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Abstract

Strongly correlated quantum systems exhibit striking physical properties that cannot be described by
standard one-body theories, such as band theory for instance. To understand the origin of these phenomena,
all particles have to be treated together with their interactions: one talks about the many-body problem. If
modern analytical methods give a qualitative understanding of the mechanisms at work in these materials,
numerical approaches can provide quantitative and reliable results. This Thesis is about developing novel
algorithms to study strongly correlated materials, both in and out of equilibrium.

First, we focus on the equilibrium properties of the layered perovskite SroIrO4, a compound isostruc-
tural to the superconducting cuprate La;CuQO,4. Using a continuous-time quantum Monte Carlo algorithm
as an impurity solver in a 2-site dynamical mean-field theory setup, we are able to precisely compare pho-
toemission results to experimental data. Moreover, we prove the existence of a pseudogap and describe the
electronic structure of this material upon doping.

Then, in order to address the thermodynamic limit of lattice problems, we develop extensions of de-
terminant Monte Carlo algorithms to compute dynamical quantities such as the self-energy. We show how
a factorial number of diagrams can be regrouped in a sum of determinants, hence drastically reducing the
fermionic sign problem. By comparing results for the two-dimensional Hubbard model with those obtained
from diagrammatic Monte Carlo, we show that we can reach higher perturbation orders and greater accu-
racy for the same computational effort.

In the second part, we turn to the description of nonequilibrium phenomena in correlated systems, where
the emergence of even richer physics can be expected. Such materials are very difficult to model because
the time evolution has to be solved on top of the quantum many-body problem. We start by revisiting the
real-time diagrammatic Monte Carlo recent advances in a new basis where all vacuum diagrams directly
vanish. In an importance sampling procedure, this implies that only interaction times in the vicinity of the
measurement time contribute, and such an algorithm can directly address the long-time limit needed in the
study of steady states in out-of-equilibrium systems. We also present a detailed discussion on the origin and
limitations of the fermionic sign problem in real-time algorithms.

Finally, we study the insulator-to-metal transition induced by an electric field in CasRuOy4, which coex-
ists with a structural transition. As numerically exact methods are still too primitive to capture the complex
physics of this multi-orbital material, we develop a steady-state quantum impurity solver based on the
Non-Crossing Approximation, that we couple with a dynamical mean-field theory setup. This allows us
to compute the current as a function of crystal-field splitting in this material, and we present encouraging
preliminary results in and out of equilibrium.
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Résumé

Les systemes d’électrons fortement corrélés sont le siege de phénomenes physiques fascinants qui ne
peuvent étre expliqués par une théorie des bandes. Afin de comprendre ces propriétés, il faut traiter I’en-
semble des particules et leurs interactions : on parle du probleme a N corps. Les méthodes analytiques mo-
dernes permettent d’obtenir une compréhension qualitative des mécanismes a 1’ceuvre dans ces matériaux,
mais il est nécessaire d’employer des méthodes numériques pour obtenir des résultats fiables et quantitatifs.
Cette These porte sur le développement de nouveaux algorithmes pour 1’étude des propriétés d’équilibre et
hors d’équilibre des systemes d’électrons fortement corrélés.

Nous nous intéressons tout d’abord aux propriétés d’équilibre de la pérovskite SraIrO4, un matériau
structurellement équivalent au cuprate supraconducteur LaoCuQO,. Nous utilisons un algorithme de Monte
Carlo en temps continu comme solveur d’impureté dans un modele de champ moyen dynamique a deux
sites, ce qui nous permet de comparer précisément nos résultats théoriques a des expériences de photoémis-
sion. Nous mettons également en évidence 1’existence d’un pseudogap et décrivons la structure électronique
de ce matériau en fonction du dopage.

Nous développons ensuite des extensions aux algorithmes de Monte Carlo déterminantaux pour I’étude
de quantités dynamiques comme 1’énergie propre. Nous montrons qu’il est possible de regrouper un nombre
factoriel de diagrammes en une somme de déterminants, réduisant ainsi fortement le probleéme de signe fer-
mionique. En comparant nos résultats pour le modele de Hubbard bidimensionnel a ceux obtenus par le
Monte Carlo diagrammatique, nous montrons que le méme temps de calcul permet d’atteindre des ordres
de perturbation plus élevés et une meilleure précision.

Dans un deuxieme temps, nous décrivons les systemes fortement corrélés hors d’équilibre, ot nous nous
attendons a 1I’émergence d’une physique encore plus riche. Il est trés difficile de modéliser ces matériaux
car I’évolution temporelle doit étre traitée en plus du probleme a N corps quantique. Nous commengons par
revisiter le Monte Carlo diagrammatique en temps réel dans une nouvelle base qui permet aux diagrammes
du vide de s’annuler directement. Au cours d’un échantillonnage statistique, cette propriété implique que
seuls contribuent les temps en interaction proches du temps de mesure. Ceci permet d’atteindre la limite
de long temps nécessaire a 1’étude des états stationnaires des systemes hors d’équilibre. Nous discutons
également en détail 1’origine et les limitations du probléme de signe fermionique dans les algorithmes en
temps réel.

