck,o- + Vk*ck,ado') + kz ek,O'Ck’o-Ck,O' 5 (15)
o ,O e

describing an impurity d level €4, hybridized with conduction electrons of the metal via
a matrix element V;. The electrons in the localized d state, where n4, = d'd,, in-
teract according to the interaction strength U, whereas the c electrons of the bath are

We also export £latten which will allocate a new 1D array from the MatsubaraFunction.
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non- interacting Following [76], in a path-integral formulation for the partition function
Z= f I'l, D D(do)D (ck U)D (Ck,a) e~ with the action § = ff L(t)dt, the Lagrangian
for the model is glven by

L(7) =D do(7)(8; + €)do (1) + D G0 (7) (2; + ) i (7)
o k,o

+ Uy (D) () + D Ve [do (D)o (7) + 8o (T)do (7)] (16)
k,o

where ny (1) = d,(t)d,(t). Integrating over the only quadratically occurring Grassmann
variables for the bath electrons, one formally obtains Z = f [1I,D (da) D(d,)e Sred with the
reduced action given by

B B B
Sred = J de d’r’z d,(7) [—Ggo) (r— T/)]_l d, (') + Uf drny(tin(r). (A7)
0 0 o 0

Switching to Matsubara frequencies as described in section 2, the non-interacting Green’s func-
tion for the localized d electrons reads

Oyt

Go™ () = iv,—eq+A(v,) (18)
Following [77] we choose an isotropic hybridization strength V,, = V and a flat density of
states With bandwidth 2D for the bath electrons, leading to the hybridization function'®
A(v,) =i% D arctan = In the following, we set V = 2, measure energy in units of V/2 =1 and
set the half bandw1dth to D = 10. In the context of this work, we focus on the particle-hole
symmetric model, setting €4 = —U /2. Then, the Hartree term of the self-energy, Xy = U/2 is
conveniently absorbed into the bare propagator,

1 1

(0) S CcH —
Go () = Gg(vn) = iv,—eq+A(v,) —Zy iVn"'A(”n). o

Consequently, the Hartree propagator is used instead of the bare propagator throughout.

4.3.1 Single boson exchange decomposition of the parquet equations

Following [ 78], we now reiterate the single-boson exchange (SBE) decomposition of the four-
point vertex and, subsequently, of the parquet equations. The starting point for the SBE de-
composition, which was originally developed in [79-84], is the unambiguous classification of
vertex diagrams according to their U-reducibility in each channel. In order to introduce this
concept in the context of the parquet equations, we first have to discuss the similar concept of
two-particle reducibility, which provides the basis for the parquet decomposition of the vertex,

F=Appr+va+rp+7e- (20)

This decomposition states that all diagrams which contribute to the two-particle vertex I' can be
classified as being part of one of four disjoint contributions: y, with r € {a, p, t} collects those
diagrams which are two-particle reducible (2PR) in channel r, i.e., they can be disconnected
by cutting a pair of propagator lines, which can either be aligned in an antiparallel (a), parallel
(p) or transverse antiparallel (¢t) way. All remaining diagrams, which are not 2PR in either
of the three channels, contribute to Ayp;, the fully two-particle irreducible (2PI) vertex. One
can equally well decompose T’ w.r.t. its two-particle reducibility in one of the three channels,

Note that we use a different sign convention for the hybridization function compared to [77].
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a
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p:

Figure 4: Illustration of U-reducibility in the three two-particle channels a, p
and t. The Figure is analogous to Fig. 4 of [80] and adapted from [78]. I} and I},
can be any vertex diagram or the unit vertex.

I'=1I,+Yy,, which defines I, = Ayp; + Zr,# v, collecting all diagrams that are 2PI in channel
r. The Bethe-Salpeter equations (BSEs) then relate the reducible diagrams to the irreducible
ones,

Y =I.,0ll,oT'=Toll, ol,. 21

This short-hand notation introduces the II, bubble, i.e., the propagator pair connecting the
two vertices, see [ 78] for their precise channel-dependent definition, as well as for the connec-
tor symbol o, which channel-dependently denotes summation over internal frequencies and
quantum numbers. The self-energy X, which enters the propagator via the Dyson equation
G = Gy + GyX=G, is provided by the Schwinger-Dyson equation (SDE),

N=—(U+Uoll,ol)-G=—(U+3UcI,oT)-G, (22)

where U is the bare interaction and the symbol - denotes the contraction of two vertex legs
with a propagator. Together, equations (20), (21) and (22) are known as the parquet equa-
tions [85,86] and can be solved self-consistently, if the 2PI vertex A,p is provided [87-90].
Unfortunately, A,p; is the most complicated object, as its contributions contain nested contrac-
tions over internal arguments. Often, the parquet approximation (PA) is therefore employed,
which truncates A,p; beyond the bare interaction U. In the context of the SBE decomposition
relevant to this work, U-reducibility is an alternative criterion to the concept of two-particle
reducibility for the classification of vertex diagrams. A diagram that is 2PR in channel r is
also said to be U-reducible in channel r if it can be disconnected by removing one bare vertex
that is attached to a II, bubble, as illustrated in Fig. 4. Furthermore, the bare vertex U is
defined to be U-reducible in all three channels. The U-reducible diagrams in channel r are
in the following denoted V.. and are said to describe single-boson exchange processes, as the
linking bare interaction U, which would disconnect the diagram if cut, mediates just a single
bosonic transfer frequency. The diagrams which are 2PR in channel r but not U-reducible in
channel r are called multi-boson exchange diagrams and denoted M,. With these classifica-
tions, the two-particle reducible vertices can be written as y, = V, — U + M,,, making sure to
exclude U, which is contained in V, but not in y,. The parquet decomposition (20) yields in
this language,

r=eUm+> v, —2U, e = Ao — U+ M,, (23)
where U is the fully U-irreducible part of I'. For a diagrammatic illustration of the
first equation, see Fig. 8 in [78]. The channel-dependent decomposition of the vertex
I'=1I.+4+vy, =V,+T, can also be split into U-reducible and U-irreducible parts in channel r,
defining the U-irreducible remainder T, = I, — U + M,. in channel r. Inserting all these defini-
tions into the BSEs (21) and separating U-reducible and U-irreducible contributions gives the
two sets of equations,
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V,—=U=1I,0ll,oV,.+Uoll,oT,=V,oll,ol,+T,0ll,oU, (24)
M, =({,—U)oIl,oT,=T,oll,o(I,—U), (25)

for each channel r. From equation (24) one can derive (see [78] for details) that the single-
boson exchange terms can be written as V, = A, *7, * A, where A,, A, denote the Hedin
vertices [72] and 7, the screened interaction in channel r. The former are related to the
U-irreducible vertex in channel r via A, = 1, + T, 0Il,01, = 1, 4+ 1, 01II, o T, and can
be understood as U-irreducible, amputated parts of three-point functions, as they depend on
only two frequencies. In contrast to the GW approximation discussed in Sec. 4.2, the screened
interaction 7, is now defined in terms of a Dyson equation, ), = U+U<*P,*n, =U+1n,*P,*U,
with the polarization P, = A, oI, 01, = 1, oI, o A, dressed by vertex corrections. In the
previous expressions, the connector « denotes an internal summation similar to o, the only
difference being that summation over frequencies is excluded. The corresponding unit vertex
is denoted 1,.

Lastly, one can rewrite the SDE in terms of the screened interaction and the Hedin vertex
in channel r which yields, for example, =% = (n,*2,)-G = ()_Lp *1,) - G if one chooses r = p.

In summary, the SBE-equations to be solved read

N, =U+UeP.en,=U+n,*P, U, (26a)
P.=A.0M,01,=1,0Il,04,, (26b)
A, =1,+T,0ll,01,, (26¢)
A, =1,4+1,0Il,0T,, (26d)
T,=T—A.*n,*A,, (26e)
I=eU 4> A en,+A,.—2U, (26f)
eV = App — U + > M, (26g)
M, =(T,—M,)oIl,oT, =T,oll.o(T,—M,), (26h)
—X=(m,*2,)-G=(,°n,)-G. (261)

As before, they require only the fully two-particle irreducible vertex Aqp; as an input. No-
tably, if one employs the so-called SBE approximation [80], which amounts to setting Ayp; = U
as in the parquet approximation and neglecting multi-boson exchange contributions M, = 0,
all objects involved depend on at most two frequencies. This scheme is therefore numerically
favorable compared to the PA if the SBE approximation can be justified [91] . In the context
of this paper, we do not employ the SBE approximation, but include multi-boson exchange
(MBE) contributions.

4.3.2 Implementation in MatsubaraFunctions. jl

In this section, we present the implementation of the PA in its MBE formulation using
MatsubaraFunctions.jl. In doing so, we build upon the code structure developed in
Sec. 4.2, i.e. we first define a solver class for which we later implement the self-consistent
equations, as well as an interface to solve for the fixed point using Anderson acceleration,
see Fig. 5. In order to keep the discussion concise, we refrain from showing all of the code
and, instead, focus on computational bottlenecks and point out tricks to circumvent them. For
completeness, however, we also make the entire code available via an open-source repository
on Github, see Ref. [62] and provide additional implementation details in App. B.
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Xo = flatten(S)
Solver construction Root findin
I
solvel W TN
Physical parameters solver obiect § e " NLsolve .
temperature 7, interaction U, i} unflatten!(S, x) " F = flatten(S) - x
hybridization V, bandwidth D ;T;";‘PA‘%
Initialization e
i G(Gy, X 2(G,n,, 4,
Grid parameters G =Gl s =3P p =0, IF] < 0l (Gp, 2) (G, 1y, 4)
Newy Nswy Newy Niawy Nu@ww n=U.,A=1,M=0
Solver parameters P(G.4) MBE loop LG.T.SG
size of memory kernel mem, (G, T, SGL2,1)
relaxation parameter a, Precomp s HDF P
error tolerance 10, SGIA,), SGI], ave to HDF5 S
max. no. iterations ma-xiter SGIMS], SGIM]1, SGIM,] M(G. T, M, SGIM,))

Figure 5: Structure of the MBE code. First, an instance S of type MBEsolver is
constructed by passing the SIAM parameters T, U, V and D and the sizes for the
Matsubara grids. The self-energy ¥ is initialized using second order perturbation
theory (PT2), while all other MatsubaraFunctions are set to their bare values. In
an optional step, MatsubaraSymmetryGroups for A, and M, (here denoted by SG)
can be precomputed. Next, the solve! function is used to find the fixed-point of
the MBE equations using Anderson acceleration. To interface with NLsolve, the
fields =, n,, A, and M, of S (which are sufficient to determine all other involved
quantities) are flattened into a single one-dimensional array. After convergence, S is
finally written to disk in H5 file format.

Extending the GWsolver from Sec. 4.2 to the MBEsolver needed here is a straightforward
endeavor, since we just have to add containers and symmetry groups for the Hedin and multi-
boson vertices. Furthermore, we extend the solver to include buffers which store the result
of evaluating Egs. (26¢), (26d) and (26h), such that repetitive allocations of the multidimen-
sional data arrays for A, and M, are avoided. Note that, due to the symmetries of the SIAM
studied here, it suffices to include either A, or A,, since A, = A.. In addition, all containers
can be implemented as real-valued.'®

1 function calc_T(

2 w :: MatsubaraFrequency,

3 v :: MatsubaraFrequency,

4 vp :: MatsubaraFrequency,

5 n_S :: MatsubaraFunction{1l, 1, 2, Float64},

6 A_S :: MatsubaraFunction{2, 1, 3, Float64},

7 n_D :: MatsubaraFunction{1l, 1, 2, Float64},

8 A_D :: MatsubaraFunction{2, 1, 3, Float64},

9 n_M :: MatsubaraFunction{l, 1, 2, Float64},

10 A_M :: MatsubaraFunction{2, 1, 3, Float64},

11 M_S :: MatsubaraFunction{3, 1, 4, Float64},

12 M_T :: MatsubaraFunction{3, 1, 4, Float64},

13 M_D :: MatsubaraFunction{3, 1, 4, Float64},

14 M_M :: MatsubaraFunction{3, 1, 4, Float64},

15 U :: Float64,

16 :: Type{ch_D}

17 ) :: Float64

18

19 # bare contribution

20 T=-2.0x%1

21

22 # SBE contributions

23 wl =w + Vv + vp

24 ni_idx = MatsubaraFunctions.grid_index_extrp(wl, grids(n_D, 1))
25 Al_idx1 = MatsubaraFunctions.grid_index_extrp(wl, grids(A_D, 1))
26 A1_idx2 = MatsubaraFunctions.grid_index_extrp(vp, grids(A_D, 2))

16The Green’s function G and the self-energy  are purely imaginary, such that G = —iG and & = —i3. After
plugging this factorization into Egs. (26a)-(26i), all factors of i are cancelled out such that the resulting equations
are entirely real.
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27 A1_idx3 = MatsubaraFunctions.grid_index_extrp( v, grids(A_D, 2))
28

29 w2 =vVp -V

30 v2 =w+ v

31 n2_idx = MatsubaraFunctions.grid_index_extrp(w2, grids(n_D, 1))
32 A2_idx1 = MatsubaraFunctions.grid_index_extrp(w2, grids(A_D, 1))
33 A2_idx2 = MatsubaraFunctions.grid_index_extrp(v2, grids(A_D, 2))

34
35 T += +0.5 * A_S[Al_idx1, A1_idx2, 1] * n_S[ni_idx, 1] * A_S[Al_idx1l, A1_idx3, 1]
36 T += -0.5 * A_D[A2_idx1, A1_idx3, 1] * n_D[n2_idx, 1] * A_D[A2_idx1, A2_idx2, 1]
37 T += -1.5 * A_M[A2_idx1, A1_idx3, 1] = n_M[n2_idx, 1] * A_M[A2_idx1, A2_idx2, 1]
38

39 # MBE contributions

40 w_idx = MatsubaraFunctions.grid_index_extrp( w, grids(M_S, 1))
41 v_idx = MatsubaraFunctions.grid_index_extrp( v, grids(M_S, 2))
42 vp_idx = MatsubaraFunctions.grid_index_extrp(vp, grids(M_S, 2))
43

44 wl_idx = MatsubaraFunctions.grid_index_extrp(wl, grids(M_S, 1))
45 w2_idx = MatsubaraFunctions.grid_index_extrp(w2, grids(M_S, 1))
46 v2_idx = MatsubaraFunctions.grid_index_extrp(v2, grids(M_S, 2))
47

48 T += M_D[w_idx, v_idx, vp_idx, 1]

49 T += +0.5 * M_S[wl_idx, v_idx, vp_idx, 1]

50 T += +1.5 * M_T[wl_idx, v_idx, vp_idx, 1]

51 T += -0.5 * M_D[w2_idx, v_idx, v2_idx, 1]

52 T += -1.5 * M_M[w2_idx, v_idx, v2_idx, 1]

53

54 return T

55 end

Profiling the MBE code reveals that most of the time is spent calculating the irreducible vertices
T,., which are needed to compute both A, and M,. In the former case, two legs of T, are
closed with a propagator bubble, while in the latter case, T, enters both to the left and to
the right of the respective (Bethe-Salpeter-like) equation. When optimizing the code, it is
therefore crucial to find an efficient way to evaluate Eq. (26e). In the example above, an
exemplary implementation of T, in the density channel is shown. Here, we make use of the
grid_index_extrp function, which given a Matsubara frequency and a grid g finds the
linear index of the frequency in g or, if it is out of bounds, determines the bound of g that
is closest. This function is normally used internally to perform constant extrapolation for
MatsubaraFunction objects with grid dimension greater than one.!” Here, however, it can
be used to precompute multiple linear indices at once, allowing us to exclusively use the []
operator and thus avoid unnecessary boundary checks. Note that we could have used tailfits
for the screened interactions 7, but opt to utilize constant extrapolation instead.'®

Furthermore, when T. is inserted into the equations for the Hedin and multiboson vertices,
it is summed up along one fermionic axis. Therefore, some frequencies, e.g. wl = w + v +
vp in line 23 of the code snippet above, will assume the same value for many different external
arguments. Hence, to circumvent repeated (but superfluous) grid_index_extrp calls, it is
beneficial to precompute T, on a finite grid, which needs to be large enough to maintain the
desired accuracy. To this end, we add buffers for the irreducible vertices to our solver class,
such that we can compute e.g. the density TP and magnetic contributions T™ inplace and in
parallel, as shown in the example below.

1 function calc_T_ph! (

2 T_D :: MatsubaraFunction{3, 1, 4, Float64},
3 T_M :: MatsubaraFunction{3, 1, 4, Float64},
4 n_S :: MatsubaraFunction{l, 1, 2, Float64},
5 A_S :: MatsubaraFunction{2, 1, 3, Float64},

7Therefore it is not exported into the global namespace.
8Since 7, depends only on one frequency argument, it can be stored on a rather large grid, such that its asymp-
totic behavior is well-captured even without polynomial extrapolation.
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I
Q,

6 n_D :: MatsubaraFunction{1l, 1, 2, Float64},

7 A_D :: MatsubaraFunction{2, 1, 3, Float64},

8 n_M :: MatsubaraFunction{l, 1, 2, Float64},

9 A_M :: MatsubaraFunction{2, 1, 3, Float64},

10 M_S :: MatsubaraFunction{3, 1, 4, Float64},

11 M_T :: MatsubaraFunction{3, 1, 4, Float64},

12 M_D :: MatsubaraFunction{3, 1, 4, Float64},

13 M_M :: MatsubaraFunction{3, 1, 4, Float64},

14 U :: Float64

15 ) : Nothing

16

17 Threads.CQthreads for vp in grids(T_D, 3)

18 A1_idx2 = MatsubaraFunctions.grid_index_extrp(vp, grids(A_D, 2))

19 vp_idx = MatsubaraFunctions.grid_index_extrp(vp, grids(M_S, 2))

20

21 for v in grids(T_D, 2)

22 w2 =vVp -V

23 A1_idx3 = MatsubaraFunctions.grid_index_extrp( v, grids(A_D, 2))

24 n2_idx = MatsubaraFunctions.grid_index_extrp(w2, grids(n_D, 1))

25 A2_idx1 = MatsubaraFunctions.grid_index_extrp(w2, grids(A_D, 1))

26 v_idx = MatsubaraFunctions.grid_index_extrp( v, grids(M_S, 2))

27 w2_idx = MatsubaraFunctions.grid_index_extrp(w2, grids(M_S, 1))

28

29 for w in grids(T_D, 1)

30 wl =w+ Vv + vp

31 v2 =w + v

32 nl_idx = MatsubaraFunctions.grid_index_extrp(wl, grids(n_D, 1))

33 A1_idx1 = MatsubaraFunctions.grid_index_extrp(wl, grids(A_D, 1))

34 A2_idx2 = MatsubaraFunctions.grid_index_extrp(v2, grids(A_D, 2))

35 w_idx = MatsubaraFunctions.grid_index_extrp( w, grids(M_S, 1))

36 wl_idx = MatsubaraFunctions.grid_index_extrp(wl, grids(M_S, 1))

37 v2_idx = MatsubaraFunctions.grid_index_extrp(v2, grids(M_S, 2))

38

39 # compute SBE vertices

40 pl = A_S[A1_idx1, A1_idx2, 1] * n_S[nl_idx, 1] * A_S[A1_idx1, A1_idx3, 1]

41 p2 = A_D[A2_idx1, A1_idx3, 1] * n_D[n2_idx, 1] * A_D[A2_idx1, A2_idx2, 1]

42 p3 = A_M[A2_idx1, A1_idx3, 1] * n_M[n2_idx, 1] * A_M[A2_idx1, A2_idx2, 1]

43

44 # compute MBE vertices

45 mi = M_S[wl_idx, v_idx, vp_idx, 1]

46 m2 = M_T[wl_idx, v_idx, vp_idx, 1]

47 m3 = M_D[w2_idx, v_idx, v2_idx, 1]

48 m4d = M_M[w2_idx, v_idx, v2_idx, 1]

49

50 T_D[w, v, vp] = -2.0 * U + M_D[w_idx, v_idx, vp_idx, 1] + 0.5 * (p1 + ml -
- p2 - m3) + 1.5 x (m2 - p3 - m4)

51 T_M[w, v, vp] = +2.0 * U + M_M[w_idx, v_idx, vp_idx, 1] - 0.5 * (p1l + ml +
- p2 +m3) + 0.5 ¥ (m2 + p3 + m4)

52 end

53 end

54 end

55

56 return nothing

57 end

Here, we also make use of the fact that many frequency arguments (and their respective linear
indices) are shared between different channels, which speeds up the calculation of T even
further. The implementation of, say, Eq. (26h) is now rather straightforward. M, for example,
can be computed as shown below.

1 function calc_M!(

2 M :: MatsubaraFunction{3, 1, 4, Float64},
3 Pi :: MatsubaraFunction{2, 1, 3, Float64},
4 T :: MatsubaraFunction{3, 1, 4, Float64},
5 M_D :: MatsubaraFunction{3, 1, 4, Float64},
6 SG :: MatsubaraSymmetryGroup,

7 :: Type{ch_D}

8 ) :: Nothing

9
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10 # model the diagram

11 function f(wtpl, xtpl)

12

13 w, V, Vp wtpl

14 val 0.0

15 vi, v2 grids(Pi, 2)(grids(T, 3)[1]1), grids(Pi, 2)(grids(T, 3)[end])

16 Pi_slice view(Pi, w, vl : v2)

17 M_D_slice = view(M_D, w, v, :)

18 T_L_slice = view(T, w, v, :)

19 T_R_slice = view(T, w, vp, :)

20

21 vl = grids(T, 3)(grids(M_D, 3)[1])

22 vr = grids(T, 3) (grids(M_D, 3)[end])

23

24 for i in 1 : vl - 1

25 val -= (T_L_slice[i] - M_D_slice[1]) #* Pi_slicel[i] * T_R_slicel[i]
26 end

27

28 for i in v1 : vr

29 val -= (T_L_slice[i] - M_D_slice[i - vl + 1]) * Pi_slice[i] * T_R_slicel[i]
30 end

31

32 for i in vr + 1 : length(T_L_slice)

33 val -= (T_L_slice[i] - M_D_slicelvr - vl + 1]) * Pi_slicel[i] * T_R_slicel[i]
34 end

35

36 return temperature(M) * val

37 end

38

39 # compute multiboson vertex

40 SG(M, MatsubaraInitFunction{3, 1, Float64}(f); mode = :hybrid)

41

42 return nothing

43 end

Here, we utilize the corresponding MatsubaraSymmetryGroup object with the hybrid MPI
+ Threads parallelization scheme. In addition, we make use of views for the bubble and
vertices to avoid repeated memory lookups in the Matsubara summation.

4.3.3 Benchmark results

In this section, we benchmark the presented implementation of the MBE parquet solver against
an independent implementation in C++. Our motivation for this comparison is twofold:
Firstly, we want to verify the overall correctness of both implementations and, secondly, we
want to test how robust the multiboson formalism is to implementation details. This regards,
for example, the treatment of correlation functions at the boundaries of their respective fre-
quency grids. While the Julia code relies on (polynomial or constant) extrapolation, the C++
code replaces correlators with their asymptotic value instead. Ideally, these details should be
irrelevant, except in the most difficult parameter regimes. Both codes used the physical pa-
rameters as stated after Eq. (18) and the frequency parameters according to Tab. 1. We begin
by examining the static properties of the model including the quasiparticle residue Z given by

_ dim[Z(w)]

Zl=1
dw

) 27)

w—0

as well as the susceptibilities in the density (D) and magnetic (M) channels. The latter can be
obtained from the screened interactions analogous to Ref. [92], that is

DM _ nP/M _ yP/M
(UD/M)2

The corresponding results are summarized in Fig. 6. Both codes are in quantitative agreement
and predict a strong enhancement of magnetic fluctuations at low temperatures. However, as

4 (28)
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Table 1: Frequency parameters for the benchmark results in Figs. 6-9. We show
the total number of frequencies used for the various Matsubara functions. Since
the boxes are symmetric around zero there is an even (odd) number of Matsubara
frequencies along fermionic (bosonic) directions.

total no. frequencies

G | 4096

X | 512

n | 1023

A | 575 x 512

M | 383 x 320 x 320

has been noted in Ref. [77], the characteristic signature for the formation of a local magnetic
moment at the impurity, a decrease of XD for temperatures T < 2 (for the specific choice
of numerical parameters used here), is not captured by the parquet approximation. Instead,
xP increases monotonically over the entire range of temperatures considered and the system
remains in a metallic state with well-defined quasiparticles (i.e. 0 < Z < 1).

Figure 7 shows a direct comparison of the MBE vertices and their evolution with decreasing
temperature within both codes. As can be seen from the middle column, showing the screened
interaction, Hedin and multiboson vertex in the magnetic channel, most of the long-lived
magnetic correlations are already captured by the screened interaction itself and thus by the
corresponding single-boson exchange diagrams. In contrast, low-energy scattering processes
mediated by multiple bosons seem to be less relevant, as indicated by a comparatively small
MM contribution. This picture is somewhat reversed in the other channels (left and right
column in Fig. 7). In the density channel, for example, the largest contribution originates
from short and also long-lived multiboson fluctuations, especially at low temperatures.

Figure 8 presents further results for MX as a function of its two fermionic frequencies v and
v/ (with fixed © = 0). Remarkably, the structure of these objects is dominated by cross-like
structures similar to those discussed in Ref. [92], which become more pronounced when T is
decreased. A comparison of the data obtained with both codes (shown in the second row of
Fig. 8), reveals that it is precisely these structures that seem difficult to capture in numerical
calculations, and where small differences in the implementation can have a significant effect.
However, the relative difference between the results from both codes is still small (S 0.01).

As a final benchmark of the codes, we have considered their respective serial and paral-
lel performance for a single evaluation of the parquet equations in SBE decomposition (see
Fig. 9). Surprisingly, the Julia code based on MatsubaraFunctions. j1l outperforms the
C++ implementation by about a factor of four when run in production mode (i.e., with in-
ternal sanity checks disabled). We would like to note that this is most likely not due to a
fundamental performance advantage of Julia over C++, but simply the result of several op-
timizations (such as those presented in Sec. 4.3.2) that were more easy to implement using
MatsubaraFunctions. jl.
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T

Figure 6: Results for the quasi-particle residue Z and the density/magnetic sus-
ceptibility y2/M. The comparison shows good agreement between the two codes.
Note that we approximated the derivative in Eq. (27) by a fourth order finite differ-
ences method.

AX(0,v) -1

—25 0 25 —25 0 25 —25 0 25

v/xT v/nT v/nT
[— =02 — 17-05 I e Julia |

Figure 7: Benchmark of vertex quantities between the Julia and C++ code. We
show frequency slices through various SBE ingredients (top to bottom: screened in-
teractions, Hedin vertices, multiboson vertices) at different temperatures and chan-
nels. The comparison shows good agreement between both codes.
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Figure 8: Slice through multi-boson contributions M?, MM and MS. The upper
panels show the data for different temperatures, the lower panels the absolute devi-
ation between the Julia and the C++ implementation, respectively. For lower tem-
peratures the features in the data require the computation and storage of a larger
number of frequency points. The agreement of the data persists to the lowest tem-
perature shown in this paper.
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Figure 9: Performance benchmark between the Julia and C++ code. We show
the time taken for a single evaluation of the parquet equations in SBE decomposition.
Note that the runtimes have been normalized to the serial result of the C++ code.

5 Future directions

We have presented a first version of the MatsubaraFunctions. j1 library and its basic func-
tionality. Although the library already offers many features, most notably an automated inter-
face for implementing and exploiting symmetries when working with Green’s functions (in-
cluding several options for parallel evaluation), as well as high performance for larger projects
(see Sec. 4.3.1 and the discussions therein), several generalizations of the interface and fur-
ther optimizations are currently under development. In addition, we will add more support
for generic grid types other than just Matsubara frequency grids. These could include, for
example, momentum space grids and support for continuous variables (such as real frequen-
cies). Note, however, that calculations in momentum or real space are already feasible with
the current state of the package, if a suitable mapping from, say, wavevectors to indices is
provided. Accuracy improvements for fitting high-frequency tails and more advanced extrap-
olation schemes for Matsubara sums are also in the works.

In the future, it will be very valuable to extend the ecosystem surrounding
MatsubaraFunctions. j1. For example, many state-of-the-art diagrammatic solvers rely on
the efficient evaluation of similar diagrams such as vertex-bubble-vertex contractions, which
are a common feature of Bethe-Salpeter-type equations. These operations could be developed
independently of the main library, providing even more quality-of-life options for the user.
Moreover, such a toolkit would allow for the swift deployment of different types of solvers,
including fRG solvers for quantum spin systems and self-consistent impurity solvers such as the
MBE code presented in Sec. 4.3.2, to name but a few. With many new and exciting correlated
materials becoming available, fast and flexible solvers are of utmost importance to facilitate
scientific progress, and we strongly believe that a package like MatsubaraFunctions. jl
could be a useful tool for their rapid development.

Acknowledgments

We would like to thank Fabian Kugler, Jae-Mo Lihm, Seung-Sup Lee, Friedrich Krien, Marc Rit-
ter, Bjorn Sbierski and Benedikt Schneider for helpful discussions and collaboration on ongoing
projects.

Funding information This work was funded in part by the Deutsche Forschungsgemein-

schaft under Germany’s Excellence Strategy EXC-2111 (Project No. 390814868). It is part of

26



SCI| SciPost Phys. Codebases 24 (2024)

the Munich Quantum Valley, supported by the Bavarian state government with funds from the
Hightech Agenda Bayern Plus. N.R. acknowledges funding from a graduate scholarship from
the German Academic Scholarship Foundation (Studienstiftung des deutschen Volkes) and ad-
ditional support from the “Marianne-Plehn-Programm” of the state of Bavaria. The numerical
simulations were, in part, performed on the Linux clusters and the SuperMUC cluster (project
23769) at the Leibniz Supercomputing Center in Munich. The Flatiron Institute is a division
of the Simons Foundation.

A Extrapolation of Matsubara sums
Suppose we want to compute the fermionic Matsubara sum f(t — 07) = %Zv f (v)e=0",
We assume that f (z) with z € C has a Laurent series representation in an elongated annulus
about the imaginary axis which decays to zero for large |z|. If the poles and residues of f in the
complex plane are known, this problem can in principle be solved by rewriting the Matsubara
sum as a contour integral and applying Cauchy’s residue theorem after deforming the contour.
Unfortunately, these poles are usually unknown and we have to resort to numerical calculations
instead. There, however, we can only compute the sum over a finite (symmetric) grid of
Matsubara frequencies, which converges very slowly if at all.

To tackle this problem, let us assume that f is known on a grid with sufficiently large
maximum (minimum) frequency %§2, such that we can approximate

N

HOLD Wt A1)

n=1

for |v| > Q. Neglecting the factor e " for brevity, this allows us to split up the expression
for f(t - 0%)as

DWOEEDWIOIIPWNIOPED WO

r<— —Q<v<ﬂ v>ﬂ
~ 1L KZQHZ ot Q;mf(vH ;2; o (A.2)

where (A.1) was used to approximate the semi-infinite sums. In many cases, the dominant
asymptotic behavior of single-particle Green’s functions and one-dimensional slices through
higher-order vertex functions is already well captured by an algebraic decay (i v) 2 withq = 1, 2.
Therefore, by truncating the asymptotic expansion at N = 2, we can rewrite the right-hand

side as
1 Ay
DWCEEIINLISY ESI v 3] N

—Q< r<Q —Q<v<Q

The series in the bracket can be computed straightforwardly using Cauchy’s residue theorem

and we find ) . )
NICEE I WINOE A B e a4

2
—Q<v<Q - ( )

Thus, if the coefficients a, are known (for example by fitting the high-frequency tails), this
formula can provide a quick and dirty approximation to the infinite Matsubara sum.
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B Implementation details for the MBE solver

In this section we provide additional information on the implementation of the MBE equations,
which were introduced on a general basis in Sec. 4.3.1 of the main text. As for any application
involving many-body Green’s functions, it is crucial to choose an appropriate parametrization
of the self-consistent equations that reflects the symmetries of the field theory under consider-
ation. Here, we deal with the implementation of SU(2) symmetry (spin rotation invariance)
as well as time translation invariance (energy conservation) for the MBE equations of the im-
purity model defined in Sec. 4.3.

B.1 SU(2) symmetry

Consider an SU(2) transformation U = e'€% , where € € R® and o is the vector of Pauli matrices.
Under U, the fermionic creation and annihilation operators transform into

¢, = UgiCy, ] = ¢, (UNys, (B.1)

where we have omitted all indices except the spin s = {7, ]}. For SU(2) symmetric actions it

can be shown that single-particle Green’s functions Gs(sl,) are diagonal and also invariant under
spin flips, i.e. Gs(sl,) = G5, [48]. Two-particle correlators Gs(lz,)sl 55,7 01 the other hand, can
be decomposed into two components G|~ and G®* | which preserve the total spin between
incoming and outgoing particles

G® =¢®Fs 5, +GP5 5 (8.2)

§1/8189/S2 $1/81 7 89182 §1/89 7' S9181 *

Furthermore, the Bethe-Salpeter-like equations (24) can be diagonalized by introducing a sin-
glet (S) and a triplet (T') component

@IS _ @l= _ ~@)Ix
G =G G,

(B.3)
@IT — )= (2)1x
Gp = Gp + Gp ,
in the p channel, and a density (D) and magnetic (M) contribution
GE2)|D — ZGEZ)‘: + ng)lx ,
(B.4)

G£2)|M _ ng)|x ’

in the t channel. Moreover, this change of basis has the advantage that physical response
functions can be obtained directly from the screened interaction in the respective channel. The
spin susceptibility ¥ ¥, for example, is simply given by —U%y™ = nM + U for a local Hubbard
U. For this reason, the {S, T,D, M} basis is sometimes called the physical spin basis, whereas
the decomposition into parallel (=) and crossed terms (x) is known as the diagrammatic spin
basis [48]. In the implementation of the MBE solver, the former is used.

B.2 Time translation invariance

The interacting part of the impurity action from Sec. 4.3 is static, i.e. the bare interaction U
is T-independent. Consequently, one and two-particle Green’s functions are invariant under
translations in imaginary time, which implies conservation of the total Matsubara frequency
between incoming and outgoing legs [48] and, thus,

GO, v) =GN x B8,

G(Z)(Vll, V1, Vo, Vz) = G(Z)('Vl/, Y1, 'Vz/) X /56v1/+v2/|v1+v2 . (B.5)
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fermionic mixed

U vy Q- v Q+v v 74 v

L=vpt+y—1y Uy v Q—v v Q+v Q+v Q+v/

Figure 10: Mixed frequency conventions. In mixed notation, each 2PR channel is
described in terms of one bosonic argument Q and two fermionic frequencies v, v as
opposed to the purely fermionic notation shown on the left.