Pour terminer, nous étudions la transition métal-isolant induite par un champ électrique de CasRuQy,
qui coexiste avec une transition structurelle. Les méthodes numériques exactes étant encore trop primitives
pour rendre compte d’une physique aussi complexe que celle de ce matériau, nous développons un solveur
d’impureté quantique stationnaire basé sur "l’approximation sans croisement”, que nous couplons a une
théorie du champ moyen dynamique. Ceci nous permet de calculer le courant en fonction du champ crystal-
lin dans ce matériau, et nous présentons d’encourageants résultats préliminaires a I’équilibre ainsi que hors
d’équilibre.
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Notations

Wy, Matsubara frequency

T Imaginary time

t Real time

w Real frequency

H Hamiltonian

S Action

VA Partition function

G Interacting Green’s function

g Noninteracting Green’s function
Y Self-energy

A Hybridization function

" Matrix form

U Coulomb repulsion between electrons
~ Hopping amplitude

o) Spin of an electron

B Inverse temperature

c Monte Carlo configuration
DMFT Dynamical Mean-Field Theory
MC Monte Carlo

CT-QMC Continuous-Time Quantum Monte Carlo
DiagMC Diagrammatic Monte Carlo

NCA Non-Crossing Approximation
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Chapter

General Introduction

Condensed matter physics aims at studying organized forms of matter and predicting the properties of
materials based on their microscopic structure. As theoreticians, our ultimate goal would be to start from
the positions of atoms and electrons in order to understand why a given compound might conduct electricity,
reflect light, or — in the case of superconductors — levitate above a magnet.

We typically deal with 1022 — 1023 particles: A sand grain indeed contains a number of atoms compara-
ble to the number of stars within the observable universe! Macroscopic phenomena therefore emerge from
the collective structure and motion of all these building blocks. As an example, let us consider diamond and
graphite (from which pencils are made). Both are only made of carbon atoms, one of the simplest elements
in nature. Still, because they crystallize in very different structures, one compound is transparent, extremely
hard and insulating, while the other one is black, brittle and conducts electricity. Recently, even more exotic
materials have been engineered solely from carbon atoms, among which fullerenes, carbon nanotubes, and
graphene. One can easily be convinced that this whole bestiary cannot be predicted from the properties
of a single atom. As P.W. Anderson beautifully summarized in an eponymous article in 1972: “More is
different.” [8]

In many systems, particles can however be described as if they were independent. For example, it is
often a good approximation to assume that a given electron does not “see” individually all other electrons,
but rather that its motion only depends on an effective medium constructed from the general structure of the
material and the overall presence of other particles. This way of describing the system, called band theory,
works remarkably well for a wide range of materials, and allows one to understand properties of simple
metals as well as semiconductors.

Strongly correlated materials cannot be described by band theory, usually because interactions between
electrons become important. This is for instance the case for Mott insulators, in which the electrons remain
localized because the cost in Coulomb energy is too high for them to move. If the reader ever had to ride
the subway in Paris or New York at rush hour, he or she might have been unable to enter the train. However,
there technically is some space left if you were to pile commuters on top of one another! But “human
interaction”, of course, prevents you from doing so. As soon as electronic correlations come into play, we
have to consider the full system where all particles influence each other: this is the quantum many-body
problem.

The full Hamiltonian describing a piece of matter containing N, atoms and N, electrons is actually
very easy to write

2

e
"= ZQM 2me Z dreg|r; —
2 <iZien. (L
e 1 Z2e?
224776 |R—r|+ Z dmeo|R; — Ry|’
i=1j=1"""" 7 1<igj<N, O T

where an electron, with mass m., is located at r; and has a momentum p;, while an atom, with a number
of protons Z; and a mass M, is located at R; and has momentum P;. ¢ is the dielectric constant.
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Figure 1.1 — Minimal models used to describe strongly correlated materials.

The wavefunction 1 of the system is then obtained through Schrodinger equation

oY

ih
o T

Hap. (1.2)
As compact as this expression looks like, 7 actually has... 1023 variables, and all the atoms of the universe
would not provide enough matter to store it on hard drives! Without additional symmetries, it is in practice

impossible to directly solve this model when N, and N, exceed 16. ' This paradigm led Paul Dirac to state
in 1929: [43]

The underlying physical laws necessary for the mathematical theory of a large part of physics
and the whole of chemistry are thus completely known, and the difficulty is only that the exact
application of these laws leads to equations much too complicated to be soluble. It therefore
becomes desirable that approximate practical methods of applying quantum mechanics should
be developed, which can lead to an explanation of the main features of complex atomic systems
without too much computation.

This is the path we choose in this Thesis: We start from minimal models that contain the key ingredients
to capture the physics we are interested in. As these remain impossible to solve analytically, we then
develop numerical methods to study their properties. Let us now give some examples of exciting physical
phenomena that would not exist without strong correlations and introduce the most common models we use
to describe them.

1.1 Interesting properties of strongly correlated materials and toy
models

Materials where strong correlations matter are often complex: they either imply sophisticated layered
structures, heavy atoms, or multiple orbitals. However, as theoreticians, we like to design models that
seem to oversimplify the problem at hand, but actually minimally include key ingredients to see the physics
emerge: this is the infamous spherical cow. In the case of strongly correlated materials, two competing
energy scales are at the heart of their rich physics: the kinetic energy that comes from the motion of the
electrons in the material, and the potential energy coming from the Coulomb interaction between electrons.

Let us see how they give rise to some of the most intriguing phenomena of condensed matter physics.

1.1.1 High-temperature superconductivity

Superconductivity was first discovered in 1911 by Kamerlingh Onnes, who realized that mercury’s re-
sistivity drops to zero when cooled down below 4.2K. Usually, current in a material comes with energy
losses due to particles colliding (this is the reason why laptops heat up for instance). In superconductors,
electrons form a state where they flow smoothly without any collision: the current they create then lasts
forever, under the condition that the system is kept at low enough temperature. Materials such as mercury
are known as “conventional superconductors”, and their critical temperatures are low, reaching at most 10K
for simple metals. A microscopic explanation of this phenomenon was found by Bardeen, Cooper, and

1. See Chapter 2 for more details.
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Figure 1.2 — Some properties of high-temperature superconductors.

Schrieffer who were awarded the Nobel prize in 1972.

In the late 1980s, a new type of superconductivity was discovered in layered ceramics, cuprates, com-
posed of copper-oxygen planes separated by bigger atoms. Their critical temperature was found to reach up
to 150K, hence their name of high-temperature, or unconventional, superconductors. The low energy band
structure of these materials is characterized by a half-filled energy band, however cuprates are Mott insu-
lators with a sizable energy gap of 2 eV (not a natural candidate when looking for a new superconductor!)
[121].

The Hubbard model, depicted in Fig. 1.1a, is widely used to describe the two-dimensional properties of
cuprates. It describes a square lattice where electrons can hop between different sites with amplitude ~, and
experience the Coulomb repulsion U when being on the same physical site. Its Hamiltonian writes

H= —’YZCIJCJ‘U + Uznmnu (13)

ij,o i

where cZTU (resp. ci,) is the operator creating (resp. annihilating) an electron with spin ¢ on site ¢, and
Nig = c;rocig is the density operator.

A very rich and complex phase diagram, with a superconducting dome, appears when doping either with
holes or electrons, as is sketched in Fig. 1.2a. Apart from superconductivity, another salient phenomenon
in cuprates is the appearance of a ‘pseudogap’ in the underdoped part of the phase diagram, whose origin is
still very debated today. It was first observed in 1989 as a sharp decrease in the Nuclear Magnetic Resonance
(NMR) response [3], but it is also characterized by a suppression of coherent quasiparticles in the antinodal
region of the Brillouin zone. This yields a momentum-differentiation of the spectral intensity and so-called
Fermi arcs that were observed both experimentally, see Fig. 1.2b, and theoretically [149, 48].

1.1.2 Hund’s metals

Rich physics also emerges when studying multi-orbital materials. In these systems, the energy scale
associated with the intra-atomic exchange, the Hund’s coupling J, also has to be considered. J influences
the electronic correlations as it lowers the effective Coulomb repulsion when two electrons are on different
orbitals with parallel spins as opposed to when they are on the same orbital.

The importance of Hund’s coupling was pointed out early on for insulators [162, 163]. More recently,
its relevance to the physics of multi-orbital correlated metals was emphasized, starting with two pioneering
papers [172, 70]. It quickly became apparent that Hund’s coupling plays a crucial role in a broad family of
materials, including transition-metal oxides of the 4d series such as ruthenates (especially SroRuOy4 [111]),
as well as iron pnictides or chalcogenides (for a review, see e.g. Ref. [54]). The term ‘Hund’s metals’,
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u/mD

Figure 1.3 — Colour map of the degree of correlation (as measured by the quasiparticle weight z) for
a Hubbard-Kanamori model with 3 orbitals. U/D is the Coulomb interaction normalized to the half-
bandwidth, and n is the number of electrons per site. J = 0.15U. Black bars are the Mott insulating
regions. [42]

coined in Ref. [186], is generically used to refer to these strongly correlated but itinerant systems. Several
of these materials also display superconductivity — with distinctive properties in comparison to single band
cuprates given their multi-band nature.