Note that we have suppressed additional indices, such as spin, for brevity. For two-particle
quantities, it is convenient to adopt a mixed frequency convention for the 2PR channels, where,
instead of three fermionic arguments, one bosonic transfer frequency Q and two fermionic
frequencies v, v are used. The convention used for the MBE solver is shown in Fig. 10.
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5 Analytic Continuation — Relations between
imaginary- and real-frequency functions

5.1 Overview

The Matsubara formalism is extremely convenient for calculations and derivations since the
Keldysh counterpart of an ¢-point Matsubara correlator has an additional index structure
with 2¢ components. However, real-frequency correlators encode interesting observables such
as the spectrum and dynamic susceptibilities.

Reference [BM61] has already shown that the analytic continuation of two-point correlators
in the frequency representation is mathematically justified. The relevant relations are textbook
knowledge and have been presented in Sec. 2.1.5. The equivalence between MF and KF relies
on the analyticity of the regular MF correlator G(z) in the upper and lower half of C. The
connection between MF and KF correlator becomes particularly apparent by comparison
of the spectral representations in Eqgs. (2.26) and Eq. (2.32c), revealing that the retarded
and advanced correlators Gf/4 can be obtained from the regular Matsubara correlator G(iw)
by a simple substitution G*/4(w) = G(iw — w +1i0%). Hence, the retarded and advanced
correlators have their domain on the boundary of the regions of analyticity. The discontinuity
at the boundary, G — G4, (almost) fully encodes the spectral information in S5*9 (2.33b).
The Keldysh component, GX, in turn, is obtained from the fluctuation-dissipation theorem
(2.33¢).

Unfortunately, the situation is more complicated for higher-point functions: For four-
point functions there are 16 Keldysh components and the generalized fluctuation-dissipation
relations can only reduce the number of independent Keldysh components to 8 [WHO02]. The
number of analytic continuations grows to 32 [Eli62]. Out of these, four can be directly
identified with fully-retarded Keldysh components. The other analytic continuations have no
direct correspondence to a Keldysh component [Wel05]. Hence, a completely new strategy is
needed. In the following, we provide one in [P4].

The starting point for our derivation in Ref. [P4] is the spectral representation derived
in Refs. [KLvD21, HSS23]. There, it is shown that system-specific information is fully
encoded in the PSFs §. The kernels IC, on the other hand, are formalism-dependent but
system-independent. Thus, our strategy is to express all PSFs in terms of suitable analytic
continuations of the Matsubara correlator. The resulting formulas can then be inserted into
the spectral representation for Keldysh correlators to express all Keldysh components with
analytically continued Matsubara functions. While the presented calculations are rather
long, the final formulas can be checked in a concise calculation by repeated use of the KMS
condition (2.9b).

In [P4], it is assumed that the Matsubara correlators are known analytically. The analytic
continuation of numerical Matsubara data is a related problem that is, however, outside
the scope of this thesis. It additionally poses the difficulty that data may be incomplete
or contain errors. Despite numerous improvements in the past years [FYG21, ZG24] this
problem prevails due to the ill-conditioned Matsubara kernel.
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1. Introduction

Conceptually, the Matsubara formalism (MF), using imaginary frequencies,

and the Keldysh formalism (KF), formulated in real frequencies, give
equivalent results for systems in thermal equilibrium. The MF has less
complexity and is thus more convenient than the KF. However, computing
dynamical observables in the MF requires the analytic continuation from
imaginary to real frequencies. The analytic continuation is well-known for
two-point correlation functions (having one frequency argument), but, for
multipoint correlators, a straightforward recipe for deducing all Keldysh
components from the MF correlator had not been formulated yet. Recently, a
representation of MF and KF correlators in terms of formalism-independent
partial spectral functions and formalism-specific kernels was introduced by
Kugler, Lee, and von Delft [Phys. Rev. X 11, 041006 (2021)]. This
representation is used to formally elucidate the connection between both
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recover all partial spectral functions and yield all Keldysh components of its
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Multipoint correlation functions, or cor-
relators for short, are central objects of
investigation in many-body physics. The
fermionic one-particle or two-point (2p)
correlator describes the propagation of
a single particle, containing information
on the spectrum of single-particle excita-
tions. The two-particle or four-point (4p)
correlator is associated with the effective
interaction between two particles. Inter-
esting observables, like optical and mag-
netic response functions, can be deduced
from it. Additionally, the closely related
4p vertex, obtained by amputating all four
external legs, is an essential ingredient in
numerous many-body methods such as
the functional renormalization group,!!]
the parquet formalism,?l and diagram-
matic extensions of dynamical mean field
theory.?]

The most common framework for
studying systems in thermal equilibrium
at temperature T = 1/f is the imaginary-time Matsubara formal-
ism (MF).[*l It exploits the cyclicity of the trace and the fact that
the statistical weight of a thermal state for a Hamiltonian H, e™#F,
corresponds to a time-evolution e~ along the imaginary axis of
the time argument. After a so-called Wick rotation, t — —iz, the
correlators are well-defined on the interval = € [-f, f] and there
satisfy (anti)periodicity relations with period g. Correspondingly,
they can be expressed through a Fourier series using a discrete
set of imaginary frequencies, the so-called Matsubara frequen-
cies, ensuring this (anti)periodicity. Due to this periodicity, the
Fourier transform of a MF correlator is a function defined on
a discrete set of imaginary frequencies, so-called Matsubara fre-
quencies. To obtain a correlator of real times or real frequencies,
one has to “unwind” the Wick rotation by performing a suitable
analytic continuation. Numerically, however, the analytic contin-
uation to real frequencies is a highly challenging problem.[>!

The Keldysh formalism (KF) is another established
framework.”! Unlike the MF, it is not restricted to thermal
equilibrium. It directly works with real times and frequencies,
obviating the need for an analytic continuation. However, this
comes at the cost of an increased complexity: the KF is formu-
lated on a doubled time contour, and an #-point (¢p) function
has 27 components.[®?] By contrast, every MF correlator is just a
single function.

In thermal equilibrium, both MF and KF must in principle
yield identical results for exact computations of any physical
observable—the two formalisms only differ in the computational
route to arrive at the result. In practice, though, it may be useful

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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to transition from one formalism to the other, in order to exploit
advantages from one or the other. The connection between the
MF and KF by means of analytic continuation is well known for
2p functions, which effectively depend on a single time or fre-
quency argument, see e.g., refs. [10-12]. For higher-point func-
tions, progress has been made by various authors: Eliashberg dis-
cussed the analytic continuation of a specific 4p correlator from
the MF to real frequencies.!'*] Evans!** and Kobes!'>'°! studied
the correspondence between both formalisms for 3p correlators
in refs. [14-16]. Evans then considered # > 4 multipoint correla-
tors and showed that fully retarded and fully advanced Keldysh
components can be obtained from analytic continuations of MF
correlators.'”] Weldon conducted a thorough analysis of real-
frequency £p functions and proved that these KF components
are in fact the only ones that can be identified with an analyti-
cally continued MF function.['#19] Taylor extended Evans’ results
to arbitrary Keldysh components of the fermionic 4p correlator,
assuming the absence of so-called anomalous terms in the MF
correlator.?%! (Anomalous terms can arise if the Lehmann rep-
resentation of a correlator involves vanishing eigenenergy differ-
ences and zero bosonic Matsubara frequencies.) Guerin derived
analogous results from diagrammatic arguments.[?1:??]

In this paper, we solve the problem of analytic continuation of
multipoint functions from the MF to the KF in full generality: We
develop a strategy for analytically continuing an arbitrary MF ¢p
correlator G (including anomalous terms) to all 2 components
of the corresponding KF correlator G* as functionals of G, i.e.,
G* = G¥[G]. We exemplify the procedure for the most relevant
cases 7 € {2,3,4}.

Our strategy builds upon the spectral representation of gen-
eral £p correlators introduced in ref. [23]. There, the computa-
tion of MF and KF correlators is split into two parts: the cal-
culation of formalism-independent but system-dependent par-
tial spectral functions (PSFs), and their subsequent convolution
with formalism-dependent but system-independent kernels. The
main message of the present paper is that individual PSFs can be
retrieved from the MF correlator, demonstrating the direct link
between both formalisms.

In a nutshell, both MF and KF correlators have spectral repre-
sentations involving sums over permutations of their constituent
operators of the form

Gliw) = )’ G,(i@,), G,li®,) = (K S,)(io,) (1a)
P

GHo) = Y G/ (@), G/ (,) = (K" = S,)(@,) (1b)
p

Here, the summands G, and G’;” are real-frequency convolutions
(denoted by ) of MF or KF kernels, K or K%, with PSFs Sp. Im-
portantly, the MF and KF correlators depend on the same PSFs,
G = G[S,] and G* = G*{S,]. The key insight of this work is that
the so-called regular part of the partial MF correlator G, denoted
Gp, can be expressed as an imaginary-frequency convolution (de-
noted by x) of a kernel and the full MF correlator:

G,(i,) = (K  5,)(i®,) = (K * G)(iw,) + O(;) (1¢)

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (2 of 46)
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(The (9(%) terms can be identified analytically and discarded.)

From this, we can extract Sp as a functional of G, thus inverting
therelation G[S,] = S,[G]. That enables us to express KF through
MF correlators, G¥ = G¥[G].

Our analysis not only provides relations between functions
in the MF and the KF, but also between different Keldysh com-
ponents of the KF correlator. As an application of our general
results, we derive a complete set of generalized fluctuation-
dissipation relations (gFDRs) for 3p and 4p functions. These
reproduce the results of Wang and Heinz?* for real fields
and the generalization to fermionic ones.[?! Moreover, we give
a comprehensive discussion of the role of anomalous terms
during analytic continuation and in gFDRs. Prior discussions
of these topics have often neglected anomalous terms; indeed,
their presence is acknowledged only in few works, such as
refs. [26-28]. As an example of their physical importance, we
mention that ref. [28] analyzed anomalous terms for the Mott—
Hubbard metal-insulator transition in the Hubbard model using
the dynamical mean-field theory and detected a degeneracy in
the insulating regime by means of a finite anomalous term.

Conceptually, the Matsubara formalism (MF), using imaginary
frequencies, and the Keldysh formalism (KF), formulated in real
frequencies, give equivalent results for systems in thermal equi-
librium. The MF has less complexity and is thus more convenient
than the KF. However, computing dynamical observables in the
MF requires the analytic continuation from imaginary to real fre-
quencies. The analytic continuation is well-known for two-point
correlation functions (having one frequency argument), but, for
multipoint correlators, a straightforward recipe for deducing all
Keldysh components from the MF correlator had not been for-
mulated yet. Recently, a representation of MF and KF correlators
in terms of formalism-independent partial spectral functions and
formalism-specific kernels was introduced by Kugler, Lee, and
von Delft. Regarding the number of independent components
in the KF, one observes a general trend, obeyed by the known
results for £ € {2, 3,4}: Due to the doubled time contour, there
are 27 Keldysh components. In the Keldysh basis, 2 — 1 of them
are nonzero, and ¢ are fully retarded components. Now, there
are 27! gFDRs (2,4, 8 for £ = 2, 3,4). Thus, the number of inde-
pendent Keldysh components is 27! — 1 (1,3,7 for £ =2,3,4).
It follows that, for # > 4, the fully retarded components do not
suffice to encode the entire information of the Keldysh correlator.

The rest of the paper is organized as follows: In Section 2, we
summarize the most important points of the spectral represen-
tation of #/p MF and KF correlators introduced in ref. [23] (Sec-
tions 2.1-2.3) and then introduce our general recipe for the an-
alytic continuation of arbitrary #p correlators (Sections 2.4 and
2.5). This recipe is applied to the 2p case in Section 3 and, after
the investigation of analytic properties of regular £p MF correla-
tors in Section 4, also to the 3p and 4p cases in Sections 5 and 6.
The results also lead to gFDRs between different Keldysh com-
ponents of the KF correlator. In Section 7, we perform explicit
analytic continuations from MF to KF correlators for the Hub-
bard atom. The Hubbard atom is a good example for a system
with anomalous contributions and, here, serves as a simple, ex-
actly solvable model with just the right degree of complexity for
illustrating our approach. Section 8 presents another application
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Table 1. Overview of notation for correlators and their contributions. In the
top, we list symbols for the MF correlator and its contributions, then, no-
tation for analytic continuations and discontinuities, and, lastly, notation
for Keldysh correlators.

Symbol Description

G full MF correlator, Equations (9)

G, partial MF correlator, Equation (11b)

GG regular and anomalous part of the MF correlator, Equations (14a)
and (A5)

Cp regular part of the partial MF correlator, Equation (14c)

C,, G’.A, GA;tt further decomposition of the anomalous MF correlator,
Equations (A5b) and (73)

G, Gy shorthand for analytic continuations of the regular/anomalous
MF correlator, see Section 4.1

C;",, (AJT;;, discontinuities of the regular/anomalous MF correlator,
Equation (67)

Gk, Glm--al Keldysh correlator, Equations (19)

G'*, G'M--al - primed Keldysh correlator, Equations (25)

of our continuation formulas, namely for the computation of ver-
tex corrections to susceptibilities. We conclude in Section 9.

In Appendix A and B, we give details on the MF kernels and
PSFs used in calculations throughout the paper. Appendix C is
devoted to detailed calculations concerning the analytic continu-
ation of 3p correlators. In Appendix D, we extend insights from
2p and 3p results to deduce the relation between 4p PSFs and an-
alytically continued MF correlators. The spectral representations
of various useful combinations of analytically continued MF cor-
relators and anomalous parts are presented in Appendix E. Ap-
pendix F expresses the spectral representation of KF correlators
in a form especially suited for deriving their connection to MF
functions. In Appendix G, we check the consistency of our results
for PSFs by using equilibrium properties. Finally, Appendix H
gives details about simplifications used for the analytic continu-
ation of Hubbard atom correlators and includes full lists of the
especially important fermionic 4p KF correlators.

2. Spectral Representations of Matsubara and
Keldysh Correlators

To make our presentation self-contained, we summarize the
key elements of the conventions and results of ref. [23] for
common notions (Section 2.1), the MF (Section 2.2), and the KF
(Section 2.3). Table 1 provides an overview of our symbols for
correlators and their contributions. Our general strategy for the
analytic continuation from MF to KF correlators is described in
Sections 2.4 and 2.5.

2.1. Formalism-Independent Expectations Values

Consider a tuple of # operators O = (O}, ..., O) at real times
t=(t,...,t,), obeying the Heisenberg time evolution O(t) =
e O'e7 M for a given Hamiltonian H. O may include an even
number of fermionic operators and any number of bosonic op-
erators. Time-ordered products of such tuples, defined below,

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (3 of 46)
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,O) and t, = (tg, ..., t5),

where p = (I...7) denotes the permutation of indices that re-

involve permuted tuples O, = (OT,

places i by p(i) = i. If £ = 3 and p = (123) is chosen as (312), e.g.,
thent, = (t3, 17, 5) = (3, t;, 1,). Thermal expectation values of per-
muted tuples are denoted by

4 -
CACATARIAQ ) CI0) @

For later convenience, the definition includes a sign factor -
which equals —1 if the permutation from O to O, involves an
odd number of transpositions of fermionic operators; otherwise
¢, = 1. We will often suppress the operator arguments [O,] for
brevity, since the subscript on S, specifies their order. The real-
frequency Fourier transform of S, (t,) defines the so-called partial
spectral function (PSF)

* dftp ie, -t
S,(€,) = /_ o o °S,(t,) (3a)
Here, €, = (€7, ..., €7) is a permuted version of € = (g, ..., &,),

a tuple of continuous, real-frequency variables. We strictly asso-
ciate each (integration) variable, such as t;, ;, with the operator O
carrying the same index. Time-translational invariance of S, (t,)
implies energy conservation for S, (e,), which is expressed as

Sp(ep) =6(e7 7) Sp(sp) (3D)
Here, & ; =&e7+ - +¢; is a shorthand for a frequency sum.

We call it bosonic/fermionic if the frequencies (e7, ..., €;) are
associated with an even/odd number of fermionic operators,
ie., if the sign ¢''=¢'...¢" equals +1 (with ¢ =+1 for
bosonic/fermionic operators O'). The function S, (calligraphic
type) on the left of Equation (3b) is non-zero only if its arguments
satisfy “energy conservation”, e 7 = 0; for S, (italic type) on the
right, this condition on €, is understood to hold by definition,
e.g., by setting e = —e; -—. This convention for frequency ar-
guments of functions typeset in calligraphics or italics also holds
for the correlators, ¢ vs. G, and kernels, K vs. K, defined below.

PSFs whose arguments are cyclically related are proportional
to each other. For two cyclically related permutations, say p =
(1..A—=14...¢)andp, = (A...£1...A— 1), the cydlicity of the
trace of operator products ensures the equilibrium condition
(called cyclicity relation in ref. [23])

S,(E,) = 6,8, ¢S, (,), §g, =& (4)

Explicit Lehmann-type representations for PSFs in terms of a
complete set of eigenenergies and eigenstates of H are given in
refs. [23, 29] and exploited for numerical computations; however,
they are not needed in this work. Here, it suffices to assume that
S,(€,) may contain sums over Dirac delta functions and a part
that is (piece-wise) continuous in its arguments. For future refer-
ence, we split it into regular and anomalous parts,

Sp(ep) = Sp(ep) + Sp(ep) (5)

where the anomalous part, S,, comprises all terms containing
bosonic Dirac 6(g; ;) factors (i.e. ones having bosonic arguments)
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Figure 1. a) MF imaginary-time ordering: operators are arranged such that they are time-ordered (larger times to the left). b) KF real-time Keldysh
ordering: operators are arranged such that all (forward-branch) times t~ appear to the right of all (backward-branch) times t*, with t~ times time-

ordered (larger ones to the left) and t* times anti-time-ordered (smaller ones to the left). c) Depiction of imaginary shifts of frequencies @

with i € {1, 2, 3,4} and n = 4 according to Equation (21).

setting £7 ; =0, while Sp contains everything else (including
fermionic Dirac deltas). We will see later that §p gives rise to
anomalous contributions to MF correlators, whereas Sp does not.
In the ensuing analysis, we make no assumptions on the be-
havior of the PSFs (apart from cyclicity). Thus, our analysis is
equally applicable to finite systems or infinite systems in the
thermodynamic limit, and whether or not an ordered phase is
present. Any such information is fully encoded in the PSFs.

2.2. Matsubara Formalism

A ¢p MF correlator G is defined as a thermal expectation value of
time-ordered operator products of the form

14
ote) = (-1 (7 [] O'(-in) (©

where 7' denotes time-ordering along the imaginary time axis
(see Figure 1a). This time-ordering ensures that G(r) is periodic
under 7; —» 7, + f if O' is bosonic, and anti-periodic if O' is
fermionic. Therefore, it suffices to confine all times to the
interval z; € [0, §), and the Fourier transform of a MF correlator
is defined as

B
Cliw) = /0 d're7G(r) = p5,,, , Gliw) (7)

where ® = (@, ..., ®,) is a tuple of discrete Matsubara frequen-
cies (as indicated by the i in the argument of G(iw)), with w;
bosonic/fermionic if O is bosonic/fermionic. On the right, §
is the Kronecker delta for Matsubara frequencies, 6,,_, = 1 and
8iz0 = 0. In Equation (7), it enforces “energy conservation”,
iw; , = 0. This condition originates from time translation invari-
ance of G(z); it is understood to hold for the argument of G(iw)
by definition.

As shown in ref. [23], it is possible to cleanly separate the ana-
lytical properties of correlators from the dynamical properties of
the physical system of interest by expressing time-ordered prod-
ucts as sums over £! parts, reflecting the £! possible ways of or-
dering the time arguments:

o(r) =Y Gy, (8a)
p

Qp(rp) = IC(rp)Sp(—irp) (8b)
-1

K(r,) = || [0 - =57 (8¢)

Il
-

s
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[n]

i

=w; + iy[n]

i

Each partial correlator G ,(t,) is a product of two factors: S, (~it,), a
thermal expectation value of imaginary-time operators obtained
by Wick rotation of Equation (2); and a kernel K(r,), a product
of Heaviside step functions enforcing time ordering: for given z,
only that partial correlator G,(r,) in Equation (8a) is nonzero for
which the permuted tuple z,, is time-ordered. £ is independent of
the system and operators under consideration; all system-specific
dynamical information is encoded in the PSFs S,. Note that the
(anti)periodic properties of G(r) under z; > 7; + f do not hold for
the individual partial correlators G,(t,); they emerge only once
these are summed over all permutations, Equation (8a).

The product form of Equation (8b) for §,(r,) in the time do-
main implies that, in the Fourier domain, G(i®) can be expressed
as a sum over convolutions:

Glio) = Y G, im,) (9a)
p
ﬂ .
6w = [ a5, (9b)
= [k S,](i@,) (9¢)

Here, the convolution * is defined as
[K S, (i@,) = [ d’e, 6(e; 7)K(iw,—€,)S,(€,) (9d)

1 7 = 0 (due to Equation (3b)), and the trans-

formed kernel is defined as follows, with Qp = ia)p —&,

where €, satisfies &+

B
KQ,) = /0 d’z, e K(t,) (10a)

= o, K(Q,)+R(Q (10D)

)
In the second line, K has been split into two contributions: #3,
times a primary part K, with Q, , = 0 understood for its argu-
ment, and a residual part, R not containing fé, . Usingdg . =

8y, , (since &, , = 0), each partial correlator §,(iw,) can corre-
spondingly be split into primary and residual parts,

G (iw,) = ps, .G,(io,) + Qf(iwp) (11a)
G,(i®,) = [K * S, (i®,) (11b)

with iw; , = 0 understood for the argument of G(iw,), and Ql’f =
[R * S,]. Since K(z,) and G, (t,) lack the (anti)periodicity proper-
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ties of G(t), the residual parts R(Q,) and Q;f (iw,) are nonzero per
se. However, inserting Equation (11a) into Equation (9a) and not-

ing from Equation (7) that G(iw) is proportional to fé;, ., one

concludes that

Gliw) = )’ G, im,) (12)
?

and 3, Q:f(icop) = 0. Thus, the full (summed over p) MF correla-
tor G involves only primary parts G,; the residual parts G* cancel
out in the sum over all permutations. In the discussions below,
we will therefore focus only on the primary parts K and G, (as
done in ref. [23]), ignoring the residual parts R and g;} for now.
They will make a brief reappearance in Section 2.4, where we es-
tablish the connection between MF and KF correlators.

Explicit expressions for the primary kernel K were derived in
refs. [23, 30] and are collected in Appendix A. Here, we just re-
mark that K can be split into a regular kernel K and an anomalous
kernel K:

K(Q,) = K@) i [T 9 5 #0 (13a)
! K(Qp) else
-1
k@) =[] 5 )

The regular kernel K will play a crucial role for the analytic con-
tinuation of MF to KF correlators, since the latter can be ex-
pressed through kernels having the same structure as K (see
Equation (19(d)) below). The anomalous kernel K is nonzero only
if we have Q; : = 0 for one or more values of i < Z, requiring
both iw; ;= 0 and &5 Q= 0. The first condition requires iw; ;

to be bosonic (with ¢ 1 = +1). The second condition requires
the PSF S, (¢,) to have an anomalous contribution S'p (,) contain-
ing terms proportional to a bosonic Dirac §(g5 _;); then (and only
then), the ¢, integrals in the convolution K * S, receive a finite
contribution from the pointe; ; = 0. (See Appendix B.1 for a fur-
ther discussion of this point.)

The regular/anomalous distinction made for the kernel im-
plies, via Equations (11b) and (12), a corresponding decomposi-
tion of the full MF correlator G into regular (G) and anomalous
(G) parts:

G(iw) = G(iw) + G(im) (14a)
G(iw) = Z G,(io,) (14b)
G, liw,) = [K * S, (im,) (14¢)

o S(E)

/d/}e&l Har
=1

1.0 T

(14d)

The regular partial correlators Gp, constructed via the regular ker-
nel K, will be the central objects for the analytic continuation
from MF to KF correlators, as discussed in Section 2.4 below.
Their sum over all permutations defines the regular full correlator
G. The anomalous full correlator G collects all other contributions
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to G; these contain one (or multiple) factors 6, . withi < Z,i.e.
they involve vanishing partial frequency sums (see Appendix A.2
for details). The contribution of G to MF-to-KF analytical contin-
uation has been rather poorly understood to date. In this work,
we fully clarify how it enters: not directly, but indirectly, in that
the central objects G, (i®,) can be expressed explicitly through the

iwg 3

full G = G + G via imaginary-frequency convolutions of the form
[K x G](i»,) (see Equation (31) below). There, G must not be
neglected.

2.3. Keldysh Formalism

A KF ¢p correlator in the contour basis is defined as

4

o = =y (T[] o) (152)
i=1

= Y K5 (t,)S(t,) (15b)

P

Here, 7, denotes contour ordering on the Keldysh contour (see
Figure 1b), and ¢ are real times. They carry a tuple of contour
indices ¢ = (c,, ..., ¢,) with ¢; = — or + if operator O’ resides on
the forward (upper) or backward (lower) branch of the Keldysh
contour, respectively. Equation (15b) is a permutation decompo-
sition of the KF correlator G°(t), analogous to Equation (8b) for
G(r) in the MF. Importantly, it employs the same PSFs S(t,) as
there (which is why the KF and MF formalisms have the same
physical information content). The Keldysh kernel K% (t,) by def-
inition (see ref. [23] for details) singles out that p for which the
operators in S,(t) are contour ordered.
The Fourier transform of the KF correlator is

Gle) = / d"te G°(t) = 276 (o, )G (@) (16)

Here, the Dirac §(w; ,), following from time translation invari-
ance, enforces @, , = 0; this condition is understood for the ar-
gument of G°(w) by definition.

We now switch to the Keldysh basis. There, correlators ¢*(w)
carry a tuple of Keldysh indices, k=k, ... k,, with k; € {1,2}.
They are obtained by applying a linear transformation D to each
contour index,

Z H[ch gc(a)

,,,,, C/

Dk = (=1)%% (17)

(This convention differs by a prefactor from ref. [23], with gfme =
20 /2’1thm, to avoid a proliferation of factors of 2//2~! in later
sections.) One thus obtains

GHo) = Y G (@) (18a)
P
Gy (@,) =

- [ Ak,
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Remarkably, the same convolution structure emerges as for
the MF correlator G(i®) (Equation (11D)), for the same reason
(Fourier transforms of products yield convolutions). But now
the frequency arguments are real, and the kernel K* (»,) carries
Keldysh indices, with k, = k7 ... k7 a permuted version of the ex-
ternal Keldysh index k on G*.

An explicit expression for this kernel, derived in ref. [23], is
given in Equations (19) below. There, an alternative notation
for Keldysh indices is employed. Each Keldysh index k, being
a list with entries 1 or 2, is represented as a list k= [y ... 1,],
where a is the total number of 2’s in k and #;, € {1, ..., £} de-
notes the position of the ith 2 in k in increasing order; e.g.,
k = 1212 = [24]. Similarly, permuted Keldysh indices are repre-
sented as k, = [#; ... ,], where #; denotes the position of the
ith 2 in k,. Its values can be deduced from the old #;’s as fol-
lows: a 2 in slot #; of k is moved by the permutation p to the
new slot 4, = p~' (17,); denoting the list of new 2-slots by [y, ... #,]
and arranging it in increasing order yields the desired [#; ... 7,]-

Note also that since #; € {p™'(m),...,p”"(1,)}, we have 4, €

{m, ..., n,}; hence, 5} is an element of the list specifying the ex-
ternal Keldysh index k = [, ... n,]. This will be crucial below. We
illustrate these conventions for the permutation p = (4123) and
k = 1212 = [24]. Then, k, = 2121, [u,,] = [31] and k, = [f,,] =

[13]; moreover, /i, = 1 =4 and # '12 =3 =2 are both elements of
= [24].
Expressed in this notation, Equations (18) read

Gln--)(g) = Z Gg’""ﬁ“](a)p) (19a)
p
Ggll..-i/a](mp) = [K[ﬁl-«ﬁa] * Sp] ((Dp) (19]))

with the permuted Keldysh kernel K-l given by [23]

a

K[ﬁl---ﬁn](mp) - Z(_l)i—lK[ﬁJ](wp) (19¢)
=1
o1
K@) = (19d)
(S O

Equations (19) compactly express all partial correlators Gk” =
Gﬁf‘” el , and hence also the full KF correlator G¥ = Gln--l,
through a set of # so-called fully retarded kernels K. These are
defined by Equation (19d) and depend on just a single index #,
which takes the value #; in Equation (19c). The superscript on
the frequencies occurring therein denotes imaginary shifts w; —
a)[.'” =w,+ iy["] with y[ € R chosen such that y[”] <0, y[” >0,
and w; , = a; = 0. Shifts of precisely this form are needed
to regularize the Fourier integrals expressing K "(w,) through
Ko (t,)- Indeed, for infinitesimal yi["] each factor in Equation (19d)
is the Fourier transform of a step function,

1
w +i0*

+i / dt 0(+t)e” = = P(é) Find(w) (20)
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giving the kernels both principal-value P and Dirac-6 contribu-
tions. We choose the same convention as in ref. [23],

i ==r, Y= =1y (21)

see Figure 1c, with y, taken to be infinitesimal, y, = 0%, for ana-
lytical considerations. Below, we also use the shorthand o D=
w; ;+1i0% to indicate infinitesimal imaginary shifts for sums
of frequencies.

Comparing the fully retarded kernel K of Equation (19d) with
the regular Matsubara kernel K of Equation (13b), we find that the
former is the analytic continuation of the latter:

K@) = K(iwp - a)}@) (22)

This remarkable relation between MF and KF kernels constitutes
the nucleus from which we will develop our strategy for obtaining
KF correlators via analytic continuation of MF correlators. Here,
we just note that, by Equations (13b) and (20), the analytical con-
tinuation of the regular MF kernel on the right of Equation (22)
generally yields both principal-value and Dirac-6 contributions.
By contrast, we will find below that the analytic continuation of
anomalous MF kernels yields solely Dirac-6 contributions in KF
correlators [cf. Equations (84) and (101)].

Two well-known statements on general #p correlators fol-
low immediately from Equations (19). First, for @ = 0, they im-
ply GI = G = 0. Second, for a = 1, we have 7, = 5,. Thus,
Kli(e,) = K(@!") by Equation (22), and Equation (19b) yields
Gll(@) = [K * S,J(@") = G, (i®, — o) (23)
For the second step, we evoked Equation (14c). Importantly, the
superscript on a)g’] on the right, which specifies its imaginary fre-
quency shifts, is fully determined by the external Keldysh index
n and not dependent on p. It thus remains unchanged through-
out the sum on p in Equation (18a) for the full correlator G (),
which hence can be expressed as
G"(@) = G(iw — o) (24)
The fully retarded (a =1) components of KF correlators are
therefore fully determined, via analytic continuation, by the reg-
ular parts of MF correlators. Conversely, anomalous parts of MF
correlators can only influence Keldysh components with a > 2.

For later use, we also define primed partial correlators

G/[’Ir..-'/g](a)) - Z G;[th---ﬁa](mp) (253)
p

G;ml...ﬁa](wp) — [(K[r‘h.--ﬁ,.])* % Sp] (®,) (25b)

They differ from the unprimed correlators of Equation (19b? by
the complex conjugation of the kernel, replacing w; +1y by

; — 1y["] with y[”] still determined by the rule Equation (21). For
a=1, the corresponding G will be called fully advanced corre-
lators. For fully retarded or advanced correlators, G or GV, all
frequencies w,,, acquire negative or positive imaginary shifts,
respectively. Note that primed correlators G’* may differ from
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complex conjugated correlators G* as the complex conjugation
generally affects the PSFs, too.

This concludes our summary of the results of ref. [23] needed
for present purposes. In the next section, we introduce a gen-
eral strategy for expressing KF correlators through analytically-
continued MF correlators. It is well-known how to do this for all
components of 2p correlators, and, as discussed above, for the
fully retarded and advanced components of £p correlators. Our
goal is a strategy applicable for all components of #p correlators.

2.4. The Bridge between the MF and KF Formalisms
Equation (23), expressing KF partial correlators through MF par-

tial correlators for @ = 1, has a counterpart for arbitrary a, ob-
tained via Equations (19), (22), and (14c):

a

Gl ) = Z(_l)j—l [+ S, (a)fJ]) (26a)
J=1

= Z(—l)"‘1 Gp <ia)p — a)f’]> (26b)
=)

with 51 € {m,...,n,}. This is already one of our main results:
The partial correlators serve as a bridge between the MF and

KF. All components of the partial KF correlator G;" = Gg“";"’]
can be obtained by taking linear combinations of analytic con-

tinuations of partial regular MF correlators, Gp(iwp - a)g'"]). The

external Keldysh indices k = [, ... 7,] and the permutation p to-

gether specify the imaginary frequency shifts, encoded in o to
be used.

Equation (23), expressing the full (p-summed) KF correlators
through MF ones for & = 1, does not have a counterpart for « > 1.

Then, the full correlators, given by

G[nl...m,](a)) — Z [K[ﬁlﬁ,,] * Sp] (a)p) (273)
P

=) (- C;p<iwp - w?]> (27b)

p j=1

involve a sum .. The EJ indices on the right now depend on p,
so that the imaginary frequency shifts vary from one permutation
to the next. As a result, the full G-%], unlike G, does not de-
pend on a single set of frequency shifts and cannot be directly ex-
pressed through a mere analytic continuation of G(iw). Instead,
Equation (27b) requires separate knowledge of each individual
Gp(ia)p). Most computational methods capable of computing the
full MF correlator G(iw) do not have access to the separate partial
MF correlators Gp(ia)p). In the following, we therefore develop a
strategy for extracting the partial MF correlators Gp (iw,) from a
full MF correlator G(iw) given as input, assuming the latter to be
known analytically. By writing the resulting functions Gp(ia)) in
the form [K * S,)(iw), one can deduce explicit expressions for the
PSFs S,[G] as functionals of the input G. By inserting these S,
into Equation (27a), one obtains GI[G] as a functional of G,
thereby achieving the desired MF-to-KF analytic continuation.
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We start in the MF time domain. There, a specific partial MF
correlator G,(r,) can be obtained from the full G(z) = ¥, G,(z,)
(Equations (8)) using the projector property of MF kernels in the
time domain, K(z,)K(z,) = (-1)""'K(z,) if p = p’ and 0 other-
wise. Hence, we can express the partial correlator as

G,(r,) = (-1)" 7' K(z,)G(r) (28)

Computing the discrete Fourier transform of Equation (28) ac-
cording to Equation (9b), we obtain

G,(im,) = [K * G| (im,) (29a)
with the imaginary-frequency convolution % defined as

(K * G] (i,) = # Z By Kli, = i) G(io') (29b)
le

We will typically sum over the £ — 1 independent Matsubara
frequency variables iw'; 5, withie {1,...,¢ = 1}. Note that the
arguments of G(i®') appear in unpermuted order, but are to
be viewed as functions of the summation variables, i.e., i®’' =
io' (7). We will often make this explicit using the notation Gim;’ =
Glio' (@))), where the subscript is a label indicating the £ —1
independent frequencies chosen to parametrize iw’. Consider,
e.g., £ =3 and choose iw;, iwy; as summation variables. For
the permutation p = (132), the correlator is then represented as
fopion = Giml,i(uu = Gliw(iow,, iwy;)) = Gliw;, —iw;3, 10,3 — ;).

Using Equation (11a) for , (iw,) and Equation (10b) for K(ie,)
in Equation (29a), we obtain

B5., G,li@,) + G (i)
= $5,, [K* Gl(io,) +[R * Gl(io,) (30)

By construction, neither Gf nor R contain an overall factor of g;
in this sense, they are O(8°). Likewise, R x Gis O(f°), for reasons
explained below. Moreover, recall that MF-to-KF continuation via
Equation (27b) requires only the regular part Gp (iw,). We avoid
anomalous contributions to G,(i®,) in Equation (30) by impos-
ing the condition iw; ; # 0 on the external frequencies. Setting
iw, , =0, we conclude that

G, iw,) +O(7) = [Kx Glliw,), (g ;#0, Vi<?)

1 . .
= T 2 By _K(i@, ~i0)) Gy (31)
10
P

To find G, (i@,), we should thus compute K x G with iw; ; # 0
and retain only the O(8°) terms, ignoring all O(1/#=!) contri-
butions. Note, however, that the full information on K and G,
including both regular and anomalous terms, is needed on the
right-hand side to obtain Cp on the left.

Equation (31) is an important intermediate result. It provides a
recipe for extracting partial regular MF correlators from the full
MF correlator by performing Matsubara sums Y, . After per-

forming the sums, the final results will be analytically continued
to yield Gp(i(op - a)L"]) through which all Keldysh correlators can
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be expressed (Equation (27b)). However, we choose to fully evalu-
ate the Matsubara sums before performing this analytic continu-
ation. The reason is that we will evaluate the sums using contour
integration and contour deformation. For the latter step, it is con-
venient if the arguments of Cp(ia)p) all lie safely on the imaginary
axis, where they do not impede contour deformation.

2.5. Converting Matsubara Sums to Contour Integrals

Next, we discuss three technical points relevant for performing
Matsubara sums explicitly. To be concrete, we illustrate our gen-
eral statements for the case ¢ = 2. Other cases are discussed in
subsequent sections.

2.5.1. Singularity-Free Kernels

The argument of the kernel K(Q,) in Equation (31) has the
form Q, = i, — ia);7 . This is always bosonic, being the difference
of two same-type Matsubara frequencies. The Matsubara sums
Zim; will thus contain terms with Q; - =0. To facilitate deal-

ing with these, we assume that the kernel has been expressed
in “singularity-free” form, where case distinctions ensure that
factors of 1/Q; - occur only if Q; ; # 0. This is possible for the
presented correlators as shown i 1n Tef, [30] and discussed in Ap-
pendix A.1. These case distinctions are expressed via the symbol

1 .
— if Q- -#£0
Ay =4 % 1 (32)
0 ifQ =0
Thus, K(Q,) is assumed to contain 1/Q; ;onlyvia A, . A sum
over a A symbol becomes a restricted sum, lacking the surnmand
for which A = 0. For £ =2, e.g., we have K(Q,) = Ag - Eﬂégl,
(see Equation (A2a)), so that Equation (31) yields
#io G 4 G.

~ . =2 1 1oz oy
G lw)+0(2) = — Y ———+ (33)

o) +0G) = 5 & ar—ial T 2

=¥

This involves a restricted sum and an O(f°) term resulting from
oo collapsing the sum (_l—ﬂ) >, in Equation (31).

2.5.2. p6 Expansion of G

To facilitate the identification of the leading-in-f contributions
to Equation (31), we assume that the anomalous G contribu-
tion to G,,, = (G + G),,, has been expressed as an expansion in

. Such a B8 expansion is always possible for

m)’ - 1(0’

powers of ﬂém i
the correlators under consideration in this work, as discussed
1n Appendix A.2. Whenever 5, appears in a Matsubara sum
(_ﬁ) s> the sum collapses and their g factors cancel. (This can-
cellation is why R x G in Equation (30) is O(8°), as stated above,
even if G contains anomalous terms.) For £ = 2, e.g., we have

G = Gy + 6,y Gy, with G, singularity-free at all Matsub-

ara frequencies ico’T and @fl a constant (see Equation (40)). Thus,
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Equation (33) becomes

#Hor G, e A

=2 1 1o iwr Gl
G o)== — L — - — 34
1u(r11:())p)+ (p) (=) o 1ar—1w + 2 iy (34)

Here the condition iw; # 0 on the left was evoked to replace

by 2§, on the right.

mr iy

2.5.3. Converting Sums to Integrals

By restricting or collapsing Matsubara sums containing A or §
factors, one can ensure that the remaining sums are all of the
form ﬁ > fli@) or — Zfi,w f(iw'), where f(2), viewed as a
function of z € C, is analytlc ateachiw v151ted by the sum. (More
precisely, for each i@’ in the sum, f(z) is analytic in an open do-
main containing that iw’.) We express such sums in standard
fashion as contour integrals:

—me;)_}zé f(2) (35a)

i’
#w

_2 flio') = ?5 n.f(2) — Res (n.f(2)) (35b)

m)/

Here, f = ¢ = % denotes counterclockwise integration around all
points iw’ V1s1ted by the sum, and n, is a Matsubara weighting
function (MWF). We choose it as

¢ 1 1 1 — i’
2T el (P =i 2+(9(z iw') (36)

with ¢ = + for bosonic/fermionic iw'. (n, is related to standard
Fermi and Bose distribution functions by —¢(1 +n,) = 1/(e/* —
{).) The Laurent expansion on the right of Equation (36) shows
that n, has first-order poles with residues 1/(—p) at all Matsub-
ara frequencies iw'. Therefore, the integral ¢ along a contour
including all iew’ frequencies recovers the unrestricted Matsub-
ara sum of Equation (35a) (see left parts of Figure 2b,c). For the
restricted sum of Equation (35b), the first term on the right rep-
resents an unrestricted sum, i.e. the restricted sum plus a con-
tribution from iw’ = iw, and the residue correction subtracts the
latter. For example, consider the case, needed below, that f (iow') =
fli)/(iw — ie'), with f (2) analytic at z = icw. Then, n_f(z) has a
pole of second order at iw, with

Re_s< nf (2 >
z=lw 1w —Z

Note that Equations (35) remain valid under shifts of the MWF
by a constant, n, — n, + c. We purposefully exploited this free-
dom to choose n, to have —1 as the second term in the Laurent
expansion. The reason is that this leads to a convenient cancel-
lation between terms arising from a é in K and residue correc-
tions arising from A restrictions. For example, when evaluating

(az [ — z)nj(z)])

z—iw

o) + 1 (0f (@) (7

z=iw
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Im(z7)

G = Glw,wy)

A
o
—

=
>~

G = G(wr,wy)

I
=

~—

RO R SR ——

SRR SRS{ M S

> Re(z1) >

Figure 2. a) Analytic regions of a regular 2p MF correlator as a function of a complex frequency w; + iy, with @;, y; € R. The thick, red line on the real
axis depicts a possible branch cut of the correlator. b,c) Contours to evaluate the Matsubara summation in the (b) fermionic and (c) bosonic case, see
Equations (43) and (44), respectively. Crosses indicate the poles of the MWF n,_ at the Matsubara frequencies on the imaginary axis. The dashed blue

contours, initially enclosing all Matsubara frequencies, are deformed away from the imaginary axis to run infinitesimally above and below the real axis.
In the bosonic 2p case (c), the branch cut does not extend to z; = 0 as the correlator, by definition, is free of any singularities at vanishing Matsubara

frequencies.

the Matsubara sum in Equation (34) using Equations (35b) with
flio') = G, /(iw — iw'), we obtain:

G, (im,) + (9(%)
0

ip#

fiZ nzf GZT nzTG T Giaq GT
= —— = Res| —— |+ — - — (38a)
o lo) — 27 F=ior\ do7 — 27 2 iwy
n, G, . G-
= jg o l<0z—G2—> -1 (38b)
[ Ok AR R 5y

The %Gi‘% term in Equation (38a) conveniently cancels a con-
tribution from the residue correction, evaluated using Equa-
tion (37). This cancellation results from our choice of n, hav-
ing —% in its Laurent expansion. (Similar cancellations occur for

¢ > 2; see, e.g., Appendix C.2.1.) The — 11—3 9,6G,)._.,, term in Equa-
tion (38b) is an example of an O( ) contribution that arises from

1
~ s
K % G but is not part of G,,.
Having worked through the example of # = 2, we conclude
this section with some general remarks about Equation (31) for

G,. Once the Matsubara sums from the imaginary-frequency
convolution K % G have been expressed through contour inte-

grals, one obtains the general form/3!]

G, (im,) + (9(%)

log 770
= % }4 Kiw,-z)n,_ ...n, _ GZT yyyyy g
o Ja
+ contributions from G (39)
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Here, the (¢ — 1)-fold contour integrals involve only the regular
part, G, of the full MF correlator. Its anomalous part, G, comes
with factors 6 that collapse one or multiple sums in Equa-
tion (31). Therefore, contributions from & to G, contain at most
¢ — 2 contour integrals.

The next step, discussed in detail in Section 3.2, is to deform
the integration contour in such a way that it runs infinitesimally
above and below the real axis. The anomalous contributions from
G can then be reincorporated into the real integrals using bosonic
Dirac delta functions. As a result, one recovers precisely the form
Gp =K+ S, of the spectral representation (14d): regular kernels
K convolved with other functions, built from MWFs and analytic
continuations of the various components of G and G, the latter
multiplied by bosonic Dirac § functions. These other functions
can thus be identified with the PSFs Sp = S'p + Sp, now expressed
through analytic continutions of G. This clarifies, on a conceptual
level, how the information contained in the full MF correlator G
needs to be repackaged to obtain PSFs, and the explicit formulas
for# = 2, 3,4 in Equations (47), (74), and (88) constitute the main
results of this paper. These, in turn, can then be used to obtain
KF correlators via Equation (27a).

To summarize, the MF-to-KF analytic continuation of arbitrary
¢p correlation functions can be achieved via the following three-
step strategy:

Step 1. Matsubara summation through contour integration: Insert
the MF kernel K (expressed in singularity-free form) and
the MF correlator G (expressed as a 6 expansion), in-
cluding all regular and anomalous contributions, into
Equation (31) for G,. Restrict or collapse Matsubara
sums containing A or pé factors and express the re-
maining sums through contour integrals using Equa-
tions (35), to arrive at Equation (39).

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85U80|7 SUOWWIOD 3A a1 8|qedt|dde ayy Aq peusenob a1e Ssple YO ‘@SN JO s8N oy A%iqi8UljUO /8|1 UO (SUORIPUOD-PUe-SWLRY/LI0o" A3 1M Ae1q 1 jBu [UO//:SORY) SUORIPUOD Pue SWia | 8L 88S *[Z02Z/TT/S0] U0 Ariqi8ulluo A8]IM ‘#0S00£202 dpUe/Z00T OT/I0p/LIco" A8 |1 AreJq1ul|uOy//:Sdiy WOy pepeoumod ‘. ‘¥202 ‘688ETZST



ADVANCED
SCIENCE NEWS

= physik

www.advancedsciencenews.com

Step 2. Extraction of PSFs: Deform the contours away from the
imaginary axis to run along the real axis, while care-
fully tracking possible singularities of the MF correla-
tors. Reincorporate anomalous contributions via bosonic
Dirac delta functions. This results in a spectral represen-
tation of the form Gp =K=* Sp. From this, read off the
PSFs S,[G], expressed through products of MWFs and
MF correlators, analytically continued to real frequencies
(see, e.g., Equation (47)).

Step 3. Construction of KF correlators: Construct the full KF cor-
relator GI-l, involving a sum Y., over terms of the
form [KU-7l s S |(i®,) (Equation (27a)). Simplify the
kernels KUl via a set of kernel identities (see, e.g.,
Equations (57)) and combine terms with similar struc-
ture from the sum Y} . Insert into the resulting expres-
sions the PSFs from Step 2, and then compute the inte-
grals involved in the % convolution. This leads to equa-
tions expressing KF correlators through analytically con-
tinued MF correlators, Gln-"l[G].

The result of Step 2 already constitutes an analytic continuation
since the PSFs S, suffice to construct the KF correlators via the
spectral representation. Step 3 serves to give direct relations be-
tween both formalisms.

In Appendix G.2, we follow an independent approach and use
the equilibrium condition to explicitly perform the following con-
sistency check: given an arbitrary set of PSFs S, as input, compute
the MF correlator G =3 K= S, and verify that the formulas
S,[G] correctly recover the input PSFs from G, giving S,[G] = S
This consistency check is presented for general 2p and 3p and for
fermionic 4p correlators.

The next sections are devoted to explicitly working out the de-
tails of this strategy. To demonstrate its basic ideas, we first revisit
the well-known 2p case in the following section. Though that is
textbook material, we present it in a manner that readily general-
izes to the higher-point correlators discussed in subsequent sec-
tions: 3p correlators in Section 5 and 4p correlators in Section 6.

3. Analytic Continuation of 2p Functions

In this section, we carry through the strategy outlined in Sec-
tion 2.5 to obtain the MF-to-KF analytic continuation in the well-
known 2p case. While our strategy may seem more cumbersome
than traditional textbook discussions (see, e.g., ref. [32]), it has
the merit of readily generalizing to £ > 2. We first recapitulate
the spectral representation and analytic properties of general 2p
MEF correlators (Section 3.1). Then, we express the PSFs in terms
of analytically continued MF correlators (Section 3.2). Finally, we
use these to recover familiar expressions for the retarded, ad-
vanced, and Keldysh components of the KF 2p correlator (Sec-
tion 3.3).

3.1. Analytic Properties of the 2p MF Correlator
We begin by reviewing well-known analytical properties of the 2p

MEF correlator. This also serves to give concrete examples for our
notational conventions.

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (10 of 46)
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G(iw) = G(iw,, iw,) explicitly depends on one Matsubara fre-
quency, im; or iw,, while the other frequency is fixed by energy
conservation, iw;, = 0. Since we want to compute Equation (31)
for arbitrary permutations p = (12), it proves useful to develop
an unbiased notation for the frequency dependence. The cho-
sen explicit frequency dependence is indicated by a subscript

in G, such that G,, = G(i®(»,)) = G(io;, —iw,;) and G, =
G(1co(a)2)) G(—iw,, 1602) The most general form of G, cover-
ing both fermionic and bosonic cases, reads

Glio(ar) = Gy, = Gy, +B6;, Gy (40)

in agreement with the general form Equation (A5). The regular
part, G,,,, is singularity-free for all iw;, including 0. G; denotes
the anomalous part, a constant, contributing only for iwy = 0.
The relation G,,, = G;,, enforces G, =6,

One of the next steps involves the deformation of the integra-
tion contour yg from the imaginary axis toward the real axis. This

iwy?

iw,

requires knowledge of the analytic structure of the MF correla-
tor. It can be made explicit via the spectral representation of G,
(Equations (14)), with the PSFs S, viewed as input. For the regu-
lar part, we obtain

/dzgé( [02)(61) _(21(_528)] /d std_egl (41)

Here, we introduced the “standard” spectral function S, given
by a commutator of PSFs resulting from the sum over the two
permutations p = (12) and (21):

Sqal€r) = 5[1,21, (e1,—€

)= 5(12)(51) - 5(21)(_51) (42a)

S[l,z]1 (e) = S(lz)(fl) = S(zl)(gz) (42D)

Here, €, = 0is understood for the argument of S, (). For PSF
(anti)commutators, we always display the unpermuted € and in-
sert the permuted ¢, only for individual PSFs, as done on the
right of Equation (42b). Evidently, GZI has poles (or branch cuts
for continuous spectra) whenever the denominator z;, — &, van-
ishes. This can happen only if Im(z,) = 0 (or, more generally,
Im(z7) = 0), indicated in Figure 2 by thick, red lines on the real
axis. Hence, the upper and the lower complex half plane are an-
alytic regions of GZ], separated by a branch cut at Im(z,) = 0

3.2. Extraction of PSFs from Partial MF Correlators

In Section 2.5, we expressed the regular partial MF correlators
G, (iw,) for # = 2 in terms of a contour integral ¢, . involving the
regular MF correlator GZT, see Equation (38b). That amounted
to Step 1 of the three-step strategy. Turning to Step 2, we write
Gp(i(op) in the form of a convolution [K = S,)(iw,), from which
we then read out expressions for the PSFs S,[G].

To this end, we exploit the analyticity of G,_ in the upper and
lower half-plane to deform the contours in y§ from enclosing the
imaginary axis to running infinitesimally above and below the
branch cut. We denote the corresponding integration variables
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along the branch cut by eX = e7 + i0*, with 7 = Re(z;) now being
a real variable and +i0" infinitesimal shifts.

We discuss the cases of fermionic or bosonic frequencies sep-
arately. For fermions, the contour deformation of ¢, - in Equa-

tion (38b) is straightforward and yields (see Figure 2b)

dZT nz]—GzT & deT n£TGET
fé i G / hni | (43)

2ri iy — 27 w 2@l iy — €7

Here, we defined G7 = G — G- as the discontinuity of GZT

across the branch cut at Iml(zT) = 0. Moreover, we extended the
subscript notation introduced after Equation (29b) to real fre-
quencies with infinitesimal imaginary shifts. (This notation is
further discussed after Equation (47).)

In the bosonic case, the pole at z; = 0 has to be treated sepa-
rately (see Figure 2c¢):

~ . -
dZT nzTGzT & dST HETG ' nzTGzT
ST = i + Res| -
2riiwy — 27 o 2mliwy — €7 =0\ iw7 — 27

© de- n,_GT
- ool (@4

w 27iioT — &7

Here, If indicates a principal-value integral. The residue evalu-
ates to a contribution of order (9([1]) as the bosonic MWF n._is
the only factor having a pole at z; = 0, with residue 1/(—p) there
(remember that iw; # 0). Combining Equations (43), (44), and
(38b), and omitting O( %) terms, we finally find

. I’L&TG(T GT VLETGET-FS(ET)GT
Gp(m)p)=/ﬁ_ —.—=/{ e — (45)

On the right, we absorbed the anomalous G contribution into the
integral, defining §(eg) = —27i (e7). Moreover, we introduced
the symbol [ as

/°° de;
/ 27
Ei...— fDOdgi

Lo 2mi

We call a frequency ¢; anomalous if it is directly set to zero by
a Dirac 6(¢;) in the integrand, and regular otherwise. Since the
anomalous contribution arose from a Kronecker 8, we arrive at

for fermionic ¢; or anomalous frequency,

for bosonic ¢; and regular frequency.

(40)

a rule of thumb: when performing Matsubara sums via contour
integration and contour deformation to the real axis, Kronecker
deltas with Matsubara arguments lead to Dirac deltas with real ar-
guments.

Importantly, Equation (45) has precisely the same form as
Equation (14d) for £ = 2, with the correspondence

(270) S, (e5) = n, G +5(e5) Gy (47)

This remarkable formula is the first central result of this section:
it shows that a suitable analytic continuation of the MF correla-
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tor G(iw), combined with a MWF, fully determines the PSF and
thus, via the spectral representation Equations (27a), the KF cor-
relator G*. Tt also clarifies the role of anomalous contributions. In
subsequent sections, we will find analogous results for £ = 3, 4.

To conclude this section, we elaborate on the meaning of the
super- and supscript notation used above. The discontinuity in
Equation (47), G = G — G-, consists of analytically continued

1 1

MF correlators, G(iw) — G(z). Here, the entries of z = (¢%, ¢])
are infinitesimally shifted by +i0* or —i0*, but constrained by
energy conservation, &;, = 0. The subscript on G- has the same
meaning as for imaginary frequencies (see paragrallph after Equa-
tion (29b)): it indicates the chosen explicit (real-)frequency de-
pendence of G(z), i.e., G - = G(z(eTi)), uniquely determining the

imaginary shifts in each entry of z. To be explicit, we have

Gt = G(ef, —€) — Gle], —€)) (48a)
G = G(—¢1,€5) — G(—¢5, €3) (48b)
Since &, = —¢, (energy conservation) and hence &) = —¢7,
we have G = -G = G, (Check for negative superscripts:

G =G =Gy = G—e; ~Gg= -G
For illustration, we give explicit formulas for S, for the permu-
tations p = (12) and p = (21),

(271) Sy (1) = n, [GleT, —€7) — Gler, —€,)] + b(e1) G,
(271)S 5y (£,) = 1 [G(—¢5, £5) — G(—¢;,€,)] + b(€,) G, (49)

where we inserted Equation (48) for the discontinuities. The
anomalous contributions satisfy G, = G, (as explained after
Equation (40)) and exist only for bosonic correlators ({ = 1). En-
ergy conservation e, = —¢, then gives

(2”1)5(21)(_51) =n_g [G(ei —£)) - G(q’ _5Ir)] + 5(51)62
= e (271) S1)(£1) (50)

For the last step, we used the identity —n_, = {e™%in, . Asause-
ful consistency check, we note that Equation (50) corresponds to
the equilibrium condition Equation (4) for PSFs (with p = (21),
p, = (12) there, implying {, =¢, {, =+1 and e7=¢, = —¢,,
Ep.n) = €1)-

Expressing the standard spectral function S (¢;) from Equa-
tion (42a) in terms of Equation (47), we find

(271)Syq(e1) = n, G +6(e,) G, —n_, G = 8(—¢,)G,

€1

G =, +n,)G"

—&;

=-G" (51)

where we used G ' = =G, Thus, the discontinuity G7 in the
PSFs (47) encodes S,(&;). Conversely, however, S, (;) retains
only the discontinuity G in the PSFs (47), while the informa-
tion on the MWF and the anomalous part, both contained in the
S, (49), is lost. In Appendix G.2, we use Equation (51) and the
equilibrium condition to explicitly perform the following consis-
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(a) Im(z1)

iwl

Figure3. a) Analytic continuation of the Matsubara frequency iw; — a)[]”

external frequency a)[11] has to be larger than the imaginary parts of51i

www.ann-phys.org

= w; + iyg in Equations (52) for fermionic frequencies. The imaginary part of the

used to integrate infinitesimally above and below the real axis. The transition from

(a) to (b) illustrates the closing of the contour in the upper/lower half-planes to evaluate the integral in Equation (53). As the integrand is independent

of the fermionic MWF n,

1

tency check: given an arbitrary set of PSFs as input, compute the
MF correlator G = 3, K « S, and verify that Equation (47) for S,
correctly recovers the input PSFs.

3.3. Keldysh Correlator

Next, we turn to Step 3 of our three-step strategy: we use the PSFs
obtained above to explicitly construct the Keldysh components
G, G, and GI'%, expressed through analytically continued MF
correlators. As the structure of KF correlators becomes more in-
tricate with an increasing number of 2’s in the Keldysh compo-
nent, denoted by « in Equations (19), we discuss the different
values of a separately in the following and throughout the rest of
the paper.

3.3.1. Keldysh Components Gl

For a = 1, the fully retarded or fully advanced Keldysh compo-
nents G can be deduced from the regular part of MF correlators
alone (Equation (23)). Here, we follow the alternative and equiv-
alent strategy of Step 3: we insert the PSFs from Equation (47)
into the spectral representation (27a):

Gl(@) = Z[KW % S,] (@,) Z[K* S,] (@) (52a)
S S
- [faten( L 2 52
W —& @, —&
/d [12][n§51’ €1) (52¢)

&

Here, we used a)[z'” = [1'7] (Equation (21)) and that the sum over
both permutations, p = (12) and (21), leads to the appearance of
the PSF commutator S, ,; (equalling Sy, cf. Equation (42)).
Before proceeding, a general remark is in order: When the ex-
ternal variables a) I appear in * convolution integrals such as
/L | in Equations (52) it is essential to maintain the hierarchy
Yo > 0" for the infinitesimal i 1mag1nar?7 shifts +iy, and +i0* con-
tained in the external frequencies a) and the integration vari-
ables £7, respectively. The reason is that the contour deformation

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (12 of 46)
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the only contribution to the integral originates from the simple pole at z; = @

.

from 5621 to [ : has been performed before the analytic continu-
ation im, - cog” underlying Equations (27) and leading to Equa-
tion (52) (see Figure 3a). This hierarchy is particularly relevant for
principle-value integrals ¥ (needed below); these exclude an in-
terval [-0%, 0*] around the origin, and y, must lie outside this in-
terval.

Inserting S, 5 (€1, —&;) = Syqler) =
tions (42a) and (51)), we find

Gfl Gé+ - GE— -
Gl(@) = _/ T = —/ ! ] - =G (53)
£ Cl)ln—El £ wﬂ_el '

1

G /(=2zi) (from Equa-

Importantly, no MWFs n, occur in Equation (53). For the last
step, we were thus able to close the forward (backward) inte-
gration contour involving GST (GE;) in the upper (lower) half-
plane. We then used Cauchy’s integral formula for the simple
pole at co[l’” (see Figure 3b). Equation (53) expresses the fully re-
tarded Keldysh correlators through analytic continuations of MF
correlators, GM[G], as desired. To make contact with standard
notation, we recall that the retarded and advanced 2p compo-
nents are given by Gf = G*' = Gll and GA G'? = G. Rein-
stating frequency dependenc1es, with “’1 =w, +iy, = o} and
12]

o, = w; — 1y, =, we get

GRo) = G}, w;), G*®) = G(w], ) (54)

This implies the well-known relation

GR@) = Grw), G*0)=GCRw) (55)

3.3.2. Keldysh Component GI'4

For a = 2, both Keldysh indices equal 2, G = GI!2. Then, the
spectral representation in Equation (27a) requires the kernel
(Equation (19c))

K[ﬁlﬁz](wp) = (K[ﬁd_K[ﬁz])(wp) = K(a,z%]) _f{(wflz]) (56)
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for the case ;] = [12] = [#,#,]. Evaluating this for p = (12) and
(21), we find

s [l 52
Km](a’(u)) = K(“’Ellz)) - K(a)E1]z))

—2i N
T = e = b (572)

-2 2
) +7,

) = K@) - K(o)))

=3, (@) (57b)

On the right, we introduced a Lorentzian representation of a
broadened Dirac delta function:
—=2iy,

vt lim 8, (x) = ~27i6(x) = 6(x) (58)

6,,() =

Finally, we obtain G2 by convolving the kernels (57) with the
PSFs (47) according to Equation (27a):

G = Z[KM % S,] (@,)
p

= /(2”1)5[1,2]+ (1, —€1) gyo(wl — &)

€1

=/ [(1+2n,)G" +25(£,)G, 5, (@, — £,)

=N, G" +4zis(w,)G, (59)
For the last step we defined

N, =-1-2n, = coth[fw,;/2)" (60)
For bosonic correlators, N, is singular at w, =0, so that a
principle-value integral is implied in Equation (59). Then, the
product N,, G should be evaluated via the limit (N, G” ), 0+
More precisely, three limits are involved: 0%, y,, and @, should all
be sent to zero, while respecting 0% < y, < |, | (see discussion
after Equation (52)). In the following, we suppress the subscript
7, in Equation (58) and always take y, — 0% after evaluating a
principal-value integral (if present).

Summarizing, all Keldysh components can be expressed
through analytically continued MF functions. Comparing Equa-
tions (59) and (40), we find that the anomalous part, G,, en-
ters GI'?l with a prefactor of 4xi(w,). Using our previous results
from Equation (54), yielding G”* = GR(w,) — G*(w,), and defin-
ing G' = GX, the above relation (59) can be identified as the
FDR

GX(w)) = N,

0y

[GR(@,) — G*@,)] + 471 6(e;) G, (61)

Hence, the way in which anomalous MF terms appear in KF cor-
relators is via Keldysh correlator GX. The anomalous term con-
tributes only if w, is bosonic and vanishes.

We will refer to general relations between components of
KF correlators in thermal equilibrium as generalized fluctuation-
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dissipation relations (gFDRs). Equations (55) and (61) constitute
the two gFDRs available for £ = 2. In the absence of anomalous
contributions, they reduce the three nonzero KF components to
a single independent one (typically chosen as GF).

4. Analytic Regions and Discontinuities of the MF
Correlator

Step 2 of our three-step strategy, the extraction of PSFs, requires
knowledge of possible singularities of the MF correlators. In the
2p case, for Gz, ,abranch cutdivides the complex z, plain into two
analytic regions (see Figure 2a), and the discontinuity across the
branch cutis given by the difference of the analytic continuations
Gwlt. In this section, we generalize the concepts of and notations
for branch cuts, analytic regions, and discontinuities to general Z,
enabling a concise discussion of the analytic continuation of 3p
and 4p MF correlators in Sections 5 and 6, respectively. We focus
on the regular parts G of the MF correlators; the anomalous parts
will be discussed separately in the sections for # = 3 and 4.

4.1. Analytic Regions of G(z)

Possible singularities of the regular part can be inferred from the
spectral representation in Equation (14d)

. S, (€,)
Gz) = / de, (65 7) Y, = (62)
p

i (756103

with z; = w; + iy;and z; , = 0. Singularities can be located at the
points where the imaginary part of the denominator vanishes,
defining branch cuts by the condition

Im(z) =7, =0 (63)

where z;, = ), _; z; denotes a frequency sum over the elements
of a non-empty subset I C {1, ..., #}. In total, condition (63) de-
fines 277! — 1 distinct branch cuts since frequency conservation
implies Im(z,) = —Im(z,) where I = {1, ..., #}\I is the comple-
ment of I, so that Im(z;) = 0 and Im(z,.) = 0 describe the same
branch cut. The branch cuts divide C” into regions of analyticity
(regions without singularities), each corresponding to one partic-
ular analytic continuation of G.

We henceforth focus on the case, needed for Equation (27b),
that all arguments of G(z) are real, up to infinitesimal shifts. To
be specific, we take the imaginary shifts of the frequency sums z,
to be infinitesimal, |y,| = 0" (with signs determined via conven-
tions described below). Then, G(z) is a function of # — 1 indepen-
dent real frequencies w;, and the analytic region is indicated by
including the 27! — 1 shift directions y; = +0* in the argument
of G(z), Thus, for 2p, 3p, and 4p correlators, we need 1, 3, and 7
imaginary parts, respectively (see examples below for £ = 3,4 in
Equations (65) and (66)).

For a compact presentation of our results, it is convenient to
introduce notation that specifies all imaginary shifts viaa (£ — 1)-
tuple 2 whose components z; = @, + iy; are frequency sums of
the form 2, = z,. Then, the argument of G(z) is expressed as z(2),
and the imaginary shifts of z are determined by those chosen for

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85U80|7 SUOWWIOD 3A a1 8|qedt|dde ayy Aq peusenob a1e Ssple YO ‘@SN JO s8N oy A%iqi8UljUO /8|1 UO (SUORIPUOD-PUe-SWLRY/LI0o" A3 1M Ae1q 1 jBu [UO//:SORY) SUORIPUOD Pue SWia | 8L 88S *[Z02Z/TT/S0] U0 Ariqi8ulluo A8]IM ‘#0S00£202 dpUe/Z00T OT/I0p/LIco" A8 |1 AreJq1ul|uOy//:Sdiy WOy pepeoumod ‘. ‘¥202 ‘688ETZST



ADVANCED
SCIENCE NEWS

= physik

www.advancedsciencenews.com

\\\\ G[Q]
G’[l] \\\ G/[g]
72 =0+ o n
. el
aBl
')
—|+ ‘F\j
mn=0 73 =0

Figure 4. Regions of analyticity of regular 3p MF correlators. Lines with
7; = 0 denote possible branch cuts of the correlators. (Figure adapted
from ref. [17].) We label each region by that specific Keldysh correlator,
Gl or G, whose imaginary shifts y; lie within that region: For GI'], only
oy has a positive imaginary shift, i.e., y; > 0, y, <0, and y3 <0, imply-
ing Gl (@) = G (o], w3, 7). Primed correlators (Equations (25)) have in-

verted imaginary shifts, such that G'(@) = &(w7, @}, ®7).

2. We will specify the £ — 1 independent frequencies Z chosen
to parametrize z(Z) using subscripts, G, = G(z(2)), extending the
subscript notation developed in Section 3.1 for # = 2 to the regu-
lar parts of £p correlators. To uniquely determine the imaginary
shifts in z;(2), and hence the analytic region for G, we implicitly
assign imaginary shifts to all Z; via the rule
2070 <7, forl<i<? (64)
It ensures that the imaginary part of any Imz, is always nonzero,
and that its sign is specified uniquely through the sign choices
made for the shifts +|y;|. We specify these sign choices using
superscripts on the corresponding real frequencies @;, writing
% =@ =& il

Examples for ¢ = 3: For ¢ = 3, the branch cuts are given by
7, =0, 7, =0, and y; = 0, see Figure 4. Therefore, three imagi-
nary parts are required to uniquely identify one analytic region
for a regular MF correlator G(z), with z = (z,, 2,,2;) and z; = 7.
Consider, e.g., the set of independent frequencies z = (a)}’, ;)
with infinitesimal imaginary shifts fulfilling Equation (64). It
yields the analytic continuation (see Figure 4 for the labels of an-
alytic regions):

2 = G}, w;, —o}) = G}, 0], o)) = G (@) (65a)
The third argument, z; = —z), = -2, — %, = —~@w; — ;, has a
positive imaginary shift since Im(z;) = —Im(|7,| — |7,]) > 0, by
Equation (64). By contrast, for Z = (w,, w]), we obtain

Gt = Glo], 0}, ~0}) = G(o], 0;, @;) = G() (65b)

27 17

_ +# G+ _ because sw1tch1nga) - o) in the ar-

Evidently, G, o ot ot o
gument list of % also switches the relative magmtudes of their
imaginary parts, due to Equation (64).

Note that the representation via subscripts is not unique.
For instance, G/(@) can also be written as qu'wr, since

the subscript z = (w},, w]) yields z(2) = (0], 0], — ©], o)) =

(o}, w;, ®7), matching the arguments found in Equation (65b).
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For the last step, the sign of the imaginary shift of the second
argument follows from Im(z,) = Im(w}, — w}) = |7,] = |7,| < 0.

Example for ¢ = 4: For ¢ = 4, the branch cuts are located at
vanishing y,, v,, 73, ¥4» Y12, Y13, and y,,, see Figure 5. Thus, seven
imaginary parts are needed to uniquely identify one analytic re-
gion for a regular MF correlator G(z). We therefore write its ar-
gument as z = (2y, 2y, 23, 245 213, 213, Z14), With 2, = @7, also list-
ing the arguments after the semicolon since the 51gns of their
imaginary parts are needed to fully specify the analytic region.

Consider, e.g., Z = (wu,wz,w ). Then, z, = -z, = -2, - %, =
v _ ot
Wy = @) =~ = wy, 2, =2 +2, 33—w13+w ) =
), and z,, = =23 = —2;, — 23 = —@, — ©; = —w},; the signs of

the imaginary shifts on the right sides follow via Equation (64).
We thus obtain

2 — Gl = ot - = o+ +
Gw{yw;,w; = G(o], 0, 07, —w1,;; 0, 0, —©3))

= G0}, 0,, 03, 00, 0, 0),) = C(34 (66)
In the last line, the frequency arguments were expressed through
those used to label the analytic regions in Figure 5.