The atomic Hamiltonian describing the ¢2, orbitals of these systems is called the Kanamori Hamiltonian
and writes [78, 58, 155]

H= Z €aNac T+ JZ (lededZ,J,dai + lededl‘Ldbi)
ao a#b

+ U narnay + (U =20) Y napmpy + (U = 3J) Y naomig.
a a#b a<b,o

(1.4)

Here a = xy, xz,yz denotes one of the ¢y, orbitals, d:fw (resp. dg) creates (resp. destroys) an electron on
orbital a with spin o, and n,, = d}Lw dq 1s the number operator. €, is the energy level of orbital a, U the
Coulomb interaction and J the Hund’s coupling. When a hopping term is introduced on a lattice composed
of different sites described by the above model, one talks about the Hubbard-Kanamori Hamiltonian.

Recent theoretical studies show that the Hund’s coupling plays a crucial role in multi-orbital metals
with moderate Coulomb interaction U. The Hund’s coupling has been characterized as being ‘Janus faced’,
since it is responsible for two competing effects. It indeed drives the system away from the Mott transition,
but at the same time it makes the system more correlated by decreasing the quasiparticle coherent scale
[42, 54]. This is summarized in Fig. 1.3 for a Hubbard-Kanamori model with 3 orbitals. The ‘degree of
correlation’ ? is studied as a function of U and of the number of electrons 7 in the orbitals. Light yellow
denotes a strongly correlated material while darker colors are the sign of a good metal with relatively few
interactions. The value of the Hund’s coupling is set to J = 0.15U and black bars denote Mott insulating
regimes. Specific materials are schematically placed on the diagram.

1.1.3 Quantum dots

Up to now, we have presented physical phenomena occurring in lattice systems, where many strongly
correlated sites are connected together. Quantum dots, on the other hand, are made of a single atom en-
capsulated between large noninteracting reservoirs, as depicted in Fig. 1.1b. Electrons can hop between the
impurity and the leads, but only experience Coulomb repulsion on the impurity. The first experimental re-
alization of such a system was obtained at the interface of GaAs/AlGaAs heterostructures [40, 56, 57, 145].

2. As measured by the quasiparticle weight z, see Section 2.1.3 for more details.
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Figure 1.4 — Top view of a quantum dot (middle) created at the interface between two reservoirs (top and
bottom). [57]

A top view of this setup in provided in Fig. 1.4, where we see the dot (middle part) connected by tunnel
junctions to the reservoirs (top and bottom).

In the case of a left (L) and a right (R) lead, and the impurity being a single-energy level ¢, the Hamil-
tonian of a quantum dot writes

H= GZ dlda + UndTntu — Z Yk (d;I;.CQko' + hC) + Z Gkaclkgcaka (1.5)
o ko ko
a=L,R a=L,R

where d:fT (resp. d,) is the operator creating (resp. annihilating) an electron with spin ¢ on the impurity,
and ng, = d! d, is the density operator. clka (resp. cqko) 18 the operator creating (resp. annihilating) an
electron with spin o in the « lead with a momentum k. The €y, describe the energy spectra of the leads,
7k is a hopping term between the impurity and the leads, and U is the Coulomb repulsion. Note that this
model is easily driven out-of-equilibrium by changing the filling of the two leads. When only one lead is
present, it is called the Anderson impurity model and was originally used to describe magnetic impurities in
materials [7]. It is nowadays one of the basic blocks of Dynamical Mean-Field Theory, as we will discuss

in the next Chapter.

One of the most studied phenomena in quantum dots is the Kondo effect [40, 56, 57, 145]. The local
magnetic moment of the impurity antiferromagnetically couples with the bath electrons, resulting in the
formation of a spin singlet between the atom and the bath. At low enough temperature, the impurity moment
is screened and the scattering rate of the bath electrons increases: This results in an enhancement of transport
properties. In the presence of strong correlations, the current can however be easily suppressed through
Coulomb blockade [1]. Understanding the interplay between electronic correlations and the Kondo effect
is thus of great interest to build new nanoelectronic devices.

Quantum dots have also been considered as possible candidates for the construction of quantum qubits
[97, 127].

1.14 U = 0 and v = 0 limits: towards perturbation expansion

We have seen that, in the study of strongly correlated systems, two parameters matter and actually
compete with each other:

— the hoppping term v > 0, that allows electrons to move in the material, >

— the Coulomb repulsion U > 0 between electrons.

Setting either the Coulomb repulsion or the hopping amplitude to zero is interesting, as both these limits
are completely understood from a theoretical point of view. If U = 0, correlations vanish and electrons
freely flow in the material. This problem can be solved using band theory and electrons behave as plane
waves. If v = 0, atoms become independent and electrons are then strongly localized. It is interesting

3. Note that the hopping term is usually denoted ¢ but, as we will consider out-of-equilibrium physics, we keep this variable to
denote times.
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to note that the wave-particle duality of electrons, one of the key principles of quantum mechanics, is
embodied in these two limits.