4.2, Discontinuities of G(z)

The discontinuity of G(z) across a given branch cut, defined by
Imz; = y; = 0, quantifies the difference between two neighbor-
ing analytic regions, R, and R_, separated by y, = 0. We denote
this discontinuity by G(z%+) — G(z*-). Explicitly, we have opposite
imaginary shifts y; in the analytic regions, le* =0t = —le’, and
equivalent shifts for all other y]R* = y]R‘ with J € {1,...,¢} and
J # I. To describe this discontinuity using Z notation, we write
R = (ER* '), where the first variable is chosen as the one whose
imaginary part changes sign across the branch cut, z1 * = o}, and
Z" denotes a tuple of £ — 2 other, independent frequencies, with
imaginary shifts given by the prescription (64). Then, extending
the superscript notation from Section 3.1, we can express the dis-
continuity of G(z) across Imz; = 0 as

G =Gz — Gy = Gor. = G (67)
Similarly, we define consecutive discontinuities across two
branch cuts, y; = 0 and Y= 0, to be evaluated as

£ O10)

G,

e |

@ 0]
=G.. ., -Gl | (68)
O Z3eZp O 232
where we have 2, = w7y and 2, = w}-’
Examples for € = 3:
Z' = o/, we find

For a discontinuity across y, = 0 and

G‘”i = Gw* ot T Gw’ wt
@y 2% 2%
= G(a}f, o), —w7,) - G(w;’, w,,—w},)
= G(o}, w5, 0]) — G(o], ©,, ®3)
= G'(o) - G(@) (69)
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Figure 5. Regions of analyticity of regular 4p MF correlators (analogous to ref. [13]). Lines with Imz; = 7; = 0 and Im z;; = y; = 0 denote possible branch
cuts. The rectangular regions are labeled by arabic numbers indicating which y; are positive; e.g., for region (124), we have y;, 75, 74 > 0 but y; < 0.
Consequently, regions composed of one or three arabic numbers correspond to fully retarded or advanced Keldysh components. Regions with two of
the y; positive, like region (12), are further divided into four subregions by the branch cuts in ; and are distinguished by roman numbers | — IV.

Two consecutive discontinuities across, e.g., y; =0 and y, =0
yield

(1,0 - - = =~ ~ ~
G = Gw} - Gm:, = Gw:’w; - G(u;,w; - Gw:‘w; + Gw;,(u;
= G(w], 0y, —0},) — G(o], 0}, -},
- G0}, w;, —0,) + Glo], ®), —w7,)
=GB gl gl L gh (70)

Example for ¢ = 4: The discontinuity for, e.g., y;,; =0 and
Z' = (w7, w]) evaluates to

GZ;Z’I = Gf"fzs"";'"’f - Gwl’zz,w;,wl’
= G(o], w}, wf, —wt,; 0], wy,, —©3))
- G(w}, 0, 0F, —0,; w7, 07, —w5;)
= C}B) _ 34 -

5. Analytic Continuation of 3p Correlators

The notation introduced in the previous section enables a concise
discussion of the analytic continuation of 3p MF correlators in the
following. Section 5.1 is devoted to the general structure of these
correlators and the connection of their analytical continuations to
3p PSFs. In contrast to the 2p case, the derivation of these PSFs,
constituting Steps 1 and 2 of our three-step strategy, is discussed
in Appendix C.2; in the main text, we merely state the final result.
In Section 5.2, we show that the PSFs yield all components of
the KF correlator as linear combinations of analytically continued
MEF correlators.

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (15 of 46)

RIGHTS LI M ""l}

5.1. Extraction of PSFs

A general 3p correlator can be decomposed into a regular and
various anomalous parts (see Equation (A5) and Appendix C.1):
Glio(wr, @) = G,

o107

= Gin,in + b Gy

1 ;1117

+ 5, G5

2;iar1

+ 6, G

2jion +p 5107 5iu§ GI,E (72)
Here, G denotes the regular part, whereas G, represents the
anomalous part w.r.t. frequency iw;, i.e., G; comes with a factor
of ps,, and is independent of icw;. CA}LZ is anomalous w.r.t. all fre-
quenc{es and is a frequency-independent constant. (Note that,
e.g., s, G, can be written as Bbiu, G,, in the 6 expansion in
Equation (72), implying relations like G, = G,. This unbiased
notation allows us to write formulas that hold for any permuta-
tion p.)

The full correlator G as well as the components G and G, are,
by definition, singularity-free for all Matsubara frequencies. For
the anomalous contributions, we further have the decomposi-
tion

R Y e (73)

ERION
where A, is defined in Equation (32) for a purely imaginary

. AN
Q; = iw;. Here, G,

comprises all terms proportional to a A,
symbol, and G;w] contains the rest. Analogous definitions hold
for all anomalous terms Gi, see Appendix C.1 for a detailed dis-

. e A A .
cussion. The distinction between G, and G? is only needed if all
three operators are bosonic, in which case all anomalous terms
in Equation (72) can occur. For two fermionic and one bosonic
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operator, all following results equally hold by replacing Giﬁr -G,

and GiA - 0.

In Appendix C.2, we show that the PSFs can be expressed via
analytic continuations of the general constituents of the 3p cor-
relator [Equation (72)]:

(271)’S (€7, €3)

~ETET ~ETTHET 8 A BE7
=n_n_G* ' +n_n_G21+45e)n_G-""’
g 4 (€7) G 1

+ blegn, G T + legn, G2
N a A, ~AA
+ Blendlen) (Grz - 1655) (74

This is our main result for # = 3. Explicit expressions of the PSFs
for individual permutations are obtained by inserting the per-
muted indices into the above equation. In Equations (C26), we
provide an overview of all possibly occurring discontinuities ex-
pressed through the analytic regions in Figure 4. As for 2p PSFs,
we provide a consistency check of Equation (74) in Appendix G.

5.2. 3p Keldysh Correlators

In the following two sections, we demonstrate how to construct
KF correlators as linear combinations of analytically continued
MEF correlators using the PSFs in Equation (74), corresponding to
Step 3 of our strategy. For & = 1, Equation (23) gives the analytic
continuation of G to fully retarded components G for general
¢. Therefore, we directly consider the more challenging cases of
a = 2,3 in Sections 5.2.1 and 5.2.2, respectively. Lastly, in Sec-
tion 5.2.3 we provide an overview of all Keldysh components and
present gFDRs.

5.2.1. Keldysh Components Gln"l

To recapitulate, in Section 3.3.2 we performed manipulations on
the level of the Keldysh kernels for £ =2 and a = 2 by using
the identity (58), which directly allowed us to evaluate the con-
volution with the PSFs. Even though the kernels for £ = 3 are
more complicated due to an additional factor in the denomina-
tor (see Equation (19d)), similar manipulations are presented in
Appendix C.3.1 for the Keldysh component G2 = GI'3l. There,
it is shown that simplifications of the 3p KF kernel K12 (Equa-
tion (19¢)) yield

3] N (27i)?
GHl(w) = o(w;, — 51),—6 S[l,[z,z,],]+ (e1, €5, —€13)
2

€16 wZ -

A (27i)?
- o(wy; — €pp)—— 5[[1,21_,3]+ (€1,€5,—€12) (75)
£1,€) COZ —&

Similarly to the 2p case, we always display the unpermuted € for
PSF (anti)commutators and insert permuted €, only for individ-
ual PSFs, implying, e.g., Sy31), (€) = Sy (€2, €3) = S (€2, €1)-
For the integrations in Equation (75), we fixed the two indepen-
dent frequencies €, and ¢, as integration variables. We thus ob-
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tain, e.g.,

5[1,[2,3]_]+ (e) = 51[2,3]_ (e) + 5[2,3]_1(5)
= 5(123)(61,82) - 5(132)(61,83) + 5(231)(52:53)

- 5(321)(53’52) (76)

with e; = —¢,, being understood.

To relate the KF to the MF correlator, we insert Equation (74)
into the PSF (anti)commutators of Equation (76) and simplify
the results using relations for the discontinuities such as G =
—G ', Such identities follow by explicitly expressing the dis-
continuities in terms of G and G correlators (see Equa-
tions (C26)). Then, the PSF (anti)commutator in Equation (76),
e.g., reads

. ~Eq, 2 A, BE
(2”1)25[1,[2,3],]+ (61,62, —€1)) = NEIGG = 20(£1)G, ’

& ia . aA
—20(€1)0(€2) Gy (77)
Inserting Equation (77) (and a similar expression for Sy 5,

see Equation (C31b)) into Equation (75) and evaluating one of
the integrals via the §-function, we find

01,6 . A TE) CA
@) = -N,, / ~— + 26(w,) / P
o @ T8 @ & O

Gwlz‘bz n Gféz G?z

-N,, / = + 20(wy,) / = -—

e @) — & O )

(78)

Here, it becomes apparent why collecting PSFs in terms of
(anti)commutators is beneficial. The integrands in Equation (78)
do not contain any MWFs depending on the integration variable
€,, so that the only pole away from Im(z,) = 0 comes from the de-
nominators. Consequently, the integrals over ¢, can be evaluated
by closing the forward/backward integration contours in the up-
per/lower half-planes. Then, only the pole at z, = w; contributes
(as illustrated in Figure 3 for the integral in Equation (53)), and
the final result for the Keldysh correlator GI'3! reads

G =N, Gj:_ + N(UIZGZ; + 47i5() G, + 47i(@1,) Gy,
= 2 _ GBI 2 _ gl
=N, (G"-G")+N, (G"-cl)
s Al3] s Alll
+4716(,)G, + 471 6(w,) G, (79)
Here, we used N, = —N,, , expressed CN;Z‘, and CN}Z‘,Z in terms of

the analytic regions in Figure 4, and defined the shorthand

AA

N A Gi»j
Gi;wi = Gi»mi + + (80)

J ) a)j*

We emphasize that Equation (80) should not be interpreted as
a direct analytic continuation of Equation (73). Rather, it can
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be obtained from Equation (73) by replacing 4, — 1/(i»;) and

iw;

only afterwards analytically continuing the resulting expression
iw; - @. Additionally, we defined the shorthand G[:] = G (@),

such that, e.g., Cl;m; =Gyt = C[13]. The other two Keldysh com-

ponents with @ = 2, Gl and GI?*], can be derived similarly, and
their results are shown in Equations (84a) and (84c), respectively.

10

5.2.2. Keldysh Component GI'%

In this section, we relate the Keldysh component GI'#*! to the ana-
lytic continued MF correlator. In the derivation of Equation (78),
using the identity (58) for the a = 2 kernel K2l was essential.
However, the Keldysh kernel for G112, K], involves three re-
tarded kernels according to Equation (19c¢), impeding the direct
application of Equation (58).

In Appendix C.3.2, we show that this problem can be circum-
vented by subtracting a fully retarded component, say, GF. An
analysis of the spectral representation of G123l — GBI then leads

to
1 [123] [3]
G = 6o

= / g(a)l - &) S(wz - &) S[[1,2]+,3]+ (€1, €5, —€12)

€16

2 1
+ o(w, — € S £,,E,,—E
/E (o0 1) @ —e, 23 (€1, €2, =€)

162

2 1
+ / o(w, — 52),—8 S[z,[l,s],], (€1, €2, —€13) (81)
1

€16 Col -

Similiar to Equations (76) and (78), we evaluate the PSF
(anti)commutators by inserting Equation (74) (see Equa-
tion (C36)), and subsequently evaluate the integrals either via
the §-functions or via Cauchy’s integral formula, yielding

(G - GP))(@)
=(1+N, N )G +N, N, G+ G +G”
1 2 12 1 (t)z (A)1

Fa0) . A, 250
L +4xis(@,)N, G,

+4nid(w,)N,, G
+ 471 8()N,, G + (471)6(w,)8(@,) G, (82)

A more symmetric form of this result (see Equation (84d)) can be
obtained by expressing all discontinuities in terms of the analytic
regions in Figure 4 and applying the identity

1+N,N, +N, N, +N, N, =0 (83)

wy w3

which holds for # = 3 due to frequency conservation.

5.2.3. 3p Generalized Fluctuation-Dissipation Relations

Expressing all Keldysh components with « > 2 through analytic
continuations of MF correlators is equivalent to relating them to
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fully retarded and advanced components. Indeed, as in the 2p
case, knowledge of the fully retarded and advanced components
and the anomalous terms suffices to obtain all Keldysh compo-
nents, as brought to bear by the 3p gFDRs (where N; = N,,)
G2 = N, (G — G7) + N, (&P - G
471 8(0,) G + 47 6(e0,) G 84
+ 4716 () , a4l (0,) ) (84a)
G = N, (G — GP) + N, (& — G
. Al3] . All]
+ 471 6())G, + 471 6(;) G, (84D)
G = N, (G = GP) + N, (&1 = G)
. Al3] . Al2]
+4716(,) G, + 471 6(w;) G, (84¢)
G = N,N;G" + N, N, G? + N, N, GP!

+ (1 + N,N;)G'™M + (1 4+ N, N;)G'? + (1 + N, N,) GV

. AB2] A3 AR ARl
+ 4xi [5(601)1\12((;1 el ) + 5(w2)N3<G2 ey )
2 25[1] A, 25(2] . A
+ 80N (657 = 67| + (4i6(@,)3(0,) G (84d)

These gFDRs agree with the results in ref. [24], and generalize
those by also including anomalous contributions. Applications of
these formulas to the Hubbard atom are presented in Section 7.

6. Analytic Continuation of 4p Correlators

In this section, we demonstrate the MF-to-KF analytic con-
tinuation of fermionic 4p correlators. In Section 6.1, we first
discuss our convention for labelling analytic regions and provide
the expression of PSFs in terms of analytically continued MF
correlators. In Section 6.2, we then generalize the key concept
for the construction of 3p KF correlators, namely rewriting
the KF spectral representation using kernel identities and PSF
(anti)commutators, to arbitrary ¢, and apply it to the relevant
case 7 = 4.

6.1. Analytic Regions and Extraction of PSFs

As discussed in Section 4.1, the possible singularities of a reg-
ular 4p MF correlator are located at seven branch cuts, splitting
the complex plane into a total of 32 regions (see Figure 5). Impor-
tantly, for £ > 4, only few of these regions correspond to fully re-
tarded or advanced Keldysh components, in contrast to £ = 2, 3.
We label analytic continuations of MF correlators by C, e.g.,

Flnt o= ot e = ot =y — (13)
G(w1 ,a)z,w3,a)4,a}12,wl3,(ol4) - CIII (85)

The superscript of Cﬁf ! indicates which o, (with 1 < i < 4) have
a positive imaginary shift. Analytic regions with two ®,’s having
positive shifts are further divided into four subregions, denoted
by roman numbers I — IV in the subscripts of C. This is necessary

because for Cﬁf ), e.g., the superscripts do not uniquely determine
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the imaginary parts of 0] + @, = 7, and & + ©, = w7,. Fully
retarded or advanced Keldysh components, on the other hand,
are directly related to analytic regions, G = C() with i = n and
G = CU¥ with i,j, k # n, as depicted in Figure 5.

Priming correlators, i.e., complex conjugation of the imagi-
nary parts of frequencies (Equation (25)), is directly applicable to
the analytic regions. Consider, e.g., CV), where only w, has a pos-
itive imaginary part; then, priming C® yields (C) = (Gllly =
G = C®4 where only w, has a negative imaginary part. The ro-
man subscripts are chosen such that they are unaffected by com-
plex conjugation of imaginary parts, so that, e.g., (Cg“))/ = Cﬁs).

Finally, we note that double bosonic discontinuities, e.g.,
G"’Urwu

1, vanish since the fermionic 4p kernel contains only one

bosonic frequency, see Appendix E.1.2. This implies that not all
analytic regions displayed in Figure 5 are independent, since the
following relations hold:

ch_cthypch_ch—o  withi<i<j<4 (86)

111

AW013,014 0

The identity for (i) =

After establishing our convention for labehng analytic re-
gions, we now apply our strategy for the analytic continua-
tion to fermionic 4p MF correlators. Anomalous terms, requir-
ing bosonic Matsubara frequencies, only occur for sums of two
fermionic Matsubara frequencies, implying the general form
(Equation (A5))

(12), e.g., follows from G}

Glio(wr, 03, 05) = G,

+ ﬂﬁiwf %;iaﬁ,iaﬁ + ﬁ(siwg Clq;iurl,iu/i (87)
The anomalous terms need not be further distinguished by fac-
tors of A,, as in Equation (73), since the remaining frequency
arguments are fermionic (iw; # 0).

Using Equation (87), Steps 1 and 2 of our three-step strategy
are discussed in Appendix D; they yield the PSFs

(271)’S, (€7, €7, £3)

AETETET AEEET
=M M1 G +n N N G
T FE3ETET
+n_n n_ G +h N h_ G
+n_n_n_G¥T +n.n G

e ey ey TG
€T

+n.n 5(512) il"'”e— 6—5(513) e

ey ey

+nn_d(er) G2 (88)
This is our main result for # = 4. Equations (D11) give an
overview over all possibly occurring discontinuities expressed
through the analytic regions in Figure 5. As for the 2p and 3p
cases, we provide a consistency check of Equation (88) in Ap-
pendix G.

To conclude this section, we further comment on properties of
the anomalous parts. As discussed in Appendix D.2, the anoma-
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lous contribution (A}U;im1 o, €8~ can only depend on the frequen-
cies iw; and iw, separately, but not on iw,,. For anomalos parts,
the complex frequency plane is thus divided into only four ana-
- . : L i .
lytic regions cor?espond}ng to.the imaginary parts of &] 'fmd.e3 ,in
contrast to the six analytic regions for 3p correlators. This directly

: . . . . oy AE7,ET AETES
implies symmetries for discontinuities, such as G>" = G *.

3
Similarly as for the regular parts, we label analytic continuations
of anomalous parts with C, e.g.,

A(14)

Gyt ;= € (89)

with the difference that subscripts indicate the anomalous con-
tributions. Since Giyotw; 18 always multiplied by 6(w,,), the re-
maining frequencies must have imaginary parts @, and ;. Ac-

. . A04) . . e
cordingly, the superscript of C (12 'indicates the positive imaginary

shifts of w; and w,.

6.2. 4p Keldysh Correlators

In this section, we discuss the construction of KF correlators as
linear combinations of analytically continued MF correlators. In
Equations (59), (75), and (81), we expressed various Keldysh com-
ponents via a convolution of PSF (anti)commutators with mod-
ified KF kernels, which originated from kernel identities pre-
sented in Equations (57) and Appendix C.3. To generalize these
insights to arbitrary £p correlators and to present our resultsin a
concise way, we now introduce further notation. The goal of this
notation is to collect terms which are related to discontinuities,
each expressible via a sum over restricted permutations, such as
the 3 2 terms in Equation (93).

The set of all indices L = {1, ..., £} can be partitioned into «
subsets I of length |F|, such that L=J, I with 'n =g
for j#j and ¢ = 2;,':1 |P]. For a general Keldysh component
[, ... n,], we define the subsets I to contain at least the element
ny € Dforallje{1,...,a}, implying | | > 1. For example, a pos-
sible choice of the subsets for ¢ = 4 and [n,1,] = [12] is given by

={1,3} and I = {2,4}. With 271 -2, we denote sums over re-

stricted permutations p = T |I for which all indices in subset I'
appear to the left of those in subset I2. Then, in the previous

example, 1 - sumsoverT |1 € {(1324), (3124), (1342), (3142)}.

Consequently, we always find |I’ | = || and 1 € 7 for all j €

{1,...,a}. In the following, we denote the elements of 7 by TJL
withi e {1,...,|P|}.
We further define the retarded product kernel

Ry o () = 1‘[[ )]Jlj [#(o)] (903

71-1

k(o) = H L (90b)

The regular kernel in the last line is defined according to
Equation (19d) but restricted to the subtuple of frequencies
o, = (w7,.. w5 ). Additionally, we defined the shorthand

19
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S(wl,) —27:1 8(wy) and @y =wy; = >y @ The superscript
[m].-
)T ‘
wi+iyl.['7f] for ieT and je{1,...
[
Vit
imaginary parts, y,; = 0.

on @ indicates that the frequencies carry imaginary parts

,a}, such that y,7 > 0 and

< 0. The Dirac delta function also ensures conservation of

As an example, consider again # = 4 and [, #,] = [12] with T=
{3,1} and T= {2, 4}. Then, we find

& ( [;yn;m) = 50y )R (at") R0
il T I i i

A 1 1
= 5(“’13)ﬁﬁ (91)
w3 @,

The retarded product kernels, together with PSF (anti)commu-
tators, constitute the central objects for expressing Equations (19)
in a form particularly suitable for relating KF components to an-
alytically continued MF correlators.

6.2.1. Keldysh Components Glnl
In Equations (42b) and (76), we introduced PSF

(anti)commutators for # = 2 and ¢ = 3, respectively. We gener-
alize this notation to arbitrary subsets by defining

Sp, €)= sylﬁz(emz) 500 (aﬁ) (92)

where the PSF (anti)commutator takes unpermuted variables &
as its argument. In Appendix F.2, we then show that Keldysh
components with @ = 2 can be rewritten as

[ ] = [mln,]

Gl (@) = > (K7 70 S, )(a)mz > (93)
(I, 2)ert? ilﬁl

Here, IV ={(I', P)\m; e 'n,e L,I'UP =L I'n? =0} is

the set of all possibilities to partition L = {1, ..., #} into two non-
empty subsets, I' and I?, such that #; € I' and 5, € I*. The con-
volution of a kernel with a PSF (anti)commutator is defined as

[mln]
(K 1 Izo 5[11 IZ]+) <w}1‘}22 ) (94)
/d e6(e; f)K1”2< [jl][;'lz —ep >S A7 (e)

Further, as shown in Equation (F10), Equation (93) can be ex-
pressed in terms of analytically continued Matsubara correlators,

Glnnl (@) = Z [Nw,. G:g} +47[i§((l}p)é11;m*:| (95)

rert

with I = {I' € L|n, € I',n, & I'} the set of all subtuples of L
containing #; but not ,. The # — 2 frequencies in " = {w; | i #
1,1 # n,} all carry negative imaginary shifts, in accordance with
the definition of @":"]. The anomalous part G .. = G (z(@"))
for complex z, which is independent of the anomalous frequency
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; and parametrized via ®*, is defined as

Gre =[Gy (i@)] (96)

A= i Aw—z(w*)
We first replaced the symbol A, by 1/(iw) to obtain a functional
form that we can analytically continue, and then continue it as
i® — z(®*). Remarkably, Equation (95) holds for arbitrary ¢, #,,
and #,, and elucidates how anomalous terms enter the Keldysh
components with @ = 2. Examples are found in Equation (59) for
¢ =2, where [g,1,] = [12], I! = {1}, and @ is an empty set, or
in Equation (79) for # = 3, where [,n,] = [13], I' = {1,12}, and
0" =)

For ¢ =4, consider [nn,]=[12], implying the set I'=
{1,13,14,134} and o* = w3, . Then, Equation (95) directly
yields

1o}

F013 FO14 F@134
- _+N;3GZ _+N,GTY _+ NG

3,0 5,0 [N [OwOn

G"(w) = N,G

+4ri 6(0)13)G + 4xi 6(0)14)614;(0;@4’ (97)

1305 0
An expression for G'2 expressed in terms of analytic regions
is given in Equation (102). Additionally, a full list of all Gn7l
is provided in Equations (101a) (101f) (with relations such as
N,;, G = —N, G“”Z =N,G i ; used).

5,0

6.2.2. Other Keldysh Components

The derivation of GI'?*! — GP¥l in Section 5.2.2 can be extended to
arbitray # and [1,#,115] by keeping track of permutations that are
cyclically related, generalizing Equation (81) to (see Appendix F.3
for details)

(G[mm] — G[’“])(w)

= 2 2 [Kl 230 S-123 (1)[;’1@:3]
1| 1. e

(e g ﬁzx

[12]01]
+ Z [KIZ”H <o S[fz,f”],] <a)?2‘713 >

(12,113)e12113 }2\ 13

+ z Z [K? T o S 77 ?L] <“’[;1‘]7[;7|2;£}73]> (98)
(I, 12,3)e1123 Illlzus
Here, I ={(I,.LP)|pelnell,Pel, Inl =
@ for j # j'} is the set of all possibilities to partition L = {1, ..., £}
into three subsets, each of which contains one of the indices
n; € I. The remaining sets are defined as

' =((I P)Im €', nyny € 1%, I'n ¥ =} (%)

=P, 1%, e, n,n eI, PP =g} (99b)
Then, Equation (81) provides an example for # =3 and

[mmm] = [123], where ' ={(1,23)}, 7% ={(2,13)} and
I'% ={(1,2,3)}.
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For ¢ =4, consider [gn,n;]=[123]. Compared to
the 3p case, the additional index allows for larger sets
T2 = {(1,234),(14,23)}, 1% ={(2,134),(24,13)}, and
1'% ={(1,2,34),(1,24,3), (14,2,3)}, resulting in (suppress-
ing the frequency arguments of PSF (anti)commutators)

(G - GPl)w) = G

A o 2ri)?
+ / [5(‘91 —€1)o(w, — 52)(+L)S[[1,2]+,[3,4]_]+
£1€62€3 Wy — &

A . (2xi)?

+o(w; — &1)0(w; — 3)+—£25[[1,[2,4]_]+,3]+
@,

o ~ (27i)?

+ 0(w, — &;)0(w; — &) T S[[[1,4],,2]+,3]+ (100)
w] — &

www.ann-phys.org

Here, we identified the terms in the first line of Equa-
tion (98) with discontinuities (see Appendix E.1). After insert-
ing the PSFs (see Equations (F15)) and performing the remain-
ing integrations using Cauchy’s integral formula, we obtain
Equation (101g).

For a > 4, expressing the spectral representation of G-l in
terms of retarded product kernels and PSF (anti)commutators be-
comes increasingly challenging. Nevertheless, we provide a for-
mula for G2 and # = 4 in Equation (F16), with a list of all
relevant PSF (anti)commutators given in Equation (F17). Equa-
tion (101k) then displays the result after evaluating all convolu-
tion integrals.

6.2.3. Overview of Keldysh Components

To summarize the results of the previous sections, we give an
overview of all Keldysh components with a > 1:

@) = NG, + N, G2+ NGl 4 NG+ 4mi8(015) G+ 4716(014) G o (101a)
GP(@) = NyG,! -+ NG+ Ny Gt -+ NyGLE 4 4mi8(015) G - + 4716 (014) G o (101b)
GHl@) = NGl -+ NpG2 + NG+ Ny G+ 4718 (013) G 0 + 47168(014) G o (101¢)
GH(@) = N,G,2 -+ NGl o+ NGt -+ NYGLE 4 47i8(01) G - + 4716(014) Gy o (101d)
G (@) =N, ngw; + Np, GZ;,U; + N3 GZ; -+ N, GZi w5 + 4”15(6012) 1205 @] + 475i5(w13)é13;w;,m; (101e)
C¥l@) = NzGZf—,w— + NIZG”“} _+ NBG”’P _+N,G” oz + 4718 (015) G + 4718(015) Gz o (101f)

(G~ 6P (@) =

~ 0 ~

(N;N, + 1)G”’Z “T 4N, Nuc‘”“ 1y N1N3Gw‘“1

+ (NiNys = )G + NN G o+ (NN = 1)(”;;’1"‘“z
1

+G, =G :3 o sz,m; - GZ“ + 47id(wy,) N, G ; +4nid(w) N, Gy : + 47i8(wy,) N, G T (101g)
(G = GH)(@) = (NN, + 1) G + Ny N G ™ 4 Ny NG + (N3 Ny = )G+ NN, G o+ (N, Ny, — 1)6;2?‘”2

+Gf’; -G b +G ot~ G”“;‘ _+ 47i8(wy,) N, GW +47i8(w3) N, G 13w+ + 471 8(wy) N, G M (101h)
(G = (@) = (N, N5 +1) G2 + NN Gl 4+ NN, GO o (NyNyy = )G Ny N, G2 o+ (Ns N, = 1) G2

+Gij;w: - Gw: +G et~ G”L“ _+ 47id(wy,) N, G 12w+ + 471 8(wy5) N le + 471 8(wy,) Ny GM (101i)

(G~ G (@) =

) @34
+G 2 . =G
3,0, @), 3

G2 (@) = N,G" +N,G” +N,G” + N4G”"‘

[OwON [OwOn [OWOn @ @)

S04, 01,03 ~w3,w1
NG+ NG+ NG

(N,N; + 1)G”‘ “ 4 NZNBG“’“ “2 4 N2N4Gw"“z
+G : = G‘”i“ _+ 47id(w,) N, Gy, : +47i8(wy3) N, G
+ N, G"” Y4 NZG

(N,N,N, + N, + N;)&

+ (N,N,, — 1)6;2;‘""1 + N;N, G + (N;N,, — 1)(”;‘;’;"“‘
o o Amid(oy) N, Gy (101)
@,

F0,,03 S0,

+ NG+ NG+ N, G

503,007

+ (N,N,N, + N, + NZ)C;"’"”’Z'“"

+ (N;N,N;; + N; = N,) G 4 (N, N, N,5) G + Ny(1 + N, N3) G 4 N, N, N, G
+ 47N, Ny3(,,) G + 47iN, N, [ 8(e,) G0 + 6(wy;) 6L ‘”Z] (101K)
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These equations constitute the main results of the MF-to-KF an-
alytic continuation: They relate all components of a fermionic KF
4p correlator to linear combinations of analytically continued reg-
ular and anomalous parts of the corresponding MF correlator, ex-
pressed in terms of discontinuities and statistical factors N;.

6.2.4. 4p gFDRs

For 4p correlators, there are several regions of analyticity that can-
not be identified with a KF correlator. Therefore, in contrast to
¢ < 3, fully retarded and advanced Keldysh components do not
suffice to determine all other Keldysh components. Nevertheless,
different Keldysh components can be related to each other. We
now present the strategy for deriving these gFDRs for the Keldsyh
component G2,

Since every Keldysh component can be represented as a linear
combination of analytically continued MF correlators, the ana-
Iytic regions can serve as a basis to find relations among differ-
ent Keldysh components. Expressing the discontinuities in Equa-
tion (101a) via analytic regions, the KF correlator GI'? reads

Gl = N1<C312) - G[Z]) + le(cﬁa - CS?)

12 12 12
+ Ny (C = i) + Ny - o)

+47id(wy;) € + 4xib(wyy) € (102)

where we inserted GI) = CV and G = C®. Evidently, G can-
not be expressed in terms of fully retarded and advanced com-
ponents only (modulo anomalous terms) due to the occurrence
of c?

1/11/1V*
lous contributions appear in the primed KF correlator G'®4 as
well:

However, these analytic regions and the same anoma-

6 = (- ) .y (e - )

12 12 12
+ N (- ) + N - o)

(12)

— 47 6(y,)C o

471 6(,,)C), (103)
Note that priming the i(...) factors amounts to complex con-
jugation, as these arise from the identity (58), i.e., [i5(...)] =
—i8(...). Therefore, we make the ansatz of expressing G'? as a
linear combination of G'?4, G, G, GBI, and G'¥, where the
coefficients are determined by comparing terms proportional to
the same analytic regions. Even though the resulting set of equa-
tions is overdetermined (including anomalous contributions, we
have ten equations for five coefficients), we find the gFDR

Gl = - N,G? — N, Gl

N; +N,
121G/ 4+ N,G'™ + N,G" 104a
N;+ N, [ 3 .67 (1042)
The anomalous terms enter the right-hand side only implicitly via
G'B4. However, using ~25(w,,) = —5(w,5) and 222 5(w,,) =
Ny+N, N;+N,
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—6(w,4), it is straightforward to show that the 6(1132) and 6(1142) con-
tributions in the last line of Equation (102) are recovered by the
corresponding terms in Equation (103) via Equation (104a). Con-
versely, the gFDR for GB* can be derived from Equation (104a)
by solving for G'®* and priming all correlators.

The gFDRs for all other Keldysh components with a > 2 follow
from the same strategy: Express Keldysh components in terms of
linearly independent analytic regions and find relations between
different components by solving a set of equations to determine
coefficients. In addition to Equation (104a), we then obtain for
a=2
G = — N,GP — N, GV

N, + N,
+ ——2[G"?" + N,G'¥ + NG 104b

N, + N, [ 2 .6 (104b)
G" = - N,G" - N,G!"

N, +N,
ﬁ [G'* + N,G! + N, G| (104c)
2 3
fora=3
G®* = (14 N,N, + N,N, + N;N,)G'" — N;N,G? — N,N, GV
- N,N; G — N, G — N, G — N, GP* (104d)
G = (14 N,N, + N,N, + N;N,)G'" - N,N,G" — N,N, G

— N;N,G¥ — N,G" — N,GI" — N, GI*¥ (104e)

G = (14 N,N, + NN, + N,N,)G'"”' = N,N,G!" — N,N,G?

—-N,N,G¥ — N,GI" — N,GI" — N, G (104f)

G = (14 N,N, + N,N, + N,N,)G'™ — N,N,GI"' — N, N, G
— N,N,GPI = N,G?¥ — N,G™¥ — N, G (104g)

and for a = 4

Gl = 2N,N;N,G!" + (N,N;N, + N, + N; + N,)G'"
+2N,N;N,G? + (N,N;N, + N, + N, + N,)G'*!
+2N,N,N,G" + (N,N,N, + N, + N, + N,)G""
+2N,N,N,G* + (N, N,N; + N, + N, + N;)G'¥
+ N;N,G" + N,N,G™ + N,N, G
+ N,N,G? + N,N,G? + N, N, G (104h)

These results agree with the FDRs found in ref. [24], and there-
fore provide a consistency check for our approach. Moreover, we
checked that the anomalous parts fulfill the same gFDRs. They
enter Equations (104) only implicitly through GI""l and G/l
on the right-hand sides, which contain anomalous parts via Equa-
tions (101a)—(101f). This is in contrast to the 2p and 3p cases in
Equations (61) and (84), respectively. There, only fully retarded
and advanced Keldysh correlators, which solely depend on the
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(a) LK (b) V2 (c) 73
M _ gl /3]
0l _ay Gh=a ¢ 23) | (123) | (13)
«--p--glA 72 < : t =0
—u + < + E i -
72 =0 =6 : ot @ | 2 |
A A _
N e Y4 =0
el +
et a2 — qll (24) | (124) | (19)
- -1+ +]-
Y1 = 0 Y1 = 0 Yo =

Figure 6. a) Degenerate energy levels of the half-filled Hubbard atom for u > 0. b) Relevant analytic regions of the regular part of the 3p electron-density
correlator in Equation (113). As the correlator is independent of iw; = —i@,,, there are are no poles on the line y; = 0 in Figure 4, resulting in G'l'l = Gl
and G'?l = Gl'. The dashed arrows indicate the relevant discontinuities for the different Keldysh components with @ = 2, see Equation (84). c) Reduced
analytic regions of the regular part of the fermionic 4p correlator in Equation (119). The regions labeled by (3), (4), (34), (134), and (234) in Figure 5 are

missing.

regular part G of the corresponding MF correlator (see Equa-
tion (23)), occur on the right-hand side, and thus the anomalous
parts have to enter the gFDRs explicitly.

7. Hubbard Atom

To illustrate the use of our analytic continuation formulas, we
consider the Hubbard atom (HA) with the Hamiltonian

H=Unn —pumn +n) (105)

It describes an interacting system of spin—% electrons on a single
site, created by d’, with n_ = d’d_ the number operator for spin
o € {1, 1}. The chemical potential y is set to the half-filling value
u =u = U/2 for compact results, where U is the interaction pa-
rameter. The Hilbert space of the HA is only four-dimensional,
with the site being either unoccupied, |0), singly occupied, | 1)
or |]), or doubly occupied, |1l). The eigenenergies are (see
Figure 6a)

E,=E, =0, E =E =-u (106)

The partition sum evaluates to Z = tr(e#H) = 2 + 2¢/*.

This very simple model is interesting as it is accessible via ana-
lytically exact computations. It describes the Hubbard model and
the single-impurity Anderson model in the atomic limit (where
the interaction U dominates over all other energy scales) and
can thus serve as a benchmark for numerical methods.[2333-3%]
Several correlators of the Hubbard atom were computed in the
MF and studied extensively, like fermionic 2p (one-particle)
and 4p (two-particle) correlators.’**%l Also its 3p MF functions
have been computed and applied in previous works.*#3] The
vertex of the Hubbard atom, obtained from the fermionic 4p
correlator by dividing out external legs, was used as a starting
point for an expansion around strong coupling.l?”3844] Addi-
tionally, it was found that (despite the simplicity of the model)
the two-particle irreducible (2PI) vertices display a complicated
frequency dependence, and their divergencies are subject to
ongoing research.“*! Such divergencies have been related
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to the breakdown of the perturbative expansion due to the
multivaluedness of the Luttinger-Ward functional*®>*-2] and to
the local moment formation in generalized susceptibilities.[>*>

2p and 3p bosonic correlators have gained interest in recent
years as well. They describe not only the asymptotic behaviour of
the 4p vertex for large frequencies!*) or the interaction of elec-
trons via the exchange of effective bosons,!>>*%! but they are also
the central objects of linear and non-linear response theory.>>®!

KF correlators for the HA (beyond # = 2) were of smaller inter-
est due to the lack of numerical real-frequency studies. However,
substantial progress has been made in this direction.[?32%5%-61]
Hence, we exemplify the analytic continuation from MF to KF
correlators on the example of the HA for various correlators of in-
terest.

One further comment is in order: The following MF corre-
lators are derived by first computing the PSFs, followed by a
convolution with the MF kernels. From our experience, a direct
insertion of these PSFs into the spectral representation of KF
correlators yields cluttered expressions, cumbersome to simplify
due to the infinitesimal imaginary shifts y,. With the analytic
continuation formulas, on the other hand, terms are conve-
niently preorganized, collecting those contributions with the
same imaginary shifts. Additionally, the discontinuities conve-
niently yield Dirac delta contributions, as we will show below.
In order to derive, e.g., our first results for the 4p correlator,
Equations (H18), it is much more convenient to start from the
analytic continuation formulas, Equations (101), than from the
original KF Equation (19).

For a compact presentation of our results, we distin-
guish different correlators with operators in subscripts, e.g.,
G[O}, O?|(i®) = G 1 (iw). Furthermore, we will make use of the
identities (proven in Appendix H.1)

4 _

(w+)az) 2 (w_)az) s %[5(60 + 1) +6( - u)] (107a)
(w+)21_ 2 (w_)zl_ i %ilé(w +u) = 5w —u)] (107b)

All following correlators refer to the connected part.
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7.1. Examples for ¢ = 2
7.1.1. Fermionic 2p Correlator

To begin with, we consider the fermionic 2p correlator (propa-
gator), with O = (d,, di'). By SU(2) spin symmetry, reversing all
spins leaves the correlator invariant. As the nonzero matrix el-
ements are (1 |d;[0) = (11|d}| 1) =1 and (0ld,| 1) = (L1d,| 11)
=1, we can readily compute the PSFs, S, via Equation (22b) in
ref. [23]. Evaluating the spectral representation yields

G = Gl (108)

By construction, there is no anomalous part G, = 0. The re-
tarded and advanced component are directly obtained from Equa-
tion (54):

Gdrd: (iw) =

) = — @ 109

00 oy = 1
The Keldysh component involves the difference of the retarded
and advanced component. Via Equation (107a), one gets

ng (@) = xit[5(w + u) — 6(e — u)] (110)

where we used N_, = —N, and defined t = tanh(fu/2).

7.1.2. Density—Density Correlator

Our second example is the density—density correlator O =
(n,,n,). The spectral representation in the MF yields a purely
anomalous result

G, (i) = p5;, 1t = §6,,G, (111)

The correlator G, discussed above describes the linear re-
sponse of the spin-up occupation to a shift of the spin-down
energy level, which lifts the degeneracy of the singly-occupied
energy levels in Figure 6a. For decreasing temperatures, the
system becomes increasingly susceptible to such perturbations.
This is reflected by the § =1/T divergence for T — 0 in the
MF correlator of Equation (111), and the §(w) behavior in
Equation (112) for its Keldysh counterpart.

Using Equations (54) and (61), the Keldysh components read
G, (@) =Gl (@) =0,

m
Gl (@) = 4xi(w) 5t (112)
T

We again emphasize the importance of the anomalous term in
the gFDR. If it were discarded, the Keldysh component Gni 2,]‘1

would falsely vanish entirely.

7.2. Examples for £ = 3
7.2.1. 3p Electron-Density Correlator

Our first example for £ = 3 involves the operators O = (d,, d; n)-
As only the third operator is bosonic, there is at most one anoma-
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lous term if iw; = —iw;, = 0. Indeed, the spectral representation
evaluates to

u? —iw, iw, ut 1
Pbiny0 > 57—
2 (iw,)? — u?

Gdrd:”T (i0) = [(iwl)z _ uz] [(iwz)z _ uz] +

= G(i) + B5,,,, G4 (io,). (113)
Since the fully retarded and fully advanced components of the
correlator trivially follow from the regular part, we focus on the
a > 2 components in the following. We begin with the Keldysh
component G¥ in Equation (84b): The regular part is inde-
pendent of iw; = —iw,,, such that the discontinuity across y; =
—7,, = 0 vanishes, implying Gl — Gl = 0 (see Figure 6b). The
discontinuity G'®! — GBI, on the other hand, is nonzero and can
be easily evaluated using Equations (107), leading to (see Ap-
pendix H.2)

13 ~ o ) .
GEiT;';nT (@) = Nl(G(wT’wz) - G(o; ,wz)) + 4”15(‘012)(;3(“’?)

| 6(w —u)  O(wy +u)
=it -

a)2+u a)z—u

+ i d(wy,) 1

N (114)

Similarly, the remaining components with a = 2, as well as the
Keldysh component with « = 3, read

6(w, — 6
¢? (@) = it (w_z u) _ (w_z +u)
dd o] +u o] —u

. ut 1
+4ﬂ16(a)12)7(w_)2—_u2,
1

o -u (e, +u
G[;ZJ* (©) = t[ (5‘11 ) (011 )]
14 w, +u W, —u
6(w, — o, +
+7rit[ (“jrz W (ajrz ”)],
o] +u o —u
2 R
123 u* — !l o
GEi zf]n (@) = +\2 2 1 +22 2 (115)
%™ [(wl) —u][(wz) —u]

Here, G'"”  includes two discontinuities across y,=0andy, =
14

0, but no contribution from G, leading to the different structure

compared to the other two Keldysh components with @ = 2. Sur-

prisingly, GSZ:] is directly determined by G'Pl. All other contri-
1™

butions from regular and anomalous parts mutually cancel, see

Appendix H.2.

7.2.2. Three-Spin Correlator

3p bosonic correlators are the central objects in non-linear re-
sponse theory. Here, we consider the correlator for the spin op-
erators O = (S,, S, S,), describing second-order changes in the
magnetization by applying an external magnetic field. The spin
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operators are given by

s, =2(did, +dd,), s, =-1(did, - djd)),

y— T 2\"

S, = %(nT—nJ (116)

The spectral representation, using the MF kernel in Equa-
tion (A4D), then yields

Gsxsysz (i®) = -5, ZAiwz + B, ZAiwl - ﬂ‘siwuZAiwl

$5,, G (iy) + B65,,, G, (1)) + 3, G, (iw,)

(117)
where Z = ie® /(22).

From Equations (84a)—(84d), we deduce the only nonzero
Keldysh components as

12 : 4 . 4
G[sxéysz(“’) = —4ris(w,) ot 4”15(502)&)—?:
13 . 4 . 7
G[sxéysz(w) = —4rid(wy) = = 4xid(wy) I (118)

Z
o

— 471 5(wy,) =

@y

23 .
G[ngysz (@) = 47i6(w,)

Even though anomalous parts contribute to GI'?*l as well, they

123]

. .- . .
solely originate from the G, terms, such that GI'*!! vanishes in

this case.

7.3. Example for £ = 4: Fermionic 4p Correlator

Finally, we consider the 4p correlator G, involving the operators
O=(ddi,d_,, d). Letus showcase the analytic continuation for
Gy, which evaluates in the MF to

WL, (i) + ' XL (i) - 6u°
L, [(e)? - w]
+ uZ [ﬂéimlzt + ﬂéim“ (t - 1) + ﬂ51m“ (t + 1)]
1., (iw; + )

é12(16‘7) + pé; é13(16")

iwq3

G, (@) =

= G(iw) + p6

iwy,

+ 6, G (i) (119)

w4
We study the analytic continuation to the Keldysh component
GU2, expressed in terms of the analytic regions from Equa-
tion (102). Since the regular part only depends on the frequen-
cies iw; individually, the discontinuities across y;, =0, 7,3 =0,
and y,, = 0 vanish (Figure 6c¢), resulting in

12

12 12
GM@) = Ny( i = e ) + Ny - e

+4xi (o) € + 4xi 5(wy,) € (120)

The remaining discontinuities can be computed without fur-

ther complications. From Equation (119), we can already infer
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some of their structures. Since the regular part has poles at
iw; — z; = xu (or iw, — z, = +u), we expect the discontinuity
across y; =0 (or y, = 0) to select these poles. Indeed, we find
(see Appendix H.3)

6(w1—u)—5(wl+u)<i+ 1 >

0)13 (0]

[12
GT

] _ .
| (@) =27iut @)=

2 14

S(@y)(t—1) + 8(wy,)(t+ 1)

(@) =] [(@;)? -]

where 1 — 2 indicates that indices 1 and 2 are exchanged com-
pared to the first term. This expression can be simplified even
further by collecting terms proportional to t and rewriting the
6-functions in the resulting prefactor using Equations (58) and
(107b). We eventually obtain

+ (1 & 2) +4ziv? (121)

12

G[T ](CO) = 47i uZ 6(6014) - 5(0)13)

' [(@})? = ] [(@5)” = ]

+ 2u’t L ! <L+L>—cc]
(@) —u? (@) —w \w;,
(122)

where c.c. is the complex conjugate. The other Keldysh compo-
nents follow by similar calculations, see Appendix H.4.

This concludes the section on HA examples for the analytic
continuation of multipoint correlators. We again stress the sim-
plicity of the analytic continuation procedure using our results
for the Keldysh components expressed through analytic regions.

8. Vertex Corrections to Conductance

In this section, we consider a specific application of the analytic
continuation of 4p functions regarding vertex corrections to the
conductivity. One can deduce vertex corrections to real-frequency
susceptibilities either by working directly in the KF or by using
the MF and the analytic continuation method. The latter strategy
was pursued by Eliashberg,'*! converting Matsubara sums into
contour integrals and thereby obtaining various vertex contribu-
tions which consist of linear combinations of the MF vertex ana-
lytically continued to specific regions. For the special case of the
linear conductance through an interacting region coupled to two
noninteracting leads, Oguril®?! subsequently found that only one
of these many vertex corrections contributes to the final result. A
very similar formula for the linear conductance was later derived
by Heyder et al.[%®] with a different line of argument, working en-
tirely in the KF. With our insights on 4p analytic continuation and
gFDRs, we can demonstrate the equivalence between the results
by Oguri and Heyder et al. and connect the MF and KF deriva-
tions.

A general susceptibility y can be expressed as in Figure 7. The
first (“bubble”) term merely comprises two 2p correlators. We
thus focus on the second term, the vertex correction, which in
the MF reads

xr(iw) = [%ZG(iv) G(iv+iw)F(iv, 1V, i0)G(1V)G(iv+iw)  (123)

iv,iv/
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!
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V4w vV 4w

V4w

Figure 7. Diagrammatic representation of the susceptibility y consisting
of a bubble and a vertex contribution. Lines represent propagators G, and
the square is a vertex F.

Definitions of the propagator G and vertex F can be found in
Section III A of ref. [23]. The summand in Equation (123) is the
connected 4p correlator. Due to their close relation, the vertex F
inherits its analytic properties from the correlator. In fact, by a
transformation of Keldysh correlators to the R/A basis,[®*%] it
can be easily shown that our formulas in Equation (101) identi-
cally hold for F, and we thus use the same symbols C to denote
analytic continuations of F (see, e.g., Equation (124b)). Note that
the Keldysh indices 1 and 2 exchange their meaning for F, such
that, e.g., a fully retarded component reads Fl!! = F'222 (while
G[l] — G2111)'

In ref. [13], Eliashberg converted the Matsubara sums in Equa-
tion (123) to contour integrals, thereby analytically continuing the
MF functions and picking up contributions from all regions of
analyticity (see Figure 5). In ref. [62], Oguri showed that the -
linear part, needed for the linear conductance (lc), stems from
only one function, F©), see Equation (2.34) in ref. [62]. The cor-
responding vertex correction to the retarded susceptibility reads

IR o) = - / ?4”;; GR(v + @) GA (V) GA (V) GR(V + w)

x [tanh(%) —tanh(%)]Fo(v, V, @) (124a)
Fo =-N, G =N, G + N, [ = €]
+N, [C) =] (124b)
where we used
(@, 0,,05,0,) = (v+o,-v,V, -V — ) (125)

as frequency parametrization. Note that the results by Oguri and
Eliashberg differ in their choice of the MWF; Equation (124b)
corresponds to T, in Equation (12) of ref. [13].

An analogous result with an independent KF derivation was
obtained in Equations (11) and (17) of ref. [63] by Heyder et al.
There, the vertex correction to the linear conductance corre-
sponds to

dhio) = | [SE 6+ a)e e W) +a)

x [tanh (ﬁ) ~tanh (E)] Fy(v, V', @) (126a)

Fy=-(F+N, F 4+ N, Fl) (126b)

For an easier comparison with Equation (124a), we here used the
tanh function instead of the Fermi distribution function. We also
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absorbed a factor of 2 due to our choice of convention for the
Keldysh rotation of multipoint functions (cf. Equation (17)).

To show that Equations (124a) and (126a) are equivalent, we
translate the analytic continuations of the MF vertex in Equa-
tion (124b) to Keldysh components. First, we note that the linear
combination of terms comprising F, in Equation (124b) can also
be expressed as follows, using (103):

FBY4+ N, F 4+ N, FI
w3 wy

=N, Ci?+ N, c? + N, [C) - ci

wy 1V 13 II1

12 12

+ qu[qn) - Civ)] =-F, (127)
where we assumed vanishing anomalous parts. Next, we use the
gFDR in Equation (104a) for vertices,

(N, + N, )(F"? + N, F4 + N, F)
3 4 1 2

= (le +N,

[

)(FPY+ N, F¥ + N, FP) (128)

Together with Equation (125), this implies the equivalence of
Equations (124a) and (126a) as
(N, + N, )Fyy = (N,

[} Wy ;

+N,,)Fo (129)

With the analytic continuation formulas and the gFDRs, we have
thereby shown that both results agree and provided a direct tran-
scription between two independent MF and KF derivations.

9. Conclusion

We showed how to perform the analytic continuation of mul-
tipoint correlators in thermal equilibrium from the imaginary-
frequency MF to the real-frequency KF. To this end, we used
the spectral representation derived in ref. [23], separating the
correlator into formalism-independent partial spectral functions
(PSFs) and formalism-specific kernels. From this analytical start-
ing point, we showed that it is possible to fully recover all 2¢ com-
ponents of the #p KF correlator from the one £p MF correlator.
Our main result is that each of the (#!) PSFs can be obtained by
linear combinations of analytic continuations of the MF correla-
tor multiplied with combinations of Matsubara weighting func-
tions (MWFs). Explicit formulas are given in Equations (47) and
(74) for arbitrary 2p and 3p correlators, respectively, and Equa-
tion (88) for fermionic 4p correlators. For these cases, we addi-
tionally derived direct MF-to-KF continuation formulas in Equa-
tion (61) (¢ = 2), Equations (84) (£ = 3), and Equations (101)
(¢ = 4), complementing the general Equation (23) for any £.
We approached the problem of analytic continuation by com-
paring the spectral representations of general £p MF (G) and KF
(Gm--1al) correlators and by identifying the regular partial MF cor-
relators, GP, as the central link between them. A key insight was
that the partial MF correlators can be obtained by an imaginary-
frequency convolution of MF kernels with the full MF correla-
tor, Gp(i(op) + (9(/1}) = (K * G)(i®,). Building on this formula, we
developed a three-step strategy for the MF-to-KF analytic contin-
uation, applicable to arbitrary #p correlators and explicitly pre-
sented in the aforementioned cases ¢ < 4. In the first step, we
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used the kernel representation of ref. [30] to express the Mat-
subara sums, inherent in the imaginary-frequency convolution,
through contour integrals enclosing the imaginary axis. In the
second step, we deformed the contours toward the real axis, care-
fully tracking possible singularities of the MF correlator. This re-
sulted in a spectral representation Cp(iwp) = (K = S,)(i®,), which
allowed us to extract the PSFs, SP[G], as functionals of the regular
and the various anomalous parts of G multiplied with MWFs. In
the third and final step, we simplified the spectral representation
for the KF components Gl inserted the PSFs from the sec-
ond step, and evaluated all real-frequency integrals to express the
KF correlators as linear combinations of analytically continued
MEF correlators.

In our analysis, we explicitly considered so-called anomalous
parts of the MF correlator which can occur, e.g., for conserved
quantities or in finite systems with degenerate energy eigen-
states. The analytical continuations of these terms do not con-
tribute to fully retarded correlators, but they do contribute to
other components of the KF correlator. In the KF, the notion
of “anomalous terms” is not needed; instead, the corresponding
contributions are included via §-terms in the kernels, see Equa-
tion (20) and Equations (57)—(59) for £ = 2.

Exploiting the relations between KF correlators and an-
alytically continued MF functions, we derived generalized
fluctuation-dissipation relations (gFDRs) for 3p and 4p correla-
tors, Equations (84) and (104), establishing relations between the
different KF components. We thereby reproduced the results of
refs. [24, 25], while additionally including the anomalous terms.

We expect that similar results can be obtained for multipoint
(¢ > 2) out-of-time-ordering correlators (OTOCs)!) which gen-
eralize the KF by additional copies of the Keldysh contour. Multi-
point OTOCs, too, can be written as a sum over permutations of
PSFs and kernels which encode the ordering on the desired num-
ber of branches. Importantly, the PSFs arising in this manner are
precisely the same as those used in this work. Hence, the steps
presented in Sections 3.3, 5.2 and 6.2 should be generalizable to
multipoint OTOCs. Expressing the PSFs in terms of analytically
continued MF correlators, analogous calculations would then re-
veal direct MF-to-OTOC continuation formulas. We leave this to
future work.

As an application of our results, we considered various corre-
lators of the Hubbard atom. Starting from their MF expressions,
we calculated all components of the corresponding KF correla-
tors using analytic continuation. For the fermionic 4p correlator,
a full list of all Keldysh components for the two relevant spin con-
figurations is given in Equations (H18) and (H20).

We further used our formulas to find KF expressions of the
MF results derived in refs. [13, 62] for the linear conductance
through an interacting system. There, the authors showed that
only few analytic continuations of the vertex function are re-
quired for the vertex corrections to the linear conductance. Sim-
ilar results were derived in ref. [63] working entirely in the KF.
We reproduced their real-frequency results by analytic continu-
ation and could thus provide a direct transcription between two
independent derivations in the MF and the KF.

For future investigations, it would be interesting to apply
our formulas in conjunction with the algorithmic Matsubara
integration technique.®! There, the evaluation of Feynman
diagrams yields an exact symbolic expression for G(iw) that can
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be readily continued to full Keldysh correlators or to PSFs. If, by
contrast, the Matsubara results are only available as numerical
data, the numerical analytic continuation is an ill-conditioned
problem. Nevertheless, recent advances suggest that it can pos-
sibly be tamed to some extent by exploiting further information
on mathematical properties of the function.[67-%]

Numerically representing multipoint MF correlators is an-
other fruitful direction to explore. References!”’!] showed that
2p MF functions can be represented compactly by a suitable basis
expansion. Yet, for multipoint functions, ref. [33] found that the
overcompleteness of the basis hinders an extraction of the basis
coeflicients by projection. Here, a numerical counterpart of our
method for recovering individual PSFs S, (or partial correlators
G,) from a full correlator G(iw) might be helpful. Finally, our for-
mulas might also be useful for evaluating diagrammatic relations
typically formulated for correlators while using the PSFs as the
main information carriers. For recent developments regarding
the numerical computation of MF or KF multipoint correlators
using symmetric improved estimators, see ref. [61].

Appendix A: MF Kernels

This appendix is devoted to a discussion of the full primary MF kernel K, in-
cluding both regular and anomalous terms. It is defined via Equation (10a)
for the MF kernel K(Q,). In ref. [23], it was shown that it can be computed
via

’

s o o bs 7 Q- o
IC(QP) =/ dele V27 H _/ ... dele i
o 7 =71 0 i

i

= Pa. _K(Q,) +R(Q,) (A1)

The residual part R is not of interest, for reasons explained after Equa-
tion (12). The primary part K(®,) is obtained!”?] by collecting all contribu-

tions multiplying ﬂ&QT - and its argument satisfies Q; — = 0 by defini-

tion. Before presenting'e/xplicit expressions for K, let us briefly recall where
it is needed in the main text.
The analytical continuation of MF to KF correlators, based on G, (iw, —

@) (Equation (26)), utilizes regular partial MF correlators, Cp(i(op)

K = Syl(i®,) (Equation (14c)). These are expressed through regular MF
understood. The more complicated primary kernel K(Q,) is defined im-
plicitly via Equation (10a). It includes both regular and anomalous parts,
the latter involving vanishing partial frequency sums, Q; - =0withi <.
The primary kernel arises in two distinct contexts, involving either (i)
imaginary-frequency convolutions * or (ii) real-frequency convolutions =,
with different requirements for the bookkeeping of anomalous contribu-
tions. We discuss them in turn.

kernels K(Qp) having a simple product form, l_[’i_l1 Q; ., with Q5
;

(i) For a specified permutation p, the regular partial Cp(ia)p) can be ex-
tracted from the full MF correlator G(i®’) via a imaginary-frequency
convolution, [K * G](i®,) (Equation (31)). There, the argument of
K () has the form Q, = iw, — im;, This is always bosonic, being the
difference of two same-type Matsubara frequencies. The convolution
* involves Matsubara sums Ziw;, generating many anomalous con-
tributions with Q- = 0. For these sums to be well-defined, the kernel
K(€,) must thus be represented in a form that (in contrast to IZ(QP))
is manifestly singularity-free for all values of Q7 -, including 0.

(i) In Equation (31), Gp is given by that part of [K x G] thatis ©O(f°); sub-
leading powers of f8 are not needed. Therefore, we seek the MF G(i@’)
in the form of an 6 expansion, i.e. an expansion in powers of 6, .

1.
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Then each of them can collapse one Matsubara sum 1/(=§) Y.,

while their g factors cancel. To obtain a § expansion for G(i@’), |t is
convenient to express it via a permutation sum of real-frequency con-
volutions, Ep[K * Syl (i ) (Equation (11b)), and represent the kernel
K(Q,), as a #6 expansion in powers of
Pogy .

T

with argument Q = pr —&p

Fortunately, suitable representations of K satisfying the respective require-
ments of either (i) or (ii) are available in the literature.[233073.74] \We dis-
cuss them for # < 4 in Appendices A.1 and A.2, respectively.

A.1. Singularity-Free Representation of K

Consider case (i), involving K x G, where the argument of K(Q,) is a
bosonic Matsubara frequency. We seek a singularity-free (sf) represen-
tation for K, to be denoted K5f for the purpose of this appendix. That
such a representation exists is obvious from the form of integrals in Equa-
tion (A1): inserting Q7 - = 0 there reduces an exponential function to 1,

so no contributions smgular in Qs - can arise. To find Ksf, one S|mp|y
has to perform the integrals epr|C|t|y, treating the cases Q; ;#0or=
separately and distinguish them using Kronecker symbols.

Such a direct computation of Equation (A1) has been performed in
ref. [30] for arbitrary # and an arbitrary number of vanishing partial fre-
quency sums, Q; < = 0. The following equations summarize their results

for# < 4:
¢ ¢=2
k(@)= Ag — 5597 (A2a)
K (@,) = A (A ~Ls )—5 (A2 +Eag L5 ) (A2b)
4 QE\T9 270y O\Te; T 270 6 Ty

f = 2 L p ?
100 2 s (3~ ) - (3, + 20~ )

123

BY_ 8 s
~Oag; [AQHAQT(AQﬁ+AQT+ 2 ) 2 Aﬂﬁ‘sﬂT(AﬂﬁJr 3 )

123

— g A (AZ +LaA +ﬂ—2)+ﬁ5 s ] (A2¢)
QR \ e T2 T e 22 %95;%9;

Equations (A2) are manifestly singularity-free for all values of their fre-

quency arguments—including those with Q3 : =0, for which AQT _terms

vanish by definition (Equation (32)).

A.2. B6 Expansion for K

Next, consider case (ii), involving G = Zp K S, (Equations (11b) and

(12)), where the argument of K(Q,) has the form Q, = i®, — €, and we

seek a 6 expansion for G. For this purpose, the kernels K5 of Equa-
tions (A2) are inconvenient, because they contain some § factors not ac-
companied by . Instead, G can be expressed through an alternative ker-
nel, to be denoted K2, which constitutes a B expansion itself and hence
differs from K*f, but yields the same result for G when summed over all
permutations, so that

G(iw) = Y [k« 5,] (i0) = Y [K*" *
P

P

S, | (i®) (A3)

Explicit expressions for K2 were given in ref. [23] for up to one poten-
tially vanishing frequency (general 2p correlators, 3p correlators with one
bosonic operator, and fermionic 4p correlators). By also allowing general
3p correlators, these results are extended to

Ka\t(g ﬁ
2

Sa (Ada)

1
) —_—
P QT
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KtQ,) = 1—3(5 Ag. + g A )+ B s (A4b)
P00 2\t T 0 6 U7 9y

R — bsy (Adc)

The kernels (A4) have the form Kt =K + R, with regular part K

Sal
as given in Equation (13b), while the anomalous part, Kat, comprises
terms multiplied by one or multiple factors fé,,_ .. (We remark that the

nomenclature regular and anomalous is used no:'i;'uniformly in the litera-
ture and our usage here may differ from refs. [23, 30, 73].) Whether or
not Q; -=iw; -—e7 ;can vanish at all depends on the fermionic or
bosonlc nature of the Matsubara frequencies. Take, e.g., ¢ = 4 and all op-
erators fermionic. Then, in Equation (A2c), all terms multiplied by 59@

=0, since iwy55 # 0is a fermionic Matsubara frequency.

For the computation of fermionic 4p correlators, all terms proportional to
8q- and g__ can thus be dropped. Even ifiw; - is bosonic and vanishes,
1 12 B

_5)inthe

evaluate to §g__
123

Q; ;= 0Oadditionally requirese; - =0, enforced by a Dirac §(eg
PSFs; see Appendix B.1 for further ‘discussion of this point.

For a specified permutation p, the kernels K2 are not singularity-free. In
particular, the regular part K diverges if one (or multiple) Q 7. = 0. How-
ever, that singularity is canceled by 1/Q= - = —1/Q3 ;from a cyclically
related permutation in the sum over permutatlons in Equatlon (A3). This
can be shown explicitly by treating nominally vanishing denominators as
infinitesimal and tracking the cancellation of divergent terms while exploit-
ing the equilibrium condition (4) (see Appendix B of ref. [23]).

The kernels K2, inserted into Equation (A4), result in the general form
for MF correlators given in Equation (14):

G(iw) = G(io) + G(io) (ASa)
-1 £=1¢6-1

Gli) = Y 5, G(0) + X D (B3, Cicli0) + 581,810, Gy ()
J=1 =1 k>j

(ASb)

As for Equation (A4), this form of the anomalous part of the correla-
tor applies to general 2p and 3p correlators as well as fermionic 4p cor-
relators. The subscripts of G indicate the frequency in which they are
anomalous. Even though their arguments nominally include all frequen-
cies iw, they are independent of their respective anomalous frequency;
e.g., Gy (iwn, iw,) = G (iw,) for £ = 3. Note that this decomposition of the
correlator is convenient for the analytic continuation because the compo-
nents, such as G and Ci, have a functional form that allows their argu-
ments to be analytically continued, iw; — z;. In anomalous components
this functional form is obtained by symbolically replacing all A, by i
(see, e.g., Equation (80) and the discussion thereafter).

Appendix B: Discussion of PSFs

In Appendix B.1, we clarify the functional structure of PSFs and moti-
vate their decomposition into regular and anomalous contributions, S, =
§p + §p (Equation (5)), analogous to that for MF correlators. This decom-
position aids investigations in subsequent appendices. As an immediate
application of the decomposition, we present an analysis of the effect of
fully anomalous PSFs on 3p MF correlators in Appendix B.2.

B.1. Decomposition of PSFs

Interacting thermal systems typically have a continuum of energy levels.
Ref. [27] argues that, in general, PSFs may contain contributions which
diverge as P(%) for vanishing bosonic frequencies &, with P the princi-
pal value. As our derivations do not make assumptions on the shape
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of continuous PSF contributions, such terms require no further consid-
eration. However, Dirac delta contributions in S, can arise for finite sys-
tems or in the presence of conserved quantities. When these are present,
MF partial coArreIators G, = K * S, (Equation (11b)) can contain anoma-
lous terms, G, containing at least one factor 5,% _, with i < #. These
arise from anomalous 6Q terms in the MF kernel K(€,), with argu-
ment Q, =io, — ¢, (Equatlons (A3), (A4)). Such terms can contribute
ifQ; -=0, requmng iw; :=0ande; :=0.The ﬁrst condition requires

Nd equals +1
(with Cf = +1 for bosonic/fermionic operators @). Then, the associated
€5 - is bosonic, too, according to the nomenclature introduced after Equa-

tion (3b). The second condition is met if the PSF S, (€,) contains a term
proportional to a bosonic Dirac delta, i.e. one having a bosonic &7 :as ar-
gument, e.g. 6 (e5 )S ;- Then, the £, integrals in the convolution K x S,
receive a finite contr|but|on from the point e - = 0. We summarize these
conditions via the symbolic notation

thatiw; :is bosonic. This is the case lfthe sign C‘ g“

(81

1.0 TR )

69 H =6iw1 —6

needed only for bosonic Q5 -. Here 5,_ , carrying a continuous variable

as subscript, is defined only For bosonlc e - and by definition “acts on”
Sy (€p) by extracting only those parts (if present) containing bosonic Dirac
6( ___f) factors. For the example above, §, e; - actson Sp(ep) as

o Splep) =5 5,(e) ~ 85 ) (2)

As we always assume an even number of fermionic operators, {14 =
+1 follows.
The motivation for splitting PSFs as S, =S, +S, is now clear. The

anomalous S comprises all terms containing bosomc Dirac (g5 -) fac-

tors, the regular S everything else. The regular part of the MF correlator
G, receives contributions from both $, and S the anomalous part, G,

receives contributions only from $, i.e. ncSp = 0 for all p, then G = 0.
For # = 2, the anomalous contribution consists of one term,

Sy(€p) = 8(e9)5,5 (B3)

where S 7 is a constant. Due to the equilibrium condition (4), we can fur-
ther conclude 5(12);1 = 5(21);2.

For ¢ = 3, the anomalous .§p reads
$p(€p) = 8(e9)3,

g0 &5 65 )+6(£) 53 €3 0) +8(e7)8 (5)§p;ﬁ (B4)

Here, we inserted o's to emphasize that functions do not depend on these
arguments, and gp;ﬁ is a constant. For bosonic 3p functions, Epﬁ and
Epj do not contain further 6—factors that lead to anomalous parts, e.g.,
o, 35 *( E’ g) =

To further |||ustrate the symbolic 6,_ : notation introduced in Equa-

tion (B1), it yields the following relatmns when applied to the above defi-
nitions, for bosonic &

5e_Syle,) = 5(57)§pﬁ(£p) + 5(57)5(55)3,,;15 (B5a)

5.-6._S,(€p) = 6(e7)(e3) Em (B5b)
For fermionic £ = 4, we only need

Sp(€p) =5(e3) S, 73 (€p) (B6)

since, e.g., terms in the kernel proportional to §; do not lead to

iw7—e7

anomalous contributions by the fermionic nature of'lar
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B.2. Effect of Fully Anomalous PSFs on 3p MF Correlators

In the Appendix C.1 below, we discuss the general structure of 3p MF cor-
relators inferred by the decomposition of the PSFs. The regular PSFs, §p,
can only contribute to the regular part of the correlator. However, the ef-
fect of anomalous PSFs, §p, is more involved and is studied in detail in
the following.

To this end, we consider PSFs with finite weight at vanishing fre-
quency arguments. In particular, we assume the maximally anomalous
form S;""’(ET, &) = 5(57)6(55)3“15 (see Equation (B5b)). Then, the equi-
librium condition Equation (4) implies 5(123);1;2 = 5(231);2;3 = 3(312);3;1 and
S2)13 = Se2n3;2 = SE13)21, Since &, =, = 1 for purely bosonic cor-
relators. For such PSFs, the 3p correlator evaluates to

G (iw) = Z[K % ST (i@,)

B B ¢
= E(5iw1Aiwu + Aiw15iwu> + €5iw1 i, [ S123)1,2

ﬂ B2 ¢
[ Sicoy Dicoys Aiwzﬁiwn) + ?5@25@23]5(231);2,3

ﬂ 5 Doy + B, )+ ot 50, |3
w3 |w31 iw3 Y3 6 iw3 Yims3y | 2(312);3,1
+(2o3)
= ﬁ(‘s\ww Alwz + 5|Lu2A\w3 + 5|w3A|w1 )(3(123);1,2 - 3(132);1,3)
NLPSPIE S B7
7 Oion Oiery Samyiz 3523 (B7)

where (2 < 3) exchanges the indices of the frequencies and PSFs. The

contribution of the regular kernel in Equation (A4b) vanishes due to
1 1 1
iy iwyy iwy iwy3 iw3 im37
For later reference (see Appendices C.1 and E.2), we define the con-
stants

= 0 with iw; = —iwq,.