The richness of the physics observed in strongly correlated materials comes from values of U and + that
are typically comparable, so that we cannot easily discard one of the two. However, these two limits pave
the way for the methods we develop in this Thesis. Among the many theoretical approaches to the quantum
many-body problem, we choose to focus on perturbation expansions, either in U or 7, * therefore taking
advantages of a well-understood starting point. Note that these approaches are not truncated explicitly at
a given order, such as second-order perturbation theory for instance, as we express physical quantities as
infinite series that we then resum.

1.2 Overview of the Thesis

Chapter 2 aims at giving a broad overview of the formalism and techniques used to study strongly
correlated materials. We start with the imaginary-time formalism for equilibrium physics, introducing
Green’s functions, spectral functions, self-energies and hybridization functions. We then review modern
computational methods for the many-body problem, before presenting the Dynamical Mean-Field Theory
(DMFT) approximation.

This manuscript is then divided in four independent parts that correspond to four different physics
project that were studied during the Thesis.

First, we focus on the equilibrium properties of the layered perovskite SroIrO,4, a compound isostructural
to the superconducting cuprate LapCuOy. In Chapter 3, we present recent angular resolved photoemission
spectra that reveal a strong momentum differentiation in the Brillouin zone. Then, we construct a minimal
model of the low-energy electronic structure of doped SroIrO4. Correlations are included using a 2-site
dynamical mean-field theory setup where an hybridization-based quantum Monte Carlo algorithm is used
as impurity solver.

In Chapter 4, the effects of doping on the electronic structure of this material are studied. A rapid col-
lapse of the Mott gap is found, and we prove the existence of a pseudogap which causes the momentum
differentiation of the spectral intensity. There is an overall excellent qualitative agreement between our
results and experimental data.

In a second part, we address new developments in determinant Monte Carlo algorithms for fermionic
systems. In Chapter 5, we start by a general introduction to continuous-time quantum Monte Carlo algo-
rithms. These are based on an expansion of the partition function Z either in the Coulomb repulsion (CT-
INT) or the hybridization function (CT-HYB), and they aim at sampling the quantity of interest (Green’s
function, density, self-energy, ...) at different perturbation orders using contributions to Z as weights in a
Monte Carlo sampling.

These methods being mainly limited to quantum impurity problems, we introduce in Chapter 6 an
alternative and complementary technique that can directly be used on the lattice. Diagrammatic Monte
Carlo algorithms are based on an expansion in U and they compute physical quantities such as the Green’s
function by sampling diagrammatic contributions. Recently, the Connected Determinant (CDet) algorithm
has been shown to greatly improve the fermionic sign problem when computing correlators by regrouping
topologies of diagrams in a sum of 3" determinants at order n.

When studying strongly correlated systems, one however needs to go beyond the study of Green’s func-
tions and compute dynamical quantities such as the self-energy. In Chapter 7, we therefore present an
extension of the CDet algorithm that allows to sum contributions from one-particle-irreducible diagrams in
the Monte Carlo weight using determinants. By comparing results for the two-dimensional Hubbard model
with those obtained from state-of-the-art Diagrammatic Monte Carlo, we show that we can reach higher
perturbation orders and greater accuracy for the same computational effort.

We then move to the description of nonequilibrium phenomena in correlated systems. Such materials
are very difficult to model because the time evolution has to be solved on top of the quantum many-body
problem. In Chapter 8, we start by introducing the Keldysh formalism to compute observables in real time.
Then, we present an early attempt of real-time quantum Monte Carlo algorithm which is a direct extension

4. Technically, it will be an expansion in the hybridization function A and not in the hopping -, see later for more details.
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of CT-INT on the Keldysh contour. It suffers from a dynamical sign problem that prevents the technique
from reaching long times. A route explored to cure this problem is the real-time diagrammatic quantum
Monte Carlo algorithm that directly samples contributions to the density using an explicit summation of 2"
determinants at order n in the Monte Carlo weight. This exponential sum has been shown to cancel vacuum
diagrams, greatly reduce the sign problem, and allow the computation of observables in the infinite-time
steady-state limit.

This exponential scaling of the computation of the Monte Carlo weight limits our capability to compute
high orders with great precision. In Chapter 9, we show that we can obtain the cancellation of diagrams and
the long-time clusterization property without summing an exponential number of terms. Using the Larkin-
Ovchinnikov (LO) basis, we rewrite the integrand as a sum of 4™ determinants, but show that diagrammatic
rules in this basis are such that every diagram has the clusterization property. In other words, the elimination
of vacuum diagrams is directly achieved in the diagrammatics without the need of an exponential sum.
When implementing this property in a Monte Carlo algorithm, we face a huge sign problem originating
from massive cancellations between LO configurations that are only performed stochastically.