A 1

G1,2:§( (123); 1z+5132)13) (B8a)
A A AA .

Grp = Gg3 = G3q = S33 = Sa3)2 (B8b)

such that G™M? reads

m

Ca(im)=<5AG+6AG+5AG)

i =iwy i) w3 iw3 Ziw

+ ﬂ25|m1 iwy G],Z (BSC)

. AA A . .
We emphasize that Gy and G, ; are nonzero only ifthe full PSFs S, contain
fully anomalous contributions S™, which is only the case for all operators

being bosonic. In the next section, the most general form of 3p correlators
is discussed.

Appendix C: Calculations for 3p Correlators

This appendix is devoted to computations for the analytic continuation of
3p correlators, complementing the discussions in Section 5. First, in Ap-
pendix C.1, we discuss the general structure of MF correlators, needed in
Appendix C.2 for the derivation of an explicit formula for partial MF cor-
relators and the subsequent extraction of PSFs. In Appendix C.3, we then
present manipulations needed to construct KF correlators from analyti-
cally continued MF correlators.
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C.1. Structure of 3p Correlators

For 3p correlators, Equation (A5) implies the general form

Gia)1,ia12 le-i iwy + Giw-i,ia)z

CA:ian,imz = ﬂ‘siw] CA:'I;iwz + ﬂ‘si(oz CA;Z;im + ﬂ‘siaq CA:3;ii:4)1 + ﬁz 5iw1 aiwz G'I,Z
(€1

Here, we used the subscript notation introduced in Section 4.
For the conversion of Matsubara sums to contour integrals we distin-
guish restricted from unrestricted sums (see e.g. Equation (35b)). There-

fore we explicitly distinguish terms with A, factors, writing (cf. Equa-

tion (73))
A AA ~A
Gi;i(uj = Gi;iw/ + Aiw) Gi;j (CZ)

In Equation (B8b), we have identified the constants &* with (maximally
anomalous) PSFs. For alternative frequency parametrizations in Equa-
tions (B8), the constants in Equation (C2) read

AA AA AA AA AA
G =G =-G;, =G Gy = =G, (©3)
such that, e.g., 5,ﬂ,1A,ﬂ,ZG ,,,)1 ,,,,3@ = (S,,,,]A,,,,}C1 3, Which fol-
lows from frequency conservation iy, =0, and the g, factor multi-
plying &,.

C.2. Partial MF 3p Correlators

In this appendix, we present explicit calculations concerning Steps 1 and
2 of our 3-step strategy. First, we introduce two identities used for simpli-
fications in Step 1.

Consider the restricted Matsubara sum of Equation (35b) for f (i)

flio')/(iw — ia'). Using Equation (37) for the residue term, one obtalns
1 B Froon ”zf(z) 1
m%} (Aiw—im’ - §5iw-iw/)f('w )= }ém + 0(;) (C4)

Here, the restriction of the sum is implicit in the A symbol (Equation (32)),
and the first term of Equation (37) was incorporated into the sum using the
Kronecker . We can identify the summand on the left of Equation (C4) as
the singularity-free 2p kernel of Equation (A2a), and therefore this identity
constitutes the convenient cancellation in Equations (38) already on the
level of kernels. Following the same line of arguments, one can show that

1 2 #2 Fri o o_ 1
- ¥ (Aim_iw, + L6y iar )f(la) )=0(3) (C5)
i
In the following, we focus on evaluating
6(123) (i(123)) + 0(};) = [K x G](i@(123)) (Ce)
using the 3p kernel given in Equation (A2b) (with Q133 = i@ (123) —

123 ), and the general form of the 3p correlator displayed in Equa-

tion (C1). For convencience, we focus on the identity permutation p =
(123); all other permutations can be obtained by replacing indices with
their permuted ones, i — i. We split the calculation of Equation (C6) into
regular (r) and anomalous (a) contributions from G:

Cluzs) (@(123)) +O(5) = [K * €] (i0129)) (C7a)

Gy (@(123)) + 0(%) = [K % €] (i0(123)) (C7b)
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The computations are presented in Appendices C.2.1 and C.2.2,
spectively, with the final result C(m (123) +G8 (123) discussed in Ap

pendix C.2.3. Additionally, we will use the super- and subscrlpt notation
introduced in Section 4 and suppress the frequency argument of G/

(123)
and G (123)"

C.2.1. Contributions from Regular Part

Step 1. Matsubara summation through contour integration: First, we con-
centrate on evaluating Equation (C7a):

r ~

Clras) +o(%) =Kk*G

Qiz <A91 25 i>

2
o, (-84 —Lag + Lo )| Gt
Qqp Q, 2 Q, 6 Q, i) |m.‘2

|w i(l)

Fiw1y

1 1 ( g > .
= : : AQ - 5 Gm iw!
(=p)? E i;,]z i, — o), T2 o3 i),
B B ~
£)? Z Z Q12< - EAgi + ?591 Gico’],iwq2 (C8)
I(D |(D

The restricted sum over i, can be rewritten using Equation (C4), and

collecting all resulting terms ~ 3¢, . yields

ﬁ5 ) % nz-‘zcimfl,zu
-6, 2 e
2 7, 101 =2

p’ ~
2 Z Z Q1z< Q, Eagh Giwq,i(oqz (C9)

Iw |w

The i), sums can be further simplified with the help of Equations (C4) and
(C5) for the second and third line, respectively, reproducing Equation (39)
fort =3,

n,n, G
Gy +0(1) = )14 — e g1 (€10)
(123) (”) 21,212 (iwy = z7) (iwy; — 297) (ﬂ)

with 9411 212 ‘¢Zi ngiz'

Step 2. Extraction of PSFs: Next, we deform the contours away from the
imaginary axis, beginning with the contour integral over z,. During the
contour deformation, we have to carefully track possible singularities of
G,,2,, = G(21, 212 — 23, =233). As explained in Section 4, possible branch
cuts in the complex z;, plane lie on the lines defined by Im(z;,) =0 or
Im(zy, — z7) = 0, see Figure Cla. The branch cut at Im(z;,) = 0 is taken
into account by integrating infinitesimally above and below the real z;,
axis, denoted by 5* with Re(z;) = €4,.

The second branch cut Im(zy; —2z;) =0 is included by substituting
Zyy = Zy = z1, — z;, With z, being the new integration variable. Therefore,
the contour is shifted onto the line Im(z, —z;) =0 - Im(z,) =0, i.e,
onto the real axis of the complex z, plane, and integrating infinitesimally
above and below the real axis of z,, denoted by £ with Re(z,) = ¢,. The
substitution also affects the argument of the MWF in Equation (C10).
However, since the z; contour encloses only the poles of n, , z; can be
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(a) Im(z12)

> Re(zlg)

Im(212 - Z]_) =0

www.ann-phys.org

Im(z —l—a/;)v 0 {)

Figure C1. a) Contour deformation used in Equation (C12) for fermionic z; and z,, therefore bosonic z;,. Black crosses denote the poles of n,  on the
imaginary axis given by bosonic Matsubara frequencies. The blue, solid contour encloses all the poles on the imaginary axis. It is deformed into the blue,

dashed contour to integrate along the possible branch cuts of szu

denoted by the red, thick lines, located at Im(z;,) = 0 and Im(z;, —z;) = 0. (b)

Contour deformation used to obtain Equation (C15). The branch cut at Im(zy + &3) = O lies infinitesimally close to the branch cut Im(z;) = 0. Therefore,
we integrate along the deformed blue, dashed contour, infinitesimally above and below the real axis, where the infinitesimal imaginary part of£1_, with
Re(z;) = 3, has to be larger than that of €7, i.e., [Im(e])| > |Im(e])|. The thick, red, dashed line denotes the pole at Im(iw;, — z; — &;) coming from

the kernel. However, these poles only contribute at (9(,]';) and can be neglected, see the discussion after Equation (C17).

treated as a Matsubara frequency, implying e7#%1 = ¢1 and therefore

_ ¢ m=ntn e
212 T p—pz; o - e PrePn — L1702

4/2
= = )

Adding the contributions from both branch cuts, the z;, dependent terms
in Equation (C10) evaluate to

~ ~E12 ~E)
n, G n, G n, G
z 21,2 €12 Tz &7z
}é e =/ - ! +/ _ — +0(3)  (€12)
75 1012 — 2772 e, @12 — €712 e W12 =71~ &

see also Figure Cla. The term (‘)(l) comes from the possible poles at

zy, = 0orz, = 0 (ifz, or z, are bosonic) which do not contribute at O(1),
see Equation (44).
Inserting Equation (C12) into Equation (C10) yields

.

G o) = Mz, "EZGZI

(123)+ (E)_ iwy —z iwy) —z1—¢€
z; 10 1 Jey 1012 1 2

~E
n G 12
+74 " / ‘2 7 (€13)
7 iwy =z, e iwy; — €7,

Next we focus on the contour deformation of z;. For the first term, we
have illustrated possible branch cuts and the contours before and after
the deformation in Figure C1b. As the z; contour is deformed away from
the Matsubara frequencies, we merely have to consider the singularities in
the integrand of the €, integral. After Equation (C17), we will show that the
singularities at z; = iwq, — &, contribute at order (9(%) We can thus focus

on the branch cut in C’;Z Previously we have taken the infinitesimal limit

for the imaginary shifts of &, Thus, during the z; contour deformation

we have to ensure |Im(e;)| < [Im(e7)|, see Figure C1b. The z; contours
infinitesimally above and below Re(z;) are summarized in a discontinuity

G281 Z &2 _ ¢ (C14)

+ 3
81 1
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and we thus find for the first term in Equation (C13):

~E),E

1
Nz, nhnEZG . (l)
i, —z iy, —zy— € (|w —&7)(iwy3 — €77) s
2y 101 =2y Jg, 101 =2y =&y Jgy Jg, lI07 = &) {07 — €7

(C15)

Repeating an analogous z; contour deformation for the second term in
Equation (C13), we finally obtain

~r

G(m) =

f1z (CT6)

~E2.€7 ~E12:€1
/ ne ne, G +nen., G
£1,62 (iwy — €7) (i1, — £15)

which resembles the spectral representation in Equation (14d) for # = 3.
The term (9(%) on the right of Equation (C15) originates from the pole
at z; = iwy, — €, in the denominator on the left, yielding

n,n_, G2
(9(1):_/ 2T o (€17
4 e W&

with Cf; = G(iwy, — €}, &5, —iwyy) — Gliwy, — €5, €5, —iwy,). That the

integral on the right indeed is O(E), although it lacks an explicit prefactor
1/P, can be seen by the following argument: The product of two MWFs
ng,n_, has finite support on an interval &, € [-1/, 1/p]. Therefore, the
integra al scales as 1/B.

To demonstrate this claim more explicitly, we proceed as follows. We
note that we evaluated the imaginary-frequency convolution in Equa-
tion (C8) by evaluating first the @/, and then the @/, sum. Due to frequency
conservation, we couId have also evaluated the convolution by first sum-
ming over, e.g., @} and then w),, or @} and then o), yielding

12’
ey
nen_ G
4 ! G =G 27 e 1
), then ), K% G = Glrayy = /52 — +O(ﬂ)
GZ
-~ -~ E 75
o, thenwl: K*xG=G6" ., — 2z on
1 2 (R A ——
~€12
n.n_, G
+/ 2 "L 00d) (C18)
e, @12~ € 4

© 2024 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85UB01 T SUOLUWIOD BA 181D 9|qeoljdde ay) Aq peusenob aJe sepile VO ‘88N JO Sa|n J0j ArIq1T8UIUO AB[IA UO (SUORIPUOD-PUE-SWLBI WD AB 1M ATRIq 1 BU1IUD//:SANY) SUONIPUCD PUe SWIS | 8L 88S " [720Z/TT/S0] U0 AkeidiTauliuo A8]iIMm ‘F0S00£Z0Z dpUe/Z00T OT/I0p/W00" A8 |1 ARIq1puU1juD//Sdny Woy papeojumod *Z ‘20z ‘688ETZST



ADVANCED
SCIENCE NEWS

=z nhysik

www.advancedsciencenews.com

Equating the two expressions yields a proof for Equation (C17):
e
/ Ney e, Giwu
6 10— &
~E2 ~€12

_/ nszn—fzciw] +/ ”ﬁz"-fucim] +0(1)
e, 10 —& e, 1012 €72 ’

_ % nzzn—zzciw1,zz " (9(1)
2, iwy; — 7, s

_ Fiwy Giwhiw; 1 C
(=92 & iy —iw)) 72702

rol)

-o(}) (C19)

We obtained the third line by a contour deformation in analogy to the
derivation of Equation (C12). Here, the second line can be expressed as a
contour integral along the branch cuts at Im(z,) = 0 and Im(z;,) = 0 (blue
dashed lines in Figure Cla) and the contour in the third line encloses the
Matsubara frequencies (blue solid lines in Figure Cla). For the last step,
we used Equation (C5).

C.2.2. Contributions from Anomalous Parts

Step 1. Matsubara summation through contour mtegratlon To evaluate
Equation (C7b), we first focus on ﬁé,w C3 i, /, yielding G 123 Ina decom-
position G(123 Z, ] G (123)F ; the contrlbutlons from G (123) and G (123)

follow from analogous calculatlons Then, the imaginary- T'requency convo-
lution of the 3p kernel with ﬂéiw; wag can be rewritten as

2
+ 6. [ —A2 YN +ﬁ—5 ps. 1 Gy
Q, Q, 2 Q 6 Q i}, ~3i0

1
1 P e
= T & (A“1 25"*>G3"”1

#0 o
1 1 B 3;1
- 3 (80, o ) 2 (20)

In the second step, we carried out the sum over i/, and used 6q,,0 o, =

Sion, 5|wr =0, since we enforce the external Matsubara frequencies to be

nonzero. In the third step, we further split the anomalous part according
to Equation (C2).
The sums can be evaluated using Equation (C4) and yield

AA
~a 1 1 G3z1 1 Gy
G +O(5) = @ e e —
123) # iy Sz iy =2y iy J7 (0 =2) 2z
AA
n G,
+ —Res| —— 21 [ o(1) (€21
iwy, 21=0| (iwy —z7) z, s
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where we excluded the contribution from i} — z; = 0 by subtracting
the residue.

Step 2. Extraction of PSFs: The first contour integral in Equation (C21)
can be deformed analogously to the 2p case in Section 3.2. The integrand
ofthe second contour integral only has poles on the imaginary axis since

63 1 is a constant. Thus, the integral vanishes by closing the contour in the
left and right half of the complex z; plane. Further evaluating the residue,
we then obtain

A BEq ~A
Ca _ 1 ”61 GS 1 C;3;1
; iw iw; — € iw i
5023) 12 Jeg 1 1 2 1 12

A AR, A ~AA
/ Sen)ne, G5 = 25(e1)8(e12) Gy
£1,€2

C
(iwy — €7) (iw1, — £1) (€22

where we recovered the form of the spectral representation in Equa-
tion (14d) by introducing Dirac delta functions.
Similarly, the contributions from G,, G;, and also G, to Equa-

tion (C7b) can be derived, leading to the general result

& / 1
(123) £1,62 (iwy = &9) (i1, — €17)

N ~ AjE a A e 2 A e
><[5(g1)nézc1 24 8(ex)n,, G + Bleng)ne G
~ ~ ~ 1 2A
+ 808 (61 - 163, (C23)

Here, only G31 enters, since contributions from G] , and 621 cancel to
due Equation (C3).

C.2.3. Final Result

The main results of the previous sections are Equations (C16) and (C23),
yielding the spectral representation for G 153, = sz) + G?m)- The par-

tial MF correlator Cp = C; + C: for a general permutation p is then ob-

tained by replacing any index by its permuted counterpart, i — p(i) = i.
Thus, we obtain our final result

27i)2S, (e,
Cp(ia)p)z/e E,M (C24)

o7 — &7) (i — 33)
with the PSFs given by

(27i)?S, (€7, £5)

~Es,Ex RESET |4
=nn G2 4,0 G2 +§(ET)H&,GT 2
N A ﬁ;eT ~ Aﬁ;eT N N ~ 1 AA
+8(eg)ne 62T+ Blegin 6T + b(ep)dey) (Gﬁ -1 gﬁ) (C25)

PSFs for all six permutations are recovered by inserting the respective
i into above equation. They can be expressed in terms of analytic regions

(cf. Figure 4) using

/3]

EEE1 = _@EEE o _@fats o @aines _ @Bl @l @l EB] (C262)

&l _ el _ e

GEVE2 _ _@GEE2 _ _FEVES _ G233 _ +¢B (C26b)

/2]

GEYE = _@Ena _ _ @ _ @ene _ @2 6[1] _ C/U] + 6[2]

(C26¢)
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C.]ﬁ;sz _ _qﬁ;éz — G;&;[Zl _ 61&;[3] (C26d)
Gzﬂr;h _ _Gzﬁ;sz _ Cf;ﬂ] _ Gzﬁ;[ﬂ (C26e)
Gf;ﬁ _ _Gf;sz _ é;&:ﬂl _ G;&;[Z] (C26f)
G1A;2 = _C?;s = _621 = CA72A;3 = CsAn = _GsA;z (C26g)
75 =G, (C26h)
with the definitions introduced in Section 5

G =G(el, €5, 65), G =0(ey, el eh) (C27a)
G =Gy el e5), G =C(et, g5, eh) (C27b)
P =Gy, ) GV=Clel e} ) (€279
G =6l o, ere5), CITN =6 (0,65, 6) (C27d)
=6 (et 065), 6 =67 (7, 0,60) (C27¢)
G = 6 et 65,0, G =62 (e, et 0) (C27)

Here, we have inserted a o at the position of the frequency arguments on
which the function does not depend. Note that Equations (C26a)—(C26c)
alsoimply, e.g., G717 = 7“2 4 &1 Relations of this form can be used
to simplify PSF (anti)commutators, which appear in Section 5.2.

One additional comment is in order for the regular contributions in
Equation (C25). Consider, e.g., permutation p = (123) and n,, a bosonic

MWF. Then, if the regular contributions G! and G*'**! contain terms
proportional to Dirac é(e+), the combination n, &(e;) is ill-defined as the
MWF diverges for vanishing frequencies. For their evaluation, however, we
can use Equations (C26a)—(C26c) to rewrite

(Z”i)2§(123) (€1, €2)

=n,_n_GC? +n_n (Gél'&u—céz'&])

€1 €2 €17°€12

~€2,€1 ~E1,€12
= -n_g,n.,G +ng ng G (C28)

Here, the first term does not include n,,, and the discontinuity G2 in
the second term does not contain 6(g,) contributions (see, e.g., Equa-
tions (G10) and discussion thereafter), circumventing the occurrence of
bosonic n, 6(eq) contributions.

C.3. Simplifications for KF Correlators for # = 3

In the following, we show that the spectral representation of Keldysh com-
ponents can be recast into a form that is formally equivalent to Equa-
tions (19), but more convenient for the purpose of analytic continuation.
The new representation enables us to insert the PSFs in Equation (C25)
and obtain expressions for the Keldysh components in terms of analytic
continuations of MF correlators. This constitutes Step 3 of our three-
step strategy.

While the following calculations are demonstrated for explicit examples
of 3p KF components, they can be generalized to arbitrary KF components
and even to arbitrary #p functions (see Appendix F).

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (32 of 46)

RIGHTS LI M Hiy

www.ann-phys.org

Table C1. # = 3: Simplification of the Keldysh kernel (19¢) for the KF cor-
relator Gl for all permutations by application of the identity (58). For
permutations p = (123) and p = (321), manipulations presented in Equa-
tion (C30) were performed. Additionally, energy conservation and the con-
straints enforced by the 5-functions allow us to express all denominators
through ;.

p k, [l (@) Kzl @,) = R (@h") - R (@f?)

) = (o) 7 = Slon) -
(132) 221 (21 (13 R, -Kell,) =) =

1 @ (el
123)) = K(@

(123) 212 [13] [13] k(("[( (123)

)= K@) = b(@r,)

(
(213) 122 [23] [13] k(“’[(” (213)

@31 122 23] B R, - Rel,) =) =
(¢12) 221 Q121 [371]

(321 212 13 B K@) ) -k ) = =b(@) = + (@) =

C.3.1. Simplifications for KF Correlator Glm"]

We begin with outlining the necessary steps to express the KF component
GImml in terms of analytically continued MF correlators on the example
G131, The simplifcations rely on repeated application of identity (58).

The spectral representation in Equations (19) serves as our starting
point. As a first step, we bring the Keldysh kernel K721 in a more conve-
nient form, starting with permutation p = (123), where [fj17,] = [ny1,] =
[13] and therefore

3] 1 1
= — 2
)) AL N L IR N (€29)
1 %2 1 %2

o
K (@(13)) = R(@{1ys) — K(@

In the first term, all frequency combinations in the denominator acquire a
positive imaginary shift, whereas in the second term they obtain a negative

imaginary shift. Adding and subtracting 1/(w[11] w[132]), identity (58) leads to

11\ 11\
n3) S L L —_ - | —
K N @(r23)) = < 0 [3]) Bl +( il [3]> i
o, o] ) o, @1y Wy /@

A 1 s 1
=0(@y) —= + (@) — (C30)
L()2 Cl).l

The kernels for all other permutations can be simplified in a similar man-
ner, and the results are summarized in Table C1. Collecting all contribu-
tions proportional to either 5(w1)/w2‘ or S(wu)/w; yields Equation (75).
The PSF (anti)commutators therein are evaluated using the relations in
Equations (C26) and result in

5[1,[2,3]_]+ = 5(123) - 5(132) + 5(231) - 5(321) (C31a)
&1, A ~A; A A ~AA
=N, G —258(e1)G) 7 = 28(e1)b ()G,
5[[1,2]_,3]+ = 5(123) - 5(213) + 5(312) - 5(321) (C31b)
~E19,E 2 A1 2 2 ~A
= =N, G2+ 28(e17) G5 + 28(e1)6(e2) Gy,

where we suppressed the frequency arguments of the PSFs.

C.3.2. Simplifications for KF Correlator Gl

In Section 5.2.2 it was pointed out that the Keldysh component G'?3] can
be computed by subtracting a fully retarded correlator, e.g. GBI, in order
to reuse identity (58).
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Table C2. # = 3: Keldysh kernel for GI'23l — GBl in Equation (C32), evalu-
ated for all permutations.

p Kernel of GI'?3 — GBI

(123) KB @(129) = R(@{1z) = 8(@1)8(@2) +8(0n) 7
(132) K2 @) = K(w‘ﬁ'm) = —b(en) o~ Slea) o
(213) K023 (("(213)) - N( (213 )= 5(“’1)5(“’2) +6(w2)#
231) K @gs) = Rolgsy) = ~8(a) 7= = Slen) o=
(312) K2 (@(515)) - K (@ [(m ) = 8(@)(@,) +6(@,) 5

(327) Kl (@ 321))—’(((‘) ) = S(@1)8(w,) + (1) 7

327)

The kernel of GBl is simply given by K[3](a) ) = K(o [:]) and there-
fore permutation independent, as discussed before Equation (23). Since
Gl = G222 implies k, = 222 and consequently [A;7,7;] = [123] for any
permutation, the kernel for G['2 — GBI reads

K12 (,) - kBl(@,) = k@) - k@) + K@) - k@) (C32)

and therefore the effect of subtracting GPl is permutation dependent.
We first consider permutation p = (123), for which the difference of ker-
nels simplifies to

K“B](w(]ZS)) - kB! (“’(123)) = ‘2(“’“] )= k(wm )

(123) (123)
1 1 2 1
= b)) — (C33)
o R +
1 Wy @70y e
[ ] 12l _
In the last step, we were able to use Equation (58) again, set w;, = w,, =

w7,, and reduced wy, = , due to the é-function. For the comparlson to
kernels of other permutations, it is convenient to additionally add and sub-
tract 6(w;)/w; to obtain

o e 1
K2 (@ 133)) = KB (@153)) = 8(@1) (@) + 6(wﬁ—7 (C34)
@,
For permutation p = (132), Equation (C32) yields
| 131 v [2] 3]
K(®(335) = K(@ (132) T K(@y3)) = K(@ 132))
o 1 . 1
= o(w1) — —o(wy3) — (C35)
@ @,

Using w;’ = —w, due to energy conservation and the é-function, the
first term matches the second term in Equation (C34). Therefore,
PSFs of permutations p = (123), (132) can be expressed through PSF
(anti)commutators as in the previous section, motivating the manipula-
tion from Equation (C33) to (C34).

A summary of the kernels for all permutations is given in Table C2. In
these kernels, a total of three unique terms occur, given by &(w1)é(w;,),
5(@1)/w;, or S(wz)/w]‘. Collecting all PSFs convoluted with the same ex-
pressions gives Equation (81), with the PSF (anti)commutators evaluating
to

(14 N, N, )G + N, N, G

21,3, (€1 €2) = -

—28(e1)N,, 617 = 28(e5)N,, G5!

—28(en)N,, G5 + 48(61)8(62) G120
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51 52

S (€1, €2) =

Spp) (2 69) = G727 (C36)

This concludes our appendix on additional computations for the ana-
lytic continuation of 3p correlators.

Appendix D: Partial MF 4p Correlators

In this appendix, we discuss purely fermionic partial MF 4p correlators.
However, we do not display explicit calculations here. Rather, we intro-
duce an iterative procedure to derive the structure of 4p PSFs from 3p
PSFs, based on our insights from 2p and 3p calculations. For a general
fermionic MF 4p correlator, only the sums of two fermionic frequencies
result in bosonic frequencies, which, in turn, might lead to anomalous
terms. According to Equation (A5), the general form of the correlator thus
reads

Gioniwgiw; = Giwyiwgiog T B, C12;iw,,ims

+ ﬂai(ou G13;i(u1,iwz + ﬂ5i14123 GZ];iw-‘,ia)z (D])

D.1. Regular Contributions

Step 1. Matsubara summation through contour integration: To derive par-
tial MF 4p correlators, we insert Equation (D1) and the singularity-free 4p
kernel (Equation (A2c)) into Equation (31):

Gz (©(1234)) + O(5) = [K * G(i(1234)) (02)

Here,we again consider the permutation p = (1234) first, before obtain-
ing the general result by replacing all indices i — i. By repeated use of
the identities in Equations (C4) and (C5), together with the analogously
proven new identity

1 .,
E ;A?w—iw’f(lm )=0(5) (D3)

the imaginary-frequency convolution can again be expressed through con-
tour integrals. Focusing on the regular contribution to the correlator, G,
first, we indeed recover Equation (39) for £ = 4:

G (1234) (1@ (1234)) + (9(})) = [K* ] (i1234))

-74 7; ?4 Z]ZnZIZBGZl 212:2123 (D4)
2193 (107 = 27) (015 — 233) (w123 — 2123)

Step 2. Extraction of PSFs: For the deformation of the contour, it is in-
structive to recapitulate the 2p and 3p results for the regular contributions
to the PSFs. As a function of complex frequencies, a general 2p MF corre-
lator GZ1 = G(zy, —z;) has one possible branch cut defined by Im(z;) = 0,
resulting in

(270) S}y, (e1) = 1 G (B5)

In the 3p case, the additional frequency dependence of GZW =
G(zy, 21, — 23, —23,) introduces two further branch cuts at Im(z;,) = 0 and
Im(zy, — z7) = Im(z,) = 0, additionally to Im(z;) = 0. According to Equa-
tion (C10), the contour ofygm is deformed first, taking account of the latter
two out of the three branch cuts. This yields a sum of the discontinuities
C;‘Z and G;Z multiplied with the respective MWFs (Equation (C12)). The
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subsequent contour deformation ofﬁZ] reduces to an effective 2p calcula-
tion, i.e., only the branch cut at Im(z;) = 0 remains, resulting in

(271)2S s (€1, €2) = ne,yn GV 40, 0 GTHO (D6)

(123)

with the discontinuity in £, to the right of £, and €;,.

In the 4p case, the new frequency z;,; generates four additional
branch cuts (see discussion in Section 4.1), defined by vanishing Im(z;,3),
Im(zy,3 —27), Im(z123 — 21,) or Im(zy3 — 21, + 27), yielding a total of
seven possible branch cuts together with Im(z;,) =0, Im(z;, —z;) =0,
and Im(z;) = 0 from the 3p case. Since nym is deformed first according to
Equation (D4), the four new branch cuts are taken inéto account via a sum

. . aye ~ ~E ~ ~ . . .
of the discontinuities GZ;’Z], Z::?ZW, Z]‘;z], and G;;Z], multiplied with
the respective MWFs. For each of these discontinuities, the subsequent
contour deformations of yfz]z and fh reduces to an effective 3p calcula-

tion. Consequently, we obtain

(27”) S (1234) (511 52'63)

~€3,62,€1

~€123,€2,61 ~€13,€2,€1
=hg,n,n, G + gy e, e, G + 1, g, N, G

€123

~€23:€2,€1 €3,612,€1 ~€123,€12:€1
n._.n._n n._n.._n n n..n
+ €237 °€2 E'IG + €3 €12 E'\G + €123 €12 £1G

g ne,n G n n n, G2 (D7)
We have also checked this result by explicit contour deformations in Equa-
tion (D4). There, the poles of the denominators can be ignored since
they only contribute at order (9(%) similarly to Equation (C17) in the 3p

case. To further simplify Equation (D7), we note that, for fermionic 4p
correlators, two consecutive bosonic discontinuities have to vanish, i.e.,
G = GF 121 — 0 since their kernels carry one bosonic argument
only (see Appendix E.1 for further details).

D.2. Anomalous Contributions

We do not present the derivations of the anomalous contributions of G to
Equation (D2) explicitly here, as these correspond to 3p calculations. There
is one crucial difference, however. The anomalous kernel in Equation (A4c)
for the fermionic 4p case reduces to

Aalt _ ﬂ 1
K0 = 2 Voo (iwg — &7) (i3 — £5)

(B3

and thus only depends on fermionic Matsubara frequencies. Therefore,
anomalous terms such as éUﬂwmiwz only depend on the frequencies i,
and iw, separately, but not on their sum iw;,. In the complex frequency
plain, this implies that G'I};z],zz has branch cuts only for Im(z;) = 0 and
Im(z,) = 0, but not for Im(z;,) =0, in contrast to the regular 3p case.
Additionally, since the denominators in Equation (D8) are non-singular
due to the fermionic Matsubara frequencies, we need not distinguish the

. A aA
anomalous contributions by factors of A, e.g., splitting Gy, into G5 and
6% terms, as was the case for 3p functions (Equation (C2)).

D.3. Final Result

Finally, the fermionic partial 4p correlators for general permutations p is
obtained from the full correlator via

. (27ri)3$p (69, €5, €3)
Ston= [ e 9

peqeg (107 = €9) (i05; — eg7) (0555 — €753)
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with the PSFs given by

(27i)®s (€7 €3, €3)

~ETES,ET

1630 TS E
—nnnG321+n nn,G‘BZ]

1

SETTE5E 33E7€
+n n,G1321+n n n 6232‘
1

_Nng_
€3 &5 €

+n_n_n_G¥2T4pn__n_n_GwwT
R a3 7 47
77

+n,_n 6(6—)Gi1+n n 6(& ) =

iy &5 ey

£

.\ AT
+nen._blez) G2 (D10)
For the anomalous parts, the order of discontinuities does not matter, as,

For completeness, we express the discontinuities in Equation (D10) in
terms of analytic regions according to their definition in Section 6.1. This
gives

~E1,69,€ ~E€934,62,E ~E1,6,€ ~E234,62,€.
G'I 23:_62342 3=_G'I 242623424

~E€1,E34,€ ~E234,E34,E ~E1,E34,€ ~€234,E34,E.
_GEVEEs _ EEnaEuEs _ EEVEMEs _ _ FEna3aés

(13)

= B — ¢t 4 ) _ 24 _

(14) (23) (24)
+Cu — G TG (D11a)

~E1,E3,€: ~E34,€3,E ~E1,63,E ~E234,E3,E.

GEveye2 [ GEVEyEs — GE3ac34
~E1,E94,E ~E234,624,€ ~E1,E94/E ~E234,624,E

= _GErewe2 _ GEafantr _ GEvaats _ _GEnafaats

(12)

= — ¢t 4 ) _ 39 _

(14) (23) (34)
+Cy — Gy TG (D11b)

~E1,E4,E ~E934,E4,E ~E1,E4,E ~E34,E4,E
G'I 42=_623442=_G1 43=623443

= _GEVEEr _ EEsefan s _ FEVERES _ _ FE3423E3

=C@ _cB) 4 cO24) _ c(139) _ ”1|2) + C|(|| ) CI(” )+ CI(” ) (D11

GEvEVEs — _GEBE1Es _ _ FEnE1Es _ GE34ELE
— _652r534vf3 — 65134r534v53 — GvavaEA — _Gfmvismﬂ
=C® —c® 4 c0123) _c(129) _ 13) + CI(IM) _ CI(IZ3) + CI(|24) (D11d)

GEVEVEL _ _EEnaEres _ _ EZERELEL _ EEn24f1Es

= _Gf¥EwEr _ GFEnefants _ EFEEuts _ _ FEafats
=@t 42 39 _ ™4+ B+ (-l (D1e)

GEvEVEL _ _EERBEVEL _ _ FEAE1E _ FE3E1E

— _Gfmézzvﬁz — Gémlézsv&z — Gﬁmézzv&z — _68123'éz3r53

_ @2 3 124 134 (12) (13) (24) (34)

=CO —c® 4 —cB 7+ -, + ¢, (D17f)
652,53,51 — _Geu‘,,s;,a] _ _652,53,54 — Gh”,q,q

_652'514!1 — Géumhmﬁl — G€z£14rf4 — _65134:514'54

=c @ 4 c023) _ c@34 _ o (12) C CI(IH) + C|(|24) (D11g)
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~E3,60,E ~E€124,€2,E ~E3,6),E4 ~E124,€2,E4
G T=-G" T=-G" =G

~E3,E14,E ~E124,E14,€ ~E3,E14,E. ~E124,E14,€
= G = ghefefl — @53t — _gRzaf1ate

12) 24)

+cf - 4

—c) _cl 4 c23) _ @34 _ ¢ | |

' (D11h)

EEUET . EERERE _ _ Geaeses _ e
L GO | EmnE) _ s Eenmenes

=c) = cB) 4 024 _ c(239) _ CI(12) + C|(34) _ C|(|14) + C|(|23) (D11)
EN __GOunere | Eenens _ Geumseats

L G | Emene) _ Eeens __Eeusennes

= —c® 429 — @ _ (P 4+ B - ™+ P (D11j)
ENN _ O _ _EEcues _ Genncnes

_ _GOERE | Eeusenel _ Eener _ _gennene

=cW—c@ 4 c03 @ _ (¥ 4+ - P+ Pk
EN _ el __Eeuter _ geunese

G _ GEmene _ Goene __gomene

=c—c@ 4039 — @ _c™ 4+ c® - (P +cf? (D11))

Gflzﬁvfz — _Gfamﬁvéz — 6812153:51 — _6634163161
— _C“;szrEers — Cfs4r52r53 — _G‘g]ZrE}rEZ — 6534.63.62
— _6612,61,64 — 6534,51,54 — _6512,54,51 — 6534,54,51
— (";512v52r54 — _G-E;Mz'h — 6512'54'52 — _6534'54.52
13 13 14 14 23 23 24 24
= CI(I - CI(II - CI(I '+ CI(II '+ CI(I - C|(|| - CI(I '+ CI(II ) (D11m)
6513151152 — _6524151152 — 6513.52.51 — _6624.52.51
— _6513&3,52 — 6624753752 — _6613752753 — 6524,62,63
- _(’:-,5'\3r51r54 — Gizmﬁr“ — _6513r54r51 — (’:—'524,64,61
= GE3E3Ea — _Grmt3ta _ GE13Eats _ _GRatats
_ 12 _ (2 (14 _ ~(4) _ ~(23) (23) _ ~34) (34)
- CII C||| + C||| CIV C||| + C|v CII + CIII (B11n)
CEvahfz — _C’EZSvf]va - Gfuvfz'iw — _6523.52.51
= _GEwEnEr _ EEmEay _ _ EEEnEs _ FE2E2E4
— _CLTAVELE} — 6223,&1,&3 — _6214,53,&1 — 6523,53,51
= GEWEES — _GE23EAEs _ GEI0ENEL | FE23E354

(24)

—_c2 (12) (13) (13)
=-C, +C, +¢,-C, -G,

(24) (34) (34)
i 1 +CGy G -Gy (D110)

Here, the analytic continuations of G are labeled according to the analytic
regions in Figure 5
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C =Gl &5 €5, €55, €05, €7,),
CO =Cley 5,65, 6 €, €7),
CO =Cley e 6], i€, €y €7),
C=Cley e 65, €51, € €7,),

(02) _ Erot o+ o= =t o+ +
G 7 =Gl e 65,4580, 693, 67),

(12) _ Frot o o= =gt o+ =
T G P

(02) _ Erot o+ = pme gt = =
G =Cley €5, 65, €467 €93, €7)s

(12) _ Frot ot = =gt = ot
Cy ' =Cle 65, 65,6467 €93, €7),

(3) _ Frot o= ot =gt o+ o+
R G

(B) _ Erpt o= ot =gt o+ =
G =Gley e 65,4505 €93, €7,

(B3) _ Erpt o= ot =g o+ =
G  =Cley eq, 65,64 67 €93, €7)s

(3) _ Erot o= ot p=epm o+ o+
Cy = Gle7, &5, 65, €5587, €75, €7,),

(14) _ Frot o= o= oo+ o+ o+
R O

(M) _ Erot o= o= ptept = o+
G = Gley, &5, 63, 64567 €73 €,),

(M) _ Erot o= o= ptep= = o+
G  =Cleq eq, 65,656 €93, €7),

(14 _ Erot o= o= o= o+ o+
Cv =Gley &5, 65, 6,587, €75, €7,),

(3) _ From ot ot o m o — —
G =Gley, &5, 65, 65587, €73, €7),

C|(|23) =Gy, €] €5 e €0, €0 67,)
C|(|2|3) = G(e7, €5, 63, €53 €75 €73, €74)s
Cl(\iz) =Gley, 65,65, 65367 €3 €),
C|(24) = 6(51_'6; £3,647 €0 €1 Eghs
C|(|24) =Gy, €] €5 €160, €73 €7,)
i =Gl e g efiehy e e,

@4) _ FErom ot o et -
Gy =0Cley 65, 65,6567 €93, €7),

C|(34) =Gl 5,65, 643 €7p €13 €74),
C|(|34) = 6(517'5; €3, €4 €0 Ery Eg)s
C|(|3|4) = G(e7, €5, 63, €43 €70 €73, €7)s
oV =Gl e e efien e e,

123) _ Erot ot ot et ot o
CUP) = Gley, €] €], e5i €Ty €y £y),

(124) _ Flpt o+ = b =+
C =0Cley &, 65, €467 €93, €7)

(134) _ ot = 4 F.— 4
¢ = C(e7, €5, €3, €43 €7p €93 €74)s

(34) _ Flom ot A . = -
c =Gley, 65, 63,645 €70 €73, €,)
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The discontinuities in the anomalous parts Equation (D10) read

Gi;vfz - _ A%'fs — _éTz'EA _ C%'EA _ (:.5123) _ 65124) _ 62223) + (2.2224)
(D13a)

G =G =Gy = 6 = 6 6 - e Y
(D13b)

o R ey ey e e Y o B Gy B ol
(D13¢)

with

65123) = Cu(s;', €5, 52’, £,) 65224) = (312(61_, s;, £, 51'),

(:‘5124) = C1Z(ET, €5, €5, EI), 62223) = Cu(e]_, 6;, E;', 5Z)r

e =Culet e, € =Cule e el el

(?5134) = 613(6-.:—, £, 53_,6:-), (t'gz;) = 613(61_, s;', s;', £)

0 =Gulet e, C)=Gulen e el

e =Culet el CR =Gl e el ©014)

The remaining terms follow from Gy, = Gq,, Gyy = G5, and G5 = Gy
Appendix E: Additional Spectral Representations

In this appendix, we derive spectral representations for discontinuities
(Appendix E.1) and for anomalous parts (Appendix E.2) for general #.
These are used in Appendix F.2 to relate Keldysh components GIn"2] to
discontinuities of regular parts and analytic continuations of anomalous
parts, resulting in Equation (95) in Section 6.2.1. Additionally, they serve
as a key ingredient in Appendix G for consistency checks performed on our
results for the 2p, 3p, and 4p PSFs, where we express all occurring discon-
tinuities through PSF (anti)commutators. We use the notation introduced
in the beginning of Section 6.2 throughout this appendix.

E.1. Spectral Representation of Discontinuities

Here, we focus on the discontinuities of the regular MF correlator G, as
introduced in Section 4. The results carry over to anomalous contributions
G, as presented in Appendix E.2. We first consider discontinuities of 3p
correlators (Appendix E.1.1) and then their generalization to arbitrary £
(Appendix E.1.2).

E.1.1. Example for £ = 3

Let us consider the discontinuity in Equation (69) as an example for £ = 3.
Inserting the spectral representation in Equations (14) yields

1 o, 1

@ri)2 7 (2ai)?

=/E1/52/535(5123)

% 1 1 1
+ - _ +
o] & |0~ €3 of, —€3

(Cw;’,(ol+ - Gw’,w*)

1

] 5(132)(51'53)
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1 1 1
+ - = S@13) (€2 €7)
%—m[@—@ %—ﬁ](’

— 2] Sesy (€2 €3)

] 5(312) (53'51)]
€13

2 1
=///5(5123) 5(”2—52)—+ 5[2,13],(51:52'53)
ey ey Jeg W, — &

+ 3((02 —£&))—
w; — €3

5[2,31], (e1, €2, 53)]

1
= —/ T S[z,[1,3]_]_ (€1, @y, —€1 — @) (ET)
e @ — &

where we used the identity (58) and energy conservation. The permuta-
tions p = (123), (321) do not contribute to the discontinuity as their ker-
nels only depend on the external frequencies wT and w; with imaginary

parts independent of .

For the discontinuity G*“7 = Ci? - C:;f_, Equation (ET) yields
G = (271)?Sp 3 (@),
G = (27”)25[[1,2]_,3]_ (@) (E2)

The second identity for 6”2 follows from a similar derivation as for
G“7™. Note that the above relations hold for permuted indices as well
(see Equation (G11)). Thus, consecutive discontinuities eventually give a
(nested) commutator of PSFs. For ¢ = 2, this corresponds to the standard
spectral function, -G = (27i)S; 5 = (27i) S5,

E.1.2. Generalization to Arbitrary £

For general #p functions, the discontinuity in Equation (67) can be com-
puted analogously by inserting the spectral representation. Then, only
those permutations survive the difference for which the frequency com-
binations w, or wc appear in the kernel I?(zp), leading to

z

~O A~ ~ — % Mg

Gy =Gy = G s = ;[Kﬂf o 5[7,71,](%‘ (@), % )) (E3a)
i

k?ﬁ” (#75 (0, ) = k<zi|7” (@], 2r)) - k<27|f (@, 2r)>

= 3(@,)K(z;(é’))l?(2f (i’)) (E3b)
Re) =" (E3¢)

The set I° = L\[is complementary to I. Here, z, (), 2") expresses the per-
muted vector z, in terms of w; and the remaining £ — 2 independent fre-
quencies 2", and similarly z;(2") for the subtuple z;. Equation (E3c) defines

aregular kernel for the subtuple z;. In Equation (E3b), the difference of reg-
ular kernels leads to the Dirac delta factor due to 1/a),+ -1, = 5(w))
and /o) = 1/w), = —6(w)) (using Equation (58)). The definition of the

regular product kernel in Equation (E3b) implies 127“{ = I?m; thus, the cor-

responding PSFs from permutations 7|7€ and 76|7 have been combined in
an PSF commutator in Equation (E3a).
Consider, e.g., the 3p discontinuity CNIZi from Appendix E. 1.1, where the
1

sets in Equation (E3) are given by | = {2}, I = {1,3}, and 2’ = w}. Then,
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the sum over permutations p =7|7C includes 7|7C € {2|13,2|31}, and we
obtain the PSF commutator contribution S, 13, in Equation (ET) from
Equation (E3).

For ¢ = 4, let us consider GZ]”Zz as an example. Then, the sets | = {1, 3}
and [° = {2, 4} yield the permutations {13|24, 13|42, 31|24, 31|42}, result-
ing in

4 £1234 (513)
G, / S P T EIE RN (E4)

(zy—&1)(z,— &

where we summarized all terms with the same kernels.

To compute consecutive discontinuities, such as G“*”! (see Equa-
tion (E2)), we can iterate the above procedure: By analyzing the spec-
tral representation of the first discontinuity, we determine the branch cuts
which lead to non-vanishing second discontinuities, and then compute
these second discontinuities by use of identity (58). For fermionic 4p cor-
relators, this iterative procedure implies that double bosonic discontinu-
ities must vanish, e.g., Gw” 14 = 0, This follows from the spectral rep-

A~
resentation of G

Z in Equation (E4), where the kernels only depend
on fermionic frequencies 74, z, in the denominators. Hence, there is no

Imzy4 = 0 branch cut, and therefore Gw13 “14 must vanish.
'|

E.2. Spectral Representation of Anomalous Parts

In this appendix, we focus on the spectral representation for contributions
to the MF correlator anomalous w.r.t. one frequency. We again start with
an example for ¢ = 3 (Appendix E.2.1), before generalizing to arbitrary £
(Appendix E.2.2).

E.2.1. Example for ¢ =3

Consider f6;,, G, (i) for £ = 3. Only those terms in the 3p kernel Equa-
tion (A4b) proportlonal 0 g, = iy, 8, and g, = iy, O,y = Gioy, O,
can contribute to G1. Hence, the anomalous PSFs S,!J must contain fac-
tors 6(gq), i.e.,

|a>1

ﬂéiww G] (i(D)

= _%ﬂaian /d355(5123)[5515

+6..S32) (€1, €3) 4

imy3—€73

(123) (e, EZ)Aiwu—eu
+ 65235 231) (62' 53)A|wz £

+ 0¢,,5(321) (€3, EZ)Aiw3—e3]
= —%ﬂfsiw] /C|355(5123)[5515[1,23]+ (€1, €2, €3) Ay,
+6.,50,32, (€1, €2, 63)Aiw3—e3]
= —%/75@1 /d35 6(€123)6¢,501,12,31_1, (€1, €2, €3) Bjy, ¢, (ES)

where we used the symbolic Kronecker notation from Appendix B.1. The re-
maining contributions p = (213), (312) can only contribute to the anoma-
lous terms G, and G;, as they are not proportional to &,,, o

Note that, in the spectral representation (E5), the decomposition of

([ g = EE A, G] ., follows from the PSF decomposmon Only PSF

Tiw, iy
terms proportional to é(e;), &, 6¢,5,12,3_1, » contribute to G1 - In the ab-
- 1/(iw, —

sence of such §(e,) contrlbutlons we can evaluate A, _,,
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£,) and compute the discontinuity Gf;wz = Gi‘# - C'fm_:
"2 "2
AA
6(01)6(@) Gy = =64, 00, S12,31_ (@1, @5, —013),
()6 = @ri)s, (1-6,)S - E6
(@1)G, = (271)6,,, ( ) 51123 (@1, @2, —01p) (E6)

Here, we used 8, Sy1 3,31}, = 204, Syjz,3_ due to the equilibrium condi-
tion (4). These commutator representations will be used for the 3p con-
sistency check in Appendix G.2.2.

E.2.2. Generalization to Arbitrary £

Now, we generalize the insights from the # = 3 example to arbitrary #.
The result will be used in Appendix F to provide a general formula for the
construction of KF components G112l from MF functions.

In the /35 expansion of the MF kernel K = K + R+ O(6?), the 5 term
reads (see Equation (45) in ref. [23])

=1

pR @) = )=-3 2 %0; -

i=1

-1
[120, . (E7)
: 1.4

J=1

i

which was originally derived for # < 4, but can be extended to arbitrary #
with the same line of arguments, starting from the results in ref. [30]. For
general £p functions and terms anomalous w.r.t. the frequency iw, =0,
with I € L= {1,..., £}, only permutations of the form p = 7|7c andp = 76|7,
with I° = L\l again the complementary set to |, can lead to the f5;,, factor
coming from the anomalous kernel in Equation (E7), yielding

ﬂ‘siw,él (iw)

=100, %, [ ¢epter.)

-=c

0

-1 [e]-1

H AQI—...E H AQ!L..!E
i=1 T T
X 5f15[7/,7/c]+ (6 (Emc)) (Eg)

Equation (ES) is a direct application of this formula for £ = 3, I = {1}, and
I° = {2, 3}, where the permutations p = 7|76 run over7|7€ e {1123, 1132}.

To make the connection to Keldysh correlators in the next appendix, we
replace any A;,, = 1/(iw) in the final expression for G;, which amounts to
replacing A — 1/Q in the kernels, such that

Gy

[G, w))]

AW—>— io—z(2")

E/dfe 81 )Rz E) — &)

I

x Rz (&) =€) 8577, (elegie) (E9)

where we identified a product of regular kernels (see Equation (E3c)).
The subscript 2" again denotes # — 2 independent frequencies parametriz-
ing the £ — 1 arguments z of G,(z(2)) = C,;i, with z independent of the
anomalous frequency ;.

The anomalous parts &, typically enter the Keldysh components with
prefactors depending on 47i 6 (w)). Including this factor, the spectral rep-
resentation turns out to be particularly convenient, as we can make use of
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the definition in Equation (90a), leading to

471 6(w))Cryr = —26(w)) Gz

= Z / d’e, 8(e7 7)6(w; — e)K(z;(2) - e;)lz(z,w (" - gf)
i

X857, (E(e))

:Z/dfep5(87_”;)&“{(27“{(@,2') mc) S, ElEgp). (E10)

=
i
In the second step, we used w; = o7 and

6575[]T]+ (Eﬂf)a(w ) - 65 S[// 1+ ( Il )6( [) (E.H)
In the last line, we inserted the definition of the regular product kernel
(E3b). Equation (E10) is the representation needed in Equation (F10) to
express Keldysh components G2l in terms of analytically continued
anomalous parts of MF correlators.

Appendix F: Simplifications for KF Correlators

In this appendix, we derive reformulations of the spectral representa-
tion of KF components, presented in Sections 6.2.1 and 6.2.2, which are
amenable to finding relations between KF correlators and analytically con-
tinued MF correlators. First, we derive a convenient identity for particular
KF kernels for general #p correlators in Appendix F.1. This identity is then
applied in Appendix F.2 to obtain an alternative representation of KF com-
ponents G2l yielding a general analytic continuation formula (Equa-
tion (F10)) for these components (using the results from Appendix E).
This constitutes a generalization of Equation (23) for Gl (a = 1) to
a = 2. An analogous procedure is then applied to KF components GV1+-al
for « =3 and a = 4 in Appendices F.3 and F.4, respectively (see Equa-
tions (98) and (F16)). In the following, we will use the notation introduced
in the beginning of Section 6.2 repeatedly.

F.1. Identity for KI121 for General £p Correlators

For a = 2, Keldysh correlators GI""2] are determined by the KF kernel
Klinfizl = ] — Kl2] in Equation (19d). For a > 2, such differences of fully
retarded kernels occur repeatedly in the spectral representation. In the fol-
lowing, we therefore derive a convenient identity for the kernel K121,
According to Equations (19¢c) and (22), the kernel K121 takes the form

K (@) = KM (@,) — K2 (@,) = ,z(wl[jﬂ) _ ,g(wlljz]) (F1)

Note that 7; < #,, which holds by definition, does not imply 51 < ﬁz‘
For simplicity, we rename u = #j; and v = #},. Using Equations (19d)
and (21), the retarded kernels generally read

H=1 -1
1 1
(1] = L - Kt
K (mﬂ) - (H o= ) H wt K1MKM'

=1 i\ = Y
y=1

:
+ _
K = 11 — (F2)
1.0

i=x

From this definition of Kxi;, the identities

Koke =K, Kp=1 KM=k K (F3)
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directly follow, which allow us to rewrite KI**J(w,) as

Kb = k) — k) = Ky (i, = K K
Tu\ v uv ) vt

v—1
_ - (+ k- o= \ i+
- Z KU«(K,uyHKva - KuyKyv)Kvt’
y=u

1 +
_ZKW ” —w - KK (F4)
Y=H 1.5 1.5
Ly Y
— —
=d(wy 3)

L

In the second line, the terms y = y and y = v — 1 represent the first line,
the remaining contributions y <y < v — 1 cancel pairwise. In the last line,

we used identity (58) to obtain S(ar V)’ enforcing aE =i forl >y.
i y+1...
Inserting this identity into the arguments of K v K*, yields
K (@ Z Kl (@5 - ,§ ,)KM (wyTl...?)
y=n
v=1 @ o
- < LRY R (ol
= Z K3 Joley k@S -
y=n
D!
- VZ!‘ LAy .y\y+'|..,?) (FS)

The last equality follows from the definition (90a), with a =2, n, =,

. 2 — =
n,=Vv,l =1...y,andl =y+ 1...7. Note that, for # = 3, Equation (F5)
readily yields the results of Table C1.

F.2. Simplifications for GIm"! for £p Correlators

After the preparations in Appendices E and F.1, we can now derive an al-
ternative representation of the Keldysh correlators G2l equivalent to
the spectral representation in Equation (19b) but more convenient for the
analytic continuation. This generalizes the concepts of Section C.3.1 from
¢ =3 to arbitrary £.

We start by inserting Equation (F5) into the spectral representation in
Equation (19b),

Gl () = Z[K[fnﬁz] % S,](@,)
P
LS firlia)
il
- z Z ( V|V+1 * Sp)(m7 y|y+1 (FG)
poy=

Since fi; <y < #,, the subtuples | = (T...)‘z) and T = (m...?) always
contain 77 and 7,, respectively. Each of these in turn equals either ; or ,,
sincefj; € {p™'(m), p~
denote the subtuple containing 5 as I , and that containing 1, as | . The
sum over y can then be interpreted as a sum over all possible partitions

of (1, ..., £) for which each of the two subtuples contains either 57 or 7,.
Defining T2 = {(I", )|ny € I',n, € 2, 1" U2 =L, 1" n 2 = @} as the set
of all possibilities to partition L = {1, ..., £} into subsets I' and I? contain-
ing 1, and ,, respectively, we find

V(112)}, hence 7; € {ny, 1,}. Correspondingly, we will

[n112] - % [mln2]
cnle) = 3 | Y (R i 5 |72)(”’f 7 )
(2)er2 |7 2

[Vlz][Vh]
+Y (Klzllloslzm)( ) (F7)

-2 -1
[l
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Table F1. Keldysh kernel of G231 — Glsl (Equation (F11)) for different permutation classes depending on the order of the y; = p~' (1;). Manipulations
similar to Equations (F12) and (F13) result in the alternative spectral representation in the third column, which can be further rewritten as Equation (98)

using Equation (F14) (and equivalent identities).

p Klinfizfiz] — Klusl (G[VV]VIZVG] - G[n;] Z [(K! Klinizhs] — K[H}]) * Sp](mp)

= Z(/l 12,13)er123
1 < pa < iy Kbl ZnplRazp o Spiap) @S + (K 0 S5 ) @] 530)
< < Kival = Kot + Zp el i o S p) @355 + (Koo © Sy ) @781)
Hy < < M3 Kbiail + T plRana o 5,2“1‘73)(07;2‘][{1'1[;["3]) (Rz2 13 © Sz 1) (@ f?l”ﬂi')l
o < Hs <t vzl = bl +ZpplRapn o Sapn) @) + Ranp o Sanp) @3]
My << —kiaral +Z:3|/‘u2[( Pl O Spn R @ ;23\3[1}12[”2]) (R B o Spnp) (@ EZ?'\[U;])]
M3 < Hy < i —Kla! +Xp2alKs 200550 4)(60[';3]?21["”) (K21 © Sape 1)(@%?%‘]])]}

[ Tl TA ATl Il P | i

Here, we collected all terms in Equation (F6) proportional to S(wﬂ) and

summed over all allowed partitions. Using the symmetry of the kernels
(90a) and the (anti)commutator notation from Equation (92), we finally
obtain

Glmml(g) =

(Ih 20502 )(wﬂ"!i"”) (F8)
(nRerzy \72 vl

Ml i

Building on this expression, the KF component can be related to MF
functions for arbitrary #. For this purpose, we use the equilibrium condi-
tion to replace PSF commutators with anticommutators,

S[Y,fh (£7|f) = NE7S[7,T], (eiﬂ )+ S[u N (E/u ) (F9)
1,Per -
= w = coth(fe-/2)*
[ g/eﬁfj -1 !

where N,_ is identical to the statistical factor in Equation (60), and we
used the symbollc Kronecker notation from Appendix B.1. The sign factor
is given by ¢'=+1foran even/odd number of fermionic operators in the
set . Inserting Equation (F9) into the representation (F8), we thus obtain

13 oM
/d EK,1“2 i 6,1“2)

Glmml(@) =
o, ,z €125 1 7

<NE . 5[[1 o (£I1|I2) + 5571 S[ﬂjzh (871 |72))5(8‘|___f)

= Y (Nop GO +4mison) Gy
(I,12)er?

with £ = {w~| i # m, i # 15} (F10)

This remarkable formula generalizes Equation (23) for G\l i.e. fora = 1
and arbitrary Z, to G2l (@ = 2). To obtain its final form, we used that
the retarded product kernel (Equation (90a)) in the second line is propor-
tional to S(wﬂ - 571) and thereby sets NE: = Nm1 =N,, independent of
the integration variables. In the second step, we then identified the spec-
tral representations of discontinuities of the regular MF correlator C:’]
(Equation (E3)) and of the anomalous contribution C,% (Equation (E10)).
Note that the retarded product kernel coincides with the kernel (E3b) with
a suitably continued Z. In Equation (F10), the £ — 2 frequencies in Z carry
['71][*12]

s

negative imaginary shifts, in accordance with the definition of @
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F.3. Simplifications for GIm™1 for #p Correlators

The calculation in Appendix C.3.2, too, can be generalized to arbitrary £p
correlators, in particular for the spectral representation of G211 — Glsl,
The Keldysh kernel for GPlis given by I?(wg“]) = KUsl(@,) for arbitrary per-
mutations p, with u3 = p~'(113). Then, the corresponding Keldysh kernel
for Glmmaml — Glml reads

Kliiafs] _ lusl = gl _ liz] 4 sl _ glusl (F1)

such that the effect of subtracting K3l depends on the permutation. The
permutations can be divided into six categories, depending on the order
in which the y; = p! (m;) occur, see Table F1. This is important since plac-
ing the y; in increasing order yields [77,7;], see discussion before Equa-
tions (19).

Here, we focus on the key steps in rewriting permutations with
My < My < p, denoted by ¥, .. Defining 12 = {(I", , P) | ny €
M€y € bl =@forb#b'} as the set of all possibilities to
partition L = {1, ..., £} into three blocks, each of which contains one of
the indices € U, we have

[(Kinfais] — KlksT) s S ] (@)

pluy<ua<ps

= 2 (K[um] % Sp)(“’p)
plur<ua<uz

Ha =1

_ .o [m1in.]
= Z Z (K'I.uﬂy+1“f * Sp)( e
plur<ua<uz Y=

-y Y (Kl1 2020 S0 Iz\})( 5’”5’32]) (F12)
(RP)EB 2P l l

In the first step, we used that [#,7,73] = s 42 3]- In the second step, we

inserted the kernel expansion Equation (F5) with 7z; = #;. In the third step,

we identified the sum overy as a sum over all possibilities to subdivide the

permutations into the form p = 7 |I |I (which guarantees Hy < py < p3),
2 3 3

2
with the concatenation of I and I’ denoted byl B = I IIIZ\I1 I|,3|
Further, we use

(Kﬁlm M 511\12'3)( [’]ﬁ]%])
(,12,3)e1123 1“2“ I
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_ (K 1“2‘3 oS, 1| 2\3)( [?1];733])
(N2, P)er 2 ay

= Y Y (Ripposiana )@l (F13)

(NI [N 12
(2,31 71 |72|73 [Nl

which again follows by inserting Equation (F5), to arrive at the result in
Table F1.

Contributions of different permutations can be further simplified, e.g.,
the second term of p|u; < p, < p3 and the first term of plu; < pz3 < py
can be collected, yielding

['1 1[n3]
Z (Kﬂum <>SI1“2|3)( *11,2\33)

12 3Ye1123 1,23 |
(2P 2

[m]ln3]
+ 2 Z (Kﬂum © S/1|l3‘z)(mﬂ1f\§ )

12 3e1123 -1 - I
(2, P)e1? 13 2

= Z Z [K1 23 051 23](&)&”!%31) (F14)
(1n,123)er23 71“23 l i all

with I'12 defined in Equation (99a). Using the symmetry of retarded prod-

uct kernels, e.g., KI1“23 = Ku“1 the spectral representation of G211 —

Glns! finally results in Equation (98). Unlike for @ = 2 we don’t have a gen-
eral formula for the analytic continuation to G211,

Equation (100) shows an example for £ = 4. Inserting Equation (88)
into the PSF (anti)commutators and abbreviating S; = (2;ri)35p, we obtain

the following relations:

/ = —N-( N=CF 2T 4 N=CTZTT — 28 (e— AE?ET)

S R N (N3G + N5y 26(e5) 62T),
&

’ FEPEDES FEDEDETY _ AET
S[ﬁil_,[ﬂhh N (NzG + N3G ) = 26(e57) N5 G (F15)

Inserting these into the alternative spectral representation (98), we can
evaluate the convolution integrals and obtain the relations in Equa-
tions (101g)-(101j), which express KF components in terms of MF func-
tions and MWFs.

F.4. Simplifications for GI'4 for £ = 4

For @ = 4, we can directly apply Equation (F5) on the Keldysh kernel, and
a straightforward calculation gives

G[1234] 2[K234|1
234

+ Z[Kmlz oS

134

14101
a1, ] (“’m‘ )

_ M2
[134,2], (@ 134|2)

% 12131
+Z[Kml3 Siza,, 1@ 124|3)

124
R _ 131141
+ Z[Kum © Sz a1, ](("mM)
23

2][3
+ Rajrafs © Sgagral131, 1@ ls)

> 3][1][2
+ Rapaz © Spa,nep 12, J@3 h5)
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o B4
+ (K214 © Sy 2.3 41, 1@ [”12[3]|[4])

210
+ [Kyj3a11 © Spa 34111 ](wz‘]3[4]|[]])

[4][2][3
+ Ragapns © Sga.1,, 0311 1 @igopiy)

o ()
+ K324 © Sy, 24111 (@504

+ (27i)’ (5[[[2,31+,11_,41_ + (341,201

- 5[[[3,4]_,2]_,1]+ - 5[[[4,1]_,3]_,2]+ + 5[[4,2]+,[1,3]+]+ )((0) (F16)

where Y- denotes a sum over permutations of the subset I C {1, ..., £}.
All occuring PSF (anti)commutators can be identified with one of the fol-
lowing four forms,

S = = NzG# 52 F17a
m2-3-4, ¢ (F17a)

s __ = Ny v 4 N Gyrez (F17b)
121,34 ]-

S = NiGTFT 4 Nz CTFT 4 NS CTTT
10,214,314

~E—Em s a AETIES a AETIES
+ NG = 26(eq) 17 — 28(e) 67 (F17¢)

Sim,aa, = VNG~ (1 NN (G G2

~ET,E,ET ~ET,E5ET

— (14 NsN3) (N5GF7T + N G2

+ Ny CW3Z‘+N Gzzzw)

RET,ES,ET

= NyN(N5GF T 4 N, G72) (F17d)

where we abbreviated S; = (27ri)35p and N; =N, and we used Equa-
tion (88) to evaluated above expressions. Inserting these into Equa-
tion (F16) and after application of Cauchy’s integral formula, one obtains
Equation (101k).

Appendix G: Consistency Checks

In Equations (47), (74), and (88), we expressed the 2p, 3p and 4p PSFs in
terms of analytically continued MF functions. While the derivation of these
important results extends over several pages, some consistency checks
can be presented compactly. In Appendix G.1, we first show that our for-
mulas fulfill the equilibrium condition (4). Since this was not explicitly im-
posed during the derivations, it serves as a strong test for our results. In
Appendix G.2, we further show, for ¢ = 2, 3, 4, that our formulas for Sp[G],
when expressing that G through PSFs, recover the input PSFs.

G.1. Fulfillment of the Equilibrium Condition

Here, we show that the results in (74) and (88) fulfill the equilibrium condi-
tion (4) (for the 2p case, this was already demonstrated in (50)). It suffices
to show that they are fulfilled for p, with A =2, i.e., that for p = (1. .f)
we have
Tpbes

Sa.plEq. ) =8e5: mEa. 7)) (Gn
The result for general A follows by induction.

We start with # = 3 and separate the contributions to the PSFs in Equa-

tion (74) from the regular G (denoted by Sp) and the anomalous G terms
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(denoted by S;), Sp= S; + S;;. Inserting Equation (74) into Equation (G1)
first yields

'I /351(27”) Sr 5

= leler|— 267 G2 1]
e Moo G ‘TG
— N2cr
= ni)?sT (G2)
where we used in the second line &2 = —&32 — §Z°T (following
from Equations (C26)), in the third line nei(ngi - ) = NN, and
in the fourth line
1 ﬂ&-T
T aar I . (G3)
1 §1eﬂ67 -1 1
For the G terms, we similarly obtain
1, Peq n2ca
TS
:ﬁeﬂéT[S(e—)n EXT 4 §(ex)n, G2
2773y 3Ty
a A ﬁ;ef A N N 1 2A
+ Blenng 627 +8(e9)b(e5) (G35 - 3633 )|
LT per R ABET A R A BGET
Flee [—ts(,sz)n_ﬁcE T b Gl
~ R 1 AA
+8(eq)n,; G, 7+ 8(ep)blen) (G - EGﬁ)]
a
= (ri)’st (G4)

In the last step, we used that GT # 0 and Gﬁ # 0 imply ¢V = +1. Thus,
we find that our 3p formula (74) indeed fulfills the equilibrium condition.

For 4p PSFs, we confirmed the fulfillment of the equilibrium condition
by inserting the analytic regions (D11) for the discontinuities and by com-
paring the coefficients.

G.2. Full Recovery of Spectral Information

Equations (47), (74), and (88) contain formulas for PSFs, S,[C], as func-
tionals of the MF correlator G for ¢ = 2,3, 4. In this section, we explic-
itly perform the following consistency check: given an arbitrary set of
PSFs S, as input, compute the MF correlator G = Zp K+ S, and verify
that S)[G] correctly recovers the input PSFs. To this end, we insert re-
sults from Appendix E to express the discontinuities in the formulas via
PSF (anti)commutators. From the resulting expressions, we then show
S,[G] = S, by use of the equilibrium condition (4).

G.2.1. Fort =2

We first examine the relations between the MF correlator and the PSF con-
tributions. Using the decomposition of PSFs from Appendix B.1, the stan-
dard spectral function reads

Sstd (€1) :5[1,2]_ (1, —€1) = 5[1,2]_ (g1, —£1) (G5)

Ann. Phys. (Berlin) 2024, 536, 2300504 2300504 (41 of 46)

RIGHTS LI M Ky

www.ann-phys.org

For bosonic functions, ¢ = +1, there may be anomalous contributions
5(57)5,)5. However, the equilibrium condition implies S 15,1 = S(z1.2, S0
that the anomalous contributions cancel in the PSF commutator. Instead,
they solely enter the anomalous correlator, &(iw;) = 6., G, viathe spec-
tral representation with kernel (A4a), yielding

i

o =—§(12);1 (Gé6)

Now, we can show that Equation (47) recovers the input PSFs from the
MF correlator. Inserting &' = —G? = (=2zi)$*9(¢,) (Equation (51)) and
Equation (G6) into Equation (47) yields

5G] = [n GT+8(e9) 65 ] —n.Si3, +0-5m, (G7)
(Here and in the following, we suppress frequency arguments of PSFs.) To

simplify the PSF commutator, we can use the equilibrium condition (4) to
obtain

S__ = —1[5

_ 1 ,—Per&
Me32(12) Je e e m)

= 5@ =(1-6.)5m (G8)

For bosonic 2p functions, the MWF n,_ is undefined for e3 = 0. But since

Sp then has no §(e7) contribution, the Ieft and right side of Equation (47)
can only differ by zero spectral weight. We can nevertheless recover the
correct value for 5,, (e7) at e5 = 0 if we demand that continuum contri-
butions are (piece-wise) continuous. Then, the correct value at e7 =0
is obtained from the formula in Equation (47) by taking the appropriate
limit.

Inserting Equation (G8) into Equation (G7) results in

S,IG1 = (1= 6..) S + Sz = S (G9)

concluding our proof.

G.2.2. Fort =3

Following the line of argument for £ = 2 from the previous section, we
now check that the formula S,[C] recovers the input PSF S, also for £ =
3. Analogously to Equation (G8), the MWFs can be eliminated using the
identity (suppressing frequency arguments)

Sm) =~ ey Sm T e S1m) (G10a)

ST = N-e- Sz, + Oe- S (G10b)

Note that §(e7) contributions cancel in S[1 7. for CT = + due to the equi-

1,23 =(- 567)5[751_
terms must be treated separately to obtain the PSF on the left.