In Chapter 10, we present a detailed discussion on the origin and limitations of the fermionic sign
problem in this algorithm. More specifically, we are interested in understanding whether there is a way
of regrouping contributions in the LO basis that would optimize it and thus reduce the overall error bar.
We start by exhibiting grouping patterns found heuristically before presenting a machine learning approach
based on deep Haar scattering networks. We are able to greatly reduce the obtained variance, but not enough
to compete with the original real-time diagrammatic quantum Monte Carlo algorithm.

The last part of the Thesis focuses on the study of the insulator-to-metal transition driven by an electric-
field in CagRuQy. Its transition indeed appears to be driven at room temperature using a dry-battery level
voltage, resulting in a suprisingly low threshold field Ey, ~ 40 V/cm. The multiorbital nature of this material
and the need to reach the steady-state limit prevent us from using the numerically exact diagrammatic
methods that are still too primitive. It is therefore desirable to use a more economical way to solve the
quantum impurity model that still captures the essential physics of the system. In Chapter 11, we present the
Non-Crossing Approximation (NCA), a simple approximation in the hybridization function that analytically
sums a subset of diagrams without crossing hybridization lines. We first present the equilibrium version
of NCA to introduce the formalism, before exposing the out-of-equilibrium equations on the full Baym-
Kadanoff triple contour.

As we are only interested in the steady-state regime of CagRuQO, driven out-of-equilibrium, we would
like to avoid solving the full transient regime. In Chapter 12, we first present an out-of-equilibrium version
of the NCA approximation working on the Keldysh contour. We then derive the infinite-time limit of
the equations in order to obtain a solver directly tackling the non-equilibrium steady-state limit. These
algorithms are benchmarked by computing the current flowing through a quantum dot.

In Chapter 13, we start by presenting the recent experiments where a switching from the insulating
state to a metallic one is observed when applying an electric field. We reexpress the effects of the static
electric field as a linear voltage drop in the material, which allows us to construct a tight-binding model
for the material in the steady-state regime. Correlations are introduced using the dynamical mean-field
approximation, and we use the long-time limit NCA impurity solver developed in Chapter 12. Preliminary
results are then presented both for the equilibrium and out-of-equilibrium material.
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Chapter

Overview of many-body techniques for
strongly correlated systems

This Chapter aims at giving a broad overview of the formalism and techniques used to study strongly
correlated materials. We start by reviewing the imaginary-time formalism for equilibrium physics, in-
troducing Green’s functions, spectral functions, self-energies and hybridization functions. Note that the
introduction to the Keldysh formalism to compute observables in real-time is postponed to Chapter 8. We
then review modern computational methods for the many-body problem, before presenting the Dynamical
Mean-Field Theory (DMFT) approximation.

2.1 Basic equilibrium formalism

In this Section, we introduce the theoretical objects and notations used throughout this Thesis. For a
complete introduction to the many-body formalism, see for instance Ref. [25].

In the following, we consider a system described by a Hamiltonian H with inverse temperature 3. CLL
(resp. cxq) creates (resp. annihilates) a fermion with momentum k, a being a composite index denoting
other possible degrees of freedom: spin, orbital, ...

2.1.1 Green’s function

Introducing the Heisenberg representation ciq(7) = €7 ciqe ™7, the imaginary-time Green’s func-

tion, also called Matsubara Green’s function, is defined for every momentum k in the Brillouin zone,
T €10,0], as

Gan(k,7) = = (Trea(T)efy (0)) Q.1
where the time-ordering operator 7, is
Trexa(T)ely (7) = (1 — ') ewa (T)ely (7') — 0(7" = T)eby, ()i (7). 2.2)

In the following, we use the ~ notation to denote a matrix form. The Green’s function is extended to all real
numbers as being antiperiodic of period 8

Gk, 7+ 8) = —G(k, 7). (2.3)
The Fourier transform of the Matsubara Green’s function is
Gk, iwy,) = /O ’ e“nTG(k, 7)dT, (2.4)
where the discrete frequency variables w,, are called Matsubara frequencies and satisfy
Wy = W,n e Z. 2.5)

11
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The Green’s function for spinless fermions described by a band dispersion ¢y is for instance

1
K iwp) = ———— 2.6
G(k,iwy) FER—— (2.6)

where p is the chemical potential of the system.
The real-frequency Green’s function ! can be obtained from its Matsubara counterpart using analytical
continuation

G(w) = Giwy, — w + in), 2.7

where 7 is a positive infinitesimal. Although this procedure is well defined on paper, it involves in practice
the inversion of a nearly-singular matrix. This is responsible for huge error bars on G (w) that are difficult
to quantify and possibly biased, especially for large w. As most equilibrium algorithms work in imaginary
time and/or frequency, it is therefore of paramount importance to pursue the development of methods that
are able to directly compute equilibrium properties in real time / frequency.

2.1.2 Spectral function

The spectral function is defined as
A 1 A
Ak,w) = ——ImG(k,w). (2.8)
7r

Experimentalists can probe the trace of this observable using Angular-Resolved PhotoEmission Spec-

troscopy (ARPES), shining light on the material and determining the momentum of the extracted electrons.

Examples of such spectral intensities are displayed in Chapter 3 where we present the physics of SraIrQOy.
Noticing that

1 1
Awp(k,w =0) = lirrb ——ImGup(k,w) = lim ——ImGap(k,iwy,), 2.9)
w—r i

iwy —0 e

the inspection of the extrapolation of the imaginary part of the Matsubara Green’s function in the 7" = 0
limit provides a criterion to distinguish between a metal and an insulator:

— IfIm Tr {é (iwn)} — 0 when iw,, — 0, no states are present at the Fermi level and the system is an
insulator,
— If Im Tr [é(zwn)} — C # 0 when iw,, — 0, the system is a metal.

In the case of spinless fermions described by a band dispersion €y, A simply writes
Ak, w) = 6(w + 11 — ex). (2.10)

In real materials, these peaked dispersions are dampened by the finite lifetime of the particles.

2.1.3 Self-energy and hybridization function

When studying strongly correlated materials, it is useful to introduce the noninteracting Green’s function
g, always denoted by a lower case letter throughout this Thesis. The effect of correlations in the system are
then encoded in the self-energy X defined through Dyson’s equation

(K, iwn,) = gk, iwn) "t — Gk, iwy,) L (2.11)

Labelling €éx the noninteracting energy dispersion in the system, i the chemical potential, and 1 the identity
matrix, the fully interacting Green’s function of the system then writes

Gk, iwy) = [(mn )1 — & — S(k, iwn)} o (2.12)

If the system is noninteracting, Sisnull and G = g.

1. Technically the retarded component of the real-frequency Green’s function. See Chapters 8 and 9 for a full introduction to
real-time formalism.
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It is instructive to consider the scalar case and expand the self-energy at first order
Y(k,iwy,) = D + %) +iwn (1 — 2 1), (2.13)
where ¥} = lim,,,, 0 ReX(k, iw,,) and £i/ = lim,,,, 0 ImX(k, iw,,). The Green’s function then writes

. Zk
Gk, iw,) = . 2.14
(K, i) wn + 2k — ex — X)) — iz X)) @.14)

The energy bands are thus shifted by the real part of the self-energy and renormalized by zi, as well as
dampened by the imaginary part of the self-energy times zj. In the uniform case, if z ~ 1 there is almost
no difference with the noninteracting case and the system has a well-defined energy dispersion. On the
other hand, if z ~ 0 the spectral weight at the Fermi level is suppressed and a gap opens: the system is a
Mott insulator. z is therefore often used as order parameter to study the Mott transition.

When the strongly interacting system we study is coupled to a bath, this can be encoded in a hybridiza-
tion function A, so that the noninteracting Green’s function writes

. —1
9k, iwn) = [(z‘wn )l — b — A(iwn)} . (2.15)
The full Green’s function is
N n N —1
Gk, iwn) = [(iwn )1 — & — Aliw,) — S(k, iwn)} . (2.16)

A will prove useful for many lattice systems in the context of dynamical mean-field theory, where a site is
singled out and treated as an impurity self-consistently embedded in the material, see Section 2.3.

Let us consider the case of the quantum dot located between a left and a right lead introduced in Section
1.1.3 as an example. The hybridization function takes the form

2
Agliwn) = Y ZMT%% 2.17)

a=L,R k

2.2 Overview of numerical approaches

Computational methods for many-body quantum systems have seen considerable progress in the last 30
years thanks to new algorithms as well as new concepts and approximations. As the development of numer-
ical techniques plays a central role in this Thesis, we provide here a broad overview of modern algorithms
used to tackle the many-body problem in and out of equilibrium. Those might either be used successfully
on full lattice systems (such as the Hubbard model of Section 1.1.1) or for quantum impurity problems. The
latter will turn particularly useful in the context of dynamical mean-field theory that we present next.

First, semi-analytical approximate methods, such as Iterated Perturbation Theory (IPT) [53] or the Non-
crossing Approximation (NCA) [81, 59, 90, 131, 16, 17, 69] provide fast and easy-to-implement quantum
impurity solvers. These techniques consist in keeping a subclass of contributions to the self-energy in a
perturbation expansion. The error introduced by these approximations cannot be precisely quantified, and
they are nowadays considered as too primitive for the study of correlated systems at equilibrium. They are
however still largely employed when modelling out-of-equilibrium phenomena where numerically exact
methods cannot reach relevant regimes of parameters yet [45, 95, 102, 126]. NCA will for instance be used
in Chapter 13 to describe CasRuQy4 subject to an electric-field.

A large class of methods are interested in the ground state properties of materials, hence working in the
T = 0 limit. All of these techniques are nonperturbative in the system parameters.