In Appendix E.1, we have already shown that the discontinuities in the
3p PSF are proportional to nested PSF commutators. Analogously to the
derivations for Equations (B8a), (E6), and (E2), we obtain the following
relations:

librium condition (as before), i.e., S= . Hence, such

S(eT)ﬁ(ei)Gﬁ:(Zm) 16,6._5

70211231,
el
8(e7)b(e5)C37 = —(271)25,.6._ S5,
N Aﬂ;si "2
5(57)67 = —(27i) 557(1 - 567)57[23]_’
N Aﬁe 2
o(ez) G 1 = —(2x0) 6., (1= 6. S35,
N Aﬁ;eT "2
5(5;)(% =—(271)%6.. (1= 6.)573 3
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C7T = (2xi)’ S5 3.,
G = —(271) S5 3,1 (G1)
Inserting these into Equation (74) yields
5,161
= [es (7, C7T + 8(ex) 62T+ n_GTT 4 8(e5) 62T
eg\"ez 7 ez 3/M3
N N ﬁ;sf 142 A AA A 1
+8(ep)n, 67 = 33(e9)b(e3) (cgﬁ - 2015)] o (G12a)
= Ner (”“5[2 3~ 00~ 0) 515 ~ e SEa )
- 5&;(1 - 557)5[15173) - ”55557(1 - 5sf)sﬂf§]7
+ 5,55 733, (G12b)

We can now check whether Equation (G12b) reproduces the full PSF, S —= @)

by repeated application of Equations (G10). For this purpose, we use the
PSF decomposition in Appendix B.1 to separately consider the contribu-
tions in the PSF proportional to (e7), and those which are not. Note that
5[2[75]7]7 and S[[T,E],,E], in the first line of Equation (G12b) contribute to
both of these cases.

For PSF contributions not proportional to §(e7), the last line of Equa-
tion (G12b) can be omitted (due to 557), so that

(1= 6..) 5,101

=== (~ns Sz, + 9 S

HeSgaa t 5635[1513)

= =03 Sy + Sia )

=-(1-8.)n.S -6.)S (G13)

ez = U ()
Here, we used Equations (G10) in the first and third step.
For PSF contributions proportional to é(e7), the MWF Ml multiplying

ez 2 Sma_

bosonic case. This issue was already discussed in Equation (C28) (for
unpermuted indices): There, G772 = (zm)zsﬁ'[ﬁ]ili does not contain
factors §(e7) due to the equilibrium condition, and therefore only the first
term, expressed as —ngflfv_g,S[z[1 R needs to be considered. As this
PSF commutator does not contain factors §(e5) due to the equilibrium

in Equation (G12b) seems to diverge in the

condition, we obtain (using n,_=n,_ =n_,_ and §,_ = 6,_ = 6,_ due
2 12 3 2 12 3
to 651,)
_S,[q]
= 0y (e S~ ey (1= 8) s, + ;50

= n_..Ss
= 6. (-1, (1= 6.)S73,5 = ey (1 = 8) S5, + 0575

(3 &

5. ((1=8.)S 5 + 5535@))

S (G14)

(-
T(
557(”*53“ %) 55,12 5‘35@))
+{
s

=90

Here, Equation (G10b) was applied in the first and the third step.
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Therefore, we conclude that Equation (G12b) indeed recovers the input

PSF 5(123) including terms proportional to (e7) in Equation (G14) and

those which are not in Equation (G13).

G.23. Fort =4

Now, the same consistency check can be performed for fermionic 4p cor-
relators. Similarly to Equation (G10), for 4p PSFs, we have

Saza = NesSa e (G15a)

S(ﬁ) = _"Eislﬁ'ﬂl— + 5Eis(m) (G]Sb)

Here, the symbolic Kronecker & only arises in the latter case, since e is

the energy difference for a fermionic operator. Starting from the formula
in Equation (88), we obtain

5plC]

[
= —‘)[nE (n G 4,

= 23557 T
e o e G

23

+hn,_ 5573'5?57) +n

(n G 1+n
23 3

- Gt 1)
2 23

" AEDET a AEDET a Asz ey
+ e B(ery) G2 T4 ne blery) G 4 nb(ez;) G

=7y ["ei(”fz SBEAAL T e @A AL

e SRR T S o3 BAL

e SEIL A T 5555[7;]_[55]_)

+n£12< Mes SEi2_ A1 + ey 5[[[7.51_,51_@_) Mes Oerr 121 B ]

(G16)
= Ny [“Ef (53[2[7.21,1, + 35 A3 T oML
+ 5[231,[131,) (1= 0e) (53[[7.51,21,— + 5[[7.51,31,3)
T Mz Oy (5 231 S[ﬁ],[ﬂl,)]
= Ny ["E; SEaiL . t e SaL . Oy 5[151_37]
= ~Ne-S( 73

In the first step, we inserted expressions for the discontinuities, de-
rived analogously to Equations (B8a), (E6), and (E2). We apply relations
(G15) to eliminate the MWFs in the remaining steps. For the second
step, we note that 5[3 (231 and S[[[T,E]_,E]_,Z]_ contain terms with
and without §(eg;) factor. For the &(eq;) terms, the prefactor of Mees is

undefined at e55. Analogously to the 3p calculation, we evaluate Equa-

12"

tion (G16) using 6,__ (S[3 fza. t s[[ﬁ,f],,i],,i],) =0and n,E,( Meg +
”*54) - H,E§H,EZ
n u( Mes S msuﬁiLEML)
= Mg (1= )( Mes S msuﬁiLEJj])
O e Mey ST 531 (©18)
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To simplify the 6, terms in the third step, remember that the Kronecker
symbol extracts those PSF contributions proportional to a §(g,), such
that the equilibrium condition allows for manipulations like 6, S(1534) =
8, ,,S3arz)- Finally, Equation (G17) shows that the formula in Equation (88)
fully recovers the input PSFs from 4p MF correlators.

Appendix H: Additional Hubbard Atom Material

H.1. Useful Identities

In this section, we prove the identities given in Equations (107a) and
(107b). The first identity follows from

i ( @ +iyg —in )
m -
10=0" \ (@ +irg)2 —u? (0 —iyy)? — u?

Lo 70 70
=i lim +
00\ (@+u)?+72  (@-u)?+¥}

= —iz[8(w + u) + 6(w — u)] (HT)

where we used Equation (58). Identity (107b) is derived via

1 1
lim -
ro—0* ( (@+irg)? —u?  (w—ir)?— MZ)

[ Y0 70
— lim > - 3
w0\ +u?+78 (@-uw?+7

i7”[5(w+u) —6(w —u)]. (H2)

H.2. Simplifications for 3p Electron-Density Correlator

In Section 7.2.1, we introduced the 3p electron-density correlator with reg-
ular and anomalous parts

u? — iwy iw,

[(i01)2 — u?] [(iw3)? — u?]

Gliwy, iw,) =
Gy(imn) = 5 ——— (H3)
Here, we derive the explicit expression G'2l — GBl given in Equation (114),

G- GPl =G (o}, 0;) - G(o], o))

__ 1 _ 1
S (@) -\ (@) -w (@) -

. a il H4
— (@5)2 —u? (“)T)Z w2 (@)2 -2 (H4)

Using both identities (H1) and (H2), this expression can be further sim-
plified to

u+w,; W, —u
. 2 . 2
¢ - Bl = zi— o(wy +u) + i ——— 2 6(wy — u) (H5)

((”2 )Z —u? (wz)
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Additionally multiplying both sides with Ny = N,, and using N_,, =

—N,,,, we recover the first term in the second line of Equation (114),

N, (G = GBY) = xit Slon—u) Sl +u) (H6)
CUZ +u C()z —-u

Next, we consider the Keldysh component G[m_‘_] . Since the regu-
141"
lar part in Equation (H3) is independent of iw;, we can set G'l'l = G2
and G = Gl" (see Figure 6b). Additionally using Equation (83) as well
as G, = G, for the 3p electron-density correlator, the last FDR in Equa-
tion (84) reduces to

[123]

(S
deT”T

=GBl 4+ N1NZ(G’[3] —cla gy 6[3])
+ 471 6(w1,) N, (C[;] - C[;]) (H7)

Here, we show that all terms except G/l cancel out. To this end, we can
reuse Equation (H5) to obtain

G _ gl _ gl 4 gl

= G(wT, w;', a);) - G(w;, w;', “’3_) - C(w']", @5, a)z_) + G(w;, @5, a);')

+ i o(wqy — u) +1 - _1
®, +u o, +u

= 2726 (w1 + u)6 (@, — u) + (w1 — u)6 (@, + u)]

= 271:25(&)12)[5(0)1 +u) + 6(wqy — u)] (H8)

The discontinuity of Gj is easily evaluated with identity (H2)

A A7) _ut 1 1
Gl _ gl _ut -
3 3 2 ( (w-.l%-)Z —u? (w]—)Z — Mz)

=7ri%[5(a)1 +u) — 8wy — u)] (H9)

Inserting all terms (except G'Bl) in Equation (H7) and using again N; =
N, = —N_w’,, we find

@i

NyN, (GBI — GBI — Gl 4 GBI) + 471 6 (wy5) N, \/E(Cg” - 6[32])

= —27%28(w1,)[6(wq + ) + 6 (w7 — u)]

+ 272128 (1) [6 (@1 + ) + 6(w7 —u)] =0 (H10)
Thus, Equation (H7) reduces to

Gl'"®l = Bl (H17)
deT"T

corresponding to the last equality in Equation (115).
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H.3. Simplifications for Fermionic 4p Correlator

In this section, we present the steps needed to obtain the Keldysh compo-
nent G[T112] in Section 7.3. The discontinuities can be easily evaluated after
rewriting the regular part in terms of general complex frequencies as

1 ( 1 1 >

+
Zy+u\z3—uU  z4—u
+1<1+1>+1<1+]>](H12)
Z3+U\Zy—U  Z4—Uu Zy+uU\zy—u  zZ3—Uu

The discontinuity CI(I}Z) — C@ in Equation (120) then reduces to

= u

2
5

—uw?

c2)

W =C? =G0t of, 0y

+6 (w, _u)(w‘1+u + w‘]+u>] (H13)

The second discontinuity Clm) — C( follows by exchanging @, — ®,. Us-
ing the 5-functions to replace u by w; and multiplying with N, the Keldysh

component G[le] takes the form

Gl = 27U s ) — 8y + )] —— + ——
" (@))? - u? @13 Dy

2ziut
T
(w] )2 - Mz

1 1
[6(w; —u) = 6(wy + “)](w—;3 + w—;‘)
5 0(y3)(t— 1)+ () (t+ 1)
Y en i @] - o]

(H14)

Collecting terms proportional to t and replacing the é-functions of its co-
efficient using the identities in Equations (58) and (H2) yields

A @=0

G[T]L] (@) = Gy (@}, 7, 03, )
Glle) = Gy, (@7, 0F, 03, @])
Gll@) = Gy, (@7, 07, 0F, @])
G[TAE (@) = GN(w]_, ), W3, cu:')

B4 ) = 272 [8(w14) = 8(13)]

2 1 1
@)= [(@7)? = u¥[(03)? — u?] [[(w;)z = u?][(wy)? — u?] <“’Z4 "

24 27iu? 8 (014) 1 1
G[N](ro) = +ut —

(@7)? - wl(@;)? - w?] [(@3)? = u?)[(w)? — u?] \ @5,
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[ _ Ariv’[5 (@) — (@3]
I [(wT)Z _ MZ] [(w;—)z — “2]

—2u?t ! ! - ! SN
(@) -2\ ()2 -u? (072 -u? J\ @ o
L] T a .
(@) -2\ (@))? —u? (@) —u? J\ @y @y

1 1 1
+[<wT)2—u2][<w;)2—u2](w% o, ot 14>

By energy conservation, wy,34 = 0, many terms in the bracket cancel, and
we obtain the final result

[ _ Aziv’[5 (@) — (@)
e -] [@p)? -]

+2u%t ! L_+L_>— ] H16
’ [(wnZ—MZ][(w;)z—uﬂ(wzs 70 A

where c.c. denotes the complex conjugate.

H.4. Results for Fermionic 4p Correlator

In this section, we summarize results for all Keldsyh components of the
four-electron correlator for both the G;, and G;; component. They can be
derived following similar calculations presented in the previous section.
Defining

&= L, @)+ I, ()2 - 6
zZ) =
" ML, [@)? - 2]

(H17)

the results for Gy, read

(H18a)
(H18b)
(H18¢c)
(H18d)

(H18¢)

L_) - c.c.] (H18f)
@y

%)— c.c.] (H18g)
Wyy
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@ —27iu?6 (w13) o | a1 ]
Gl (@) = (@) =l )2 =] +u’t _[(w;’) — uz][ — (ws_ = ) c.c. | (H18h)
& —27i28 (w13) o[ RS ] _
e e 7 Ee Rl [T e uz][(w ) - uz](w; @y ) (e
c 27?5 (@14) 2| 2,2 _ H18j
@)= o=ty |t e —uzl(w; oy ) “ (190
Gy = 2B —ol0n)) al RS ' Hisk
R e s ERe Il [T —uz][(w P -\ @y, oy ) (e
GP(0) = G, (07, 0, 0f, w}) + 202ut[5(w; — u) + 8(0; + W)][B (@) — (@13)] S (H18])
a).l —u
c[;f‘” (@) = Gy (@}, @y, @F, @) + 272U t[5(@; = u) + 6 (@) + u)][d(@14) — 6(@13)]— - (H18m)
C()z —u
AlP@) = Gy (@F, 0, @3, ) + 252t [5(04 — ) + 5 (04 + U)][5(01) = 5(@13)] o (H18n)
(,l)3 —u
APl @) = Gy, (@, 0F, 0F, @]) + 272Ut [5(@; — u) + (3 + u)][5(@1) — 6(13)] ( 7)1 - (H180)
(04 —u
G @) = £ [0] Gy (@F, 07,07, @) + 0f Gy (07, 0%, 0, @]) + @F Gy, (07, 07, 0F,@7) + 0] Gy (07, 07, 07, )|
— 4731 8 (1) [B(u + @) = 8 (4 — 07)][6(u + 3) — 5(u — w3)] (H18p)

The same-spin correlator in the MF turns out to be purely anomalous

'/'2(135@14 - ﬁ5imu)
Gy (@) = ——— (H19)
Hi=1 (iw;) —u
Therefore, the derivation of the corresponding Keldysh correlators is
straightforward and yields

(@) = (@) = ¢l (@) = @) = (@) =0 (H20a)
6P (@) = 202 o —i(;;)[tij)z o (H20b)
(@) = 2xi? [(w;iaf“:zi(i,(;f)_ ] (H20)
Gl o) = 20 __jz(]ﬁZ;)z i (H20d)
R e (20

V(@) = 22 [(w;i“f“ljzi(i(;f)_ o (H20f)
1 (@) = 27iu? 2(014) (H20g)

[(@3)? = u?l(@)? — v?]

G @) = 27%ut [6(ws — u) + 8(w3 + u)] [5(14) — 3(01)]

@ -
(H20h)
P (@) = 222t (w;); ——16(04 = u) + 504 + U)] B(014) = 5(@n2)]
(H20i)
(@) = 2x7ut (m}_)%uz[é(w] — ) + 8@ + )] [6(014) - 6(wry)]

(H20j)
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P (@) = 202Ut — 5@, — u) + 6(w, + )] [B(@r4) — (1))

(a)4_)2 —u?
(H20k)
G2 (@) = —47%12 [5(w0y;) — 8(w14] [ (07 +u)
= 6(wqy — u)][6(w3 + u) — 6(w3 — u)]. (H20l)
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6 Conclusion and outlook

In this thesis we studied the analytic structure of multipoint correlators in the Matsubara
and Keldysh formalism and showed how they are related. We further applied quantum field-
theoretic methods both in the MF and KF. The latter computes dynamical observables which
can be directly compared to experiment. After a general introduction to correlators, one-
and two-particle observables, their computation with the parquet equations and functional
renormalization group in Chapter 2, we presented the projects published in Refs. [P1]-[P5].

In Chapter 3, we first recapitulated the single-boson exchange (SBE) decomposition
[KVC19] of the four-point vertex which was originally introduced for Hubbard-like models
with SU(2)-spin symmetry. Using a multi-index notation we generalized the SBE notion
to arbitrary instantaneous interactions and rederived the parquet equations. The main
result of [P1] is the derivation of multiloop flow equations for the SBE components in
different approximations. For completeness, we also showed the relation to the asymptotic
decomposition [WLT*20] and the parquet and mfRG equations for the asymptotic functions.

The asymptotic decomposition was then used in our QFT study of the Anderson impurity
model in Chapter 4, which we performed both in the MF and the KF. We solved the
parquet equations (in the parquet approximation) and the flow equations of the functional
renormalization group (in the one-loop approximation with Katanin substitution [Kat04]).
Our study finds that real-frequency calculations with the full frequency dependence of
the four-point vertex are indeed feasible even in the KF. The numerical challenges were
addressed by suitably adapted non-linear frequency grids, vectorization over the matrix
structure of the Keldysh indices, exploitation of symmetries, and massive parallelization.
Real-frequency results were compared to analogous Matsubara results at zero frequency,
finding good convergence in numerical parameters. We find that the full three-dimensional
treatment of the vertex also improves accuracy compared to previous implementations, where
strong approximations were made. Static and dynamic observables were also compared to
reference data from the numerical renormalization group (NRG) [BCPO08]: For the regime in
which converged parquet results could be obtained (u = U/(7A) < 1) we found that these
give good agreement. While fRG data could be obtained for a wider range of parameters,
they typically showed larger discrepancies already starting at u = 0.5. The physical results
of our study were presented in Ref. [P3] whereas the code release Ref. [P5] then explained
the implementation details of our real-frequency solvers. A separate code release Ref. [P2]
introduces a Julia package for calculations with Matsubara functions. It contains useful
data structures, standard routines and code examples. The package aims to accelerate the
prototyping of diagrammatic solvers in the MF.

For future projects, the presented real-frequency methods may be used for diagrammatic
extensions of dynamical mean-field theory [GKKR96] to study lattice models with strong
correlations such as the Hubbard model. For this purpose, the multipoint generalization of
NRG [LKvD21, LHS"24] may be used as real-frequency impurity solver. In an upcoming
publication [P6] we therefore study the fulfillment of physical relations by the NRG self-energy
and vertex components. A direct generalization of our diagrammatic solvers to lattice models
would lead to a major increase in the numerical effort, both in terms of memory consumption
and computation time. For this purpose a more efficient representation will be needed. The
quantics tensor train representation is a promising representation that can employ efficient
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tensor network algorithms [NnFJD%22, SWM*23, RNnFW*24]. As a first step Ref. [P7]
therefore studies the compressibility of vertices in the KF.

Another interesting direction for future explorations might be the incorporation of Ward
identities into the parquet scheme. Ward identities are consequences of conservation laws
and are not necessarily fulfilled when the parquet equations are approximated. Simultaneous
fulfillment of parquet self-consistency and conservation laws is a very difficult task. After all,
it is known that only the exact solution can fulfil both exactly. However, an approximate
fulfillment of Ward identities might be achieved by a suitable ansatz for the fully two-particle
irreducible vertex R, the fully U-irreducible vertex ¢V or the asymptotic rest function 2.

The formal equivalence of Matsubara and Keldysh correlators is well-known for two-
point functions. This is typically exploited in derivations to avoid the additional index
structure in the KF. Retarded correlators are then recovered via analytic continuation. As a
generalization, in Chapter 5 we present an approach for the analytic continuation of multipoint
correlators. The starting point of our derivations are the spectral representations introduced
in [KLvD21, HSS23] which separate correlators into formalism-independent partial spectral
functions (PSFs) and formalism-specific kernels. We find that it is actually possible to
recover all partial spectral functions from a Matsubara correlator. These fully encode the
physical information and thereby allow to construct all Keldysh components in terms of linear
combinations of analytically continued Matsubara functions. Furthermore, the formulas reveal
that the Keldysh components are related by generalized fluctuation-dissipation relations. As
another application of our formulas we derive expressions for three- and four-point correlators
of the Hubbard atom in the KF, based on the corresponding formulas in the MF. Another
promising direction for future explorations is the numerical representation of multipoint
MF correlators. References [SOOY17, KCP22] demonstrated that two-point Matsubara
correlators can be approximated compactly with a suitable set of basis functions. However,
for multipoint functions, Ref. [WSK21] found that the overcompleteness of the basis prevents
an extraction of the basis coefficients by projection. Instead, a fitting procedure with many
basis functions is required, which limits the method’s applicability. Therefore, a numerical
counterpart of our method for recovering individual PSFs S, (or partial correlators G,) from
a full correlator G(iw) would be valuable. Finally, our formulas might also be useful for
evaluating diagrammatic relations typically formulated for correlators while using the PSFs
as the main information carriers.
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Appendix A
Hubbard atom

The Hubbard atom is a popular toy model which can be obtained from the Hubbard model or
Anderson model (2.78d) by taking the so-called atomic limit (V' — 0). It also has an analytic
solution and has non-trivial multipoint contributions. Therefore, it serves as a good test bed
for numerical implementations. The Hamiltonian of the half-filled Hubbard atom without
magnetic field reads

A =udlddid, -5 > dld,. (A1)
U:Tai

It describes a single site which can be occupied by an electron of spin ¢ =1, . When two
electrons occupy the site they experience an instantaneous repulsive interaction of strength
U.

In this section we present, for ease of reference, formulas for the four-point vertex of the
Hubbard atom which partly have been computed and published in the Matsubara formalism
[Roh13, WLT*20]. For the Keldysh formalism we refer to Ref. [P4]. Alternatively, one may
compute them by inserting the operators d™ into the spectral representation [KvD18b]. For
this purpose, we describe the Hilbert space as vectors in the basis (|0),[1),]}),[T))) where
|0} is an empty, |[t]) a doubly occupied and |o) singly occupied site. The corresponding
eigenenergies are (0, —%, —%, 0) and the creation and annihilation operators can be written
as

000 0 010 0 0 0 00 001 0
+ |1 000 s (o000 + o 0 00 - (oo o0 -1
=10 000l “=looo 1| %=1 0o 00l ®® o000 o
00 10 00 0 0 0 -1 0 0 000 O
(A.2)

where the matrices are obtained from the Jordan-Wigner transformation [Coll5].
In the following we use the parametrization and conventions in Sec. 2.2.5.1. The frequency
convention is summarized in Fig. 2.7(a), or explicitly reads

(Vl’a vor, V1, VQ): (Vaa I/(;—I—wa, 1/{1, Va+wa):(yp+wpa —UVp, V;)—i_wpv _V;):(Vz"i_wh Vg, th7 Vt+(dt).

(A.3)

For notational convenience, we write the interaction parameter in terms of

u=— (A.4)
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to avoid proliferation of factors of % Thus, 1-particle quantities read

G(iw) = iw—lgl(iw)’ (A.ba)
Y(iw) = ji (A.5b)

For the spin components of the vertex we further abbreviate

= = I = Dy (A.6)

iy IESTIES

By SU(2)-spin symmetry (2.91) and crossing symmetry (2.86), these spin components are
related, and it suffices to give the following formula for the I'™ component [WLT*20, Roh13]

TN =T + ' + T

reg ano,a ano,p

+rl (A.7a)

ano,t’

where the regular part can be written in terms of the frequencies of the four fermionic legs

FN(' . i1, ivs) 2+ 3Zi’/i2+6 5H1
W, Wor, 11,19 ) = —2U + U° = U —,
reg 1 2 1 2 HiVi i Vs

(A.7b)

with ¢ € {1,2,1’,2'}. The anomalous parts are most conveniently expressed in terms of the
corresponding r-channel frequencies (w,., v, 1))

F;ﬁoya(iwa, iv,, i) = —Béwa,OD”“’”‘,IUQZn(—u), (A.7c)
F;ﬁo,p(iwp, ivp, il/{,) = —l—B(Swp,oD”p’V?/’uQQn(u), (A.7d)
Tano (it s, 1¥f) = +B8,,0 D" 4w [n(u) — n(—u)), (A.7e)

. _ 1 I/,l// _ (1/2+u2)(1/2+u2) . . . .
where we abbreviated n(e) = ;75 and D" = *=—— 47— For the distribution function
we use the identity n(e) = 1 — n(—e).

A.1 Asymptotic decomposition

For the asymptotic components we obtain
K} (iwa) = —u?B0,,02n(—u), (A.8a)
K} (iwp) = +u?B8,,02n(u), (A.8b)
K} (iwr) = +u?B0,0[n(w) — n(—u)]. (A.8c)

It so happens that we can summarize all the K, () functions in terms of

K38 (1w, iv)) = fr(wr, v)@2% (iw,), (A.9a)
with
u2 A
f/\(WaV) = m> ( -9b)

w7 (iwy) = —T37 + K77 (iw,). (A.9¢)
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Conveniently f) does not depend on the spin index or on the diagrammatic channel, which is
partly due to the chosen frequency convention. This allows us to focus on the K7, components.
In the physical channels they give

K (iwy) = u® B, 02n(u), (A.10a)
K (iwr) = u? B0, 02n(—u), (A.10b)
K} (iwp) = 2K7 (iwp), (A.10c)
K (iwy) = 0. (A.10d)

With these components we can express all other spin and diagrammatic components, thereby
revealing all asymptotically non-trivial functions of the full vertex. The remaining part of
the full vertex is collected in the asymptotic rest function

(pasy =I'-T) _Z(K1T+K2T+K2/T‘)7 (All)
T
which reads
P = N fa(wr )@ (wr) Falwr, V) (A.12)
r=a,p,t

where we expressed the right-hand side in the corresponding r-channel frequency convention
(wr, vy, 1)) for each summand.! In the same notation, we can even express the full vertex as

ro7 = 4F80l + Z [1+ falwr, VT)]@?U/(WT)D + falwr, 1) (A.13)

r=a,p,t

This expression is even more concise than previously published formulas (cf. Ref. [RVT12,
WLT+20, KLvD21]). It encodes all spin channels in a clear manner and asymptotic functions
can be read off easily. Interestingly, the three summands for r = a,p, ¢ factorize and can
be written as products of one- and two-dimensional functions. While the second term
in Eq. (A.13) is highly reminiscent of the SBE terms V, which also factorize into lower-
dimensional functions, it actually differs in details which we will see in the following.

A.2 SBE decomposition

To obtain the Hedin vertices we have to divide Ko, by the screened interaction w,. This is
done most conveniently in the physical spin channels which are diagonal in the ¢ or p channel,
respectively. Hence, the Hedin vertices read

\P/M @?/M(iwt)
¢ (W) = f/\(wtﬂ/t)D/T, (A.14a)
wy " (wy)
wg(iwp)
wg(iwp)'

A (@ps vp) = Fa(wps vp) (A.14b)

Since for the triplet component we have KQTP = 0 the corresponding Hedin vertex vanishes.

1 In Ref. [WLT20] the expression for the asymptotic rest function has a typo and misses the Kronecker-delta
contributions.
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Knowing the exact formulas for the SBE terms V, we also obtain the SBE rest-function

(pUirr —T— Z vr + 2I‘07 (A15)
which reads
. - X
(pU“r’X = Z Ialwr, vr) {wr — W, * (wy) e wr} Pwr, 1), (A.16)

for any spin component X. Here, the ¢-operator represents summation over spin indices in

the respective channels which again is most conveniently performed in the physical channels
X=DM,S.
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Appendix B

Multiloop convergence in Matsubara and Keldysh
formalism

In Sec. 2.2.4 we summarized the parquet approach and the fRG with multiloop extension
[KvD18a]. Both parquet and mfRG equations require the fully 2PI vertex R as external
input. If the solution of the parquet equations is unique both methods should give the same
result by construction. In this appendix we investigate the convergence of mfRG results in
the parquet approximation (R = I'g) for the Anderson model. Using the hybridization flow
A(A) = A/2 every value of the flow parameter A corresponds to a different hybridization A.
Hence, for any A along the flow we can solve the parquet equations with hybridization A(A)
for comparison.

While the solution of parquet and (loop-order-converged) mfRG equations must coincide,
they are obtained in very different ways. The parquet equations can be solved by finding
the vector-valued fixed-point of a non-linear equation, i.e., summarizing self-energy and
vertex into the vector ¢ = (3,T") the parquet equations have the form ¥ = fps(v). For
increasing coupling u = U/(wA) it becomes more and more difficult to obtain a converged
self-consistent solution (see Chapter 4). The mfRG arrives at a result by integrating a flow
equation. However, the mfRG equations (2.77) have the form 9 = £, ra(1,), i.c., they
involve self-consistency in the self-energy flow Y which is solved by self-energy iterations
as described by Algorithm 1 in Ref. [KvD18b]. They further require a loop expansion of

differentiated vertices 4, = >, W) until contributions from higher ¢ are negligible. Since a
large number of loops and self-energy iterations would be numerically expensive, the analysis
of convergence with loop order indicates whether and where the mfRG method is applicable
in practice.

An analysis of multiloop convergence for the Anderson model has already been performed
in the Matsubara formalism [CGKH*22]. There, the final result ¢, of an mfRG flow from
initial A; to final Ay was compared with the expected parquet solution. Loop convergence was
analyzed by limiting the maximal loop order and the maximal self-energy iterations. Figures 4-
6 in Ref. [CGKH™22] show that convergence to the parquet solution is indeed achieved. The
required loop order depends on the choice of regulator and the physical parameters (about
15 - 61 loop orders and 3 - 9 self-energy iterations, see Tab. IT in [CGKH™'22]) . Interestingly,
the convergence slows down for increasing u which coincides with the difficulty of finding a
parquet solution.

Here we follow a slightly different strategy to investigate the convergence of mfRG to
parquet results. For a fixed flow parameter A* we compare the A-derivative 1) obtained
from the parquet method and the mfRG (starting from a converged parquet solution ™).
First, ¢mfRG is determined by evaluation of the mfRG flow equations up to various loop-
orders Njyops and various numbers of self-energy iterations. The reference values ’I,ZJparquet
are computed with a finite-differences method using parquet solutions for A ~ A(A*). As
finite-differences method we use the one described in Ref. [For88]. We choose an equidistant
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Figure B.1 We investigate multiloop convergence for the AIM in the MF at couplings (a) u = 0.5
and (b) u = 0.75. The three rows display the different asymptotic functions comprising 4. (Ko is
identical to Ko by symmetry.) The dotted line shows the numerical derivative of the parquet result
and the blue shaded region indicates deviations within 0.1%. For u = 0.5 (perturbative regime) we
find that five loops are sufficient to obtain a reasonably converged result. At u = 0.75 we see that
loop convergence is achieved at 9 loops. The first self-energy iteration gives visibly better results. For
fermionic Matsubara frequencies we approximate the value at zero frequency by averaging over the
lowest points +77T".

set of A-values symmetrically around A*. Here the step size §y = 0.01 is chosen. With five
points we approximate the derivative up to fourth order in d,.

This strategy effectively isolates systematic errors (due to truncation of the mfRG equa-
tions) from numerical errors which can accumulate and create feedback when integrating a
flow. Furthermore, it greatly reduces the required numerical resources, since the analysis
of multiloop convergence requires us to sweep through various values for the number of
self-energy iterations Ny, and maximal loop order Njops. For a rough comparison of the
numerical effort of the mfRG and parquet scheme, we may assume that each multiloop
contribution ’yﬁez o/ M Eqgs. (2.77) comes approximately at the same cost as a BSE (2.66).
For Ny, self-energy iterations and maximal loop order Njoops, a single evaluation of the mfRG
equations corresponds to Nx(Njgeps — 1) BSE evaluations. In our scheme we need several
parquet results. But this quickly pays off, since it reduces the number of evaluations of mfRG
equations.

In Fig. B.1 we first analyze the convergence of the multiloop approximation Zé\i"l"ps AL
in the Matsubara formalism. For comparison we show the parquet result (dotted line) and
the region with 1%odeviation (blue shaded area). The figure shows results for (a) u = 0.5
and (b) u = 0.75, respectively. For comparability, we focus on the point at zero frequency for
which Matsubara functions have to coincide with the corresponding fully retarded Keldysh
functions at zero frequency. Similar to [CGKH"22] we find that loop convergence is slower
for stronger coupling. Convergence to the parquet result is reached within 6 or 9 loops,
respectively. In both cases the first self-energy iteration gives visibly better results.

In Figs. B.2 and B.3, we then show real-frequency results. As expected from the cal-
culations in the MF, we also confirm multiloop converge in the right column of Fig. B.2.
Most interestingly, however, we can analyze the frequency structure of individual multiloop
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contributions (as shown in the left column of Figs. B.2 and B.3). The non-differentiated
vertex I', one-loop contribution "y7(11) and multiloop contributions *yﬁg% IR/C enter the integrand

of higher-loop contributions j/f,_ezr/% ez Therefore, a good resolution of all vertex contributions

is necessary to minimize propagation of numerical errors for an implementation of the mfRG
flow equations with continuous frequencies.

As shown on the left side of Fig. B.2 the non-differentiated vertex (blue curve) tends to be
the easiest to resolve. It is less sharpy peaked and has less sign changes than the other curves.
Among all components the ‘center’ contribution "yr(,.e()] has the sharpest structures, demanding
a particularly dense frequency grid. However, while the individual multiloop contributions
develop sharp structures, their sum Zé\i‘)fps W) is rather well-behaved. Summed multiloop
contributions for Nigeps = 1,2, 3 are shown in the right column of Fig. B.2. We observe that
after combination of all contributions most structures cancel out and give a docile curve
again.

We conclude that a calculation of the mfRG equations in the Keldysh formalism requires
a higher resolution than a comparable parquet solver. This is partly due to the sharp features
in the higher-loop contributions, partly to the iterative nature of the mfRG scheme which
accumulates errors during the iterative loop expansion in the mfRG equations and during
the iterative quadrature steps in Runge-Kutta methods. In addition, the mfRG equations do
not fully circumvent the necessity of solving a self-consistent equation since the differentiated
self-energy ¥ and differentiated vertex Yr.c also appear on the right-hand side of the mfRG
equations. In comparison, the parquet equations directly compute the vertex I' and self-
energy X by self-consistency iterations. They thereby avoid the sharply peaked multi-loop
contributions. Furthermore, fixed-point iterations suffer less from the propagation of errors.
Therefore, for the chosen system and parameters the parquet approach tends to be more
efficient than solving the mfRG equations.
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Multi-loop contributions for SIAM at u = 0.5, 7/U = 0.01 (t}-component)
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Figure B.2 We show multiloop contributions (2.77) to the fully retarded Keldysh vertex 4222 at

small coupling u = 0.5. Each row shows a slice through the asymptotic functions K;; (i = 1,2,3). The
lines in the left column show the non-differentiated parquet result T' (blue), the one-loop contribution
dr® (2.77b), the "left* dT''" (2.77¢), the "right* dT'\¥ (2.77f) and the center* dI'%Y) (2.77g) contribution
at different loop orders. We find good agreement with the Matsubara results (circles) at zero frequency.
For better visibility all lines have been divided by the largest absolute value of the function. In the
right column the red dashed line shows the numerical derivative (‘num’) computed from parquet
results. We further show the summed multiloop contributions Zgi‘f‘ q'/,ge) up to order £ = 1,2,3
(labeled by ‘sumfp,a,l’). With increasing loop order £y, the curves approach the full derivative.
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Multi-loop contributions for SIAM at « = 0.75,7/U = 0.01 (1}-component)
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Figure B.3 Similar comparison as in the left column of Fig. B.2 for a different value of u = 0.75.
Also here we find good agreement between Keldysh and Matsubara at zero frequency.
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