Exact Diagonalization (ED) directly addresses the Schrodinger equation Ht» = E1 on a lattice system
of N sites using an iterative matrix eigenvalue solver, such as Lanczos algorithm. It provides a versatile and
unbiased method, but is very much limited by the number of sites that can be treated. The current record is
set at N = 50 interacting spins using symmetries and many computational tricks [179].
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The Numerical Renormalization Group (NRG) approach aims at treating the small energy scales of an
impurity coupled to a bath through a logarithmic discretization of the bath [180, 27, 28]. The system is then
diagonalized starting from the impurity site alone and iteratively adding degrees of freedom of the bath. The
exponentially growing Hilbert space is truncated by only keeping the lowest-lying many-particle states.

The Density Matrix Renormalization Group (DMRG) method is also based on a truncation of the Hilbert
space using a bond dimension D [176, 177]. It has a very natural interpretation in one dimension, where the
wavefunction is represented by a product of matrices of size D x D. The method can treat system sizes up
to several hundreds of sites and its accuracy can be systematically controlled by increasing D. Extensions
for T" # 0 or dimensions higher than 1 (called tensor networks) face strong limitations due to entanglement
entropy [164, 165].

All of these methods have been extended to treat time-dependent impurity Hamiltonians [5, 6, 146] as
well as transport through open systems [4] but remain strongly limited by the size of the Hilbert space and
the entanglement entropy, and can therefore only treat low dimensions and low temperatures.

On the other hand, many numerical methods start from well-defined limits at high temperature and try
to reach lower temperatures using Monte Carlo techniques. In all these algorithms, the contributions to the
quantity we accumulate, such as the Green’s function or the partition function, have alternating signs due to
the anticommutation relations between fermionic operators. This leads to cancellations between individual
measurements and exponentially growing errors: it is the sign problem. More details are provided in Section
5.3.1.

The auxiliary-field quantum Monte Carlo (AF-QMC) algorithm tries to recover the ground state wave-
function by applying the e ~#* operator to an initial wavefunction and taking the 5 — oo limit [188, 151,
150]. This method uses imaginary-time path integrals that are stochastically evaluated with the help of
auxiliary fields introduced by a Hubbard-Stratanovich transformation. The inherent sign problem can be
managed using a constrained-path approximation, but this can introduce a systematic error that has to be
controlled.

Continuous-time quantum Monte Carlo (CT-QMC) algorithms have been a breakthrough in finding
solutions of quantum impurity problems [139, 140, 171, 173, 61, 62]. These methods are based on a
perturbation expansion of the partition function, but do not truncate the series at a specific order so that
they are numerically exact in the limit of long computational time. The two most popular approaches, that
we present in more details in Chapter 5, are the CT-INT, based on an expansion in the Coulomb repulsion
U, and the CT-HYB, based on an expansion in the hybridization function A. Both methods face a strong
limitation with the system size N. The hybridization expansion is limited because of the exponentially
growing size of the Hilbert space, while the interaction expansion faces an average perturbation order in the
sampling of the partition function scaling as USN.

Diagrammatic Monte Carlo methods can directly address the thermodynamic limit, that is the limit
of infinite system size with fixed density of particles. Based on an expansion in the Coulomb interaction
U, they compute physical quantities, such as the Green’s function, by directly sampling their diagrammatic
contributions [129, 130, 88, 73, 22, 135]. A strong reduction of the sign problem has recently been achieved
in algorithms using a sum of determinants to express contributions from different topologies of diagrams
[135, 110, 168]. These ideas are exposed in Chapters 6 and 7.

Early attempts of real-time quantum Monte Carlo algorithms were direct extensions of the CT-QMC
methods on the Keldysh contour. They sampled the partition function Z, both using strong-coupling and
weak-coupling expansions [112, 175, 174, 144]. They however faced a ‘dynamical’ sign problem that wors-
ens when trying to reach longer times. Current efforts to build real-time quantum Monte Carlo methods
mainly explore two routes: the inchworm algorithm [37, 35, 36, 32, 33, 9, 21] and the so-called diagram-
matic QMC [128, 15, 14, 109]. The latter is the subject of Chapters 8 and 9.

Considerable efforts have recently been put in comparing the strengths and limitations of many of the
above methods on lattice models [93, 143].

2.3 DMEFT or the importance of the quantum impurity problem

In Sections 1.1.3 and 2.2, we have presented quantum impurity models and efficient techniques to solve
them. An important effort has indeed been made in this direction because one can design a mapping be-
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Figure 2.1 — DMFT mapping of a lattice site to an impurity self-consistently embedded into a bath.

tween the full lattice problem and a single site embedded in a bath: this is the Dynamical Mean-Field
Theory (DMFT). For a complete review on the subject, see Ref. [53].

Let us consider a lattice system. According to Section 2.1, the interacting Green’s function writes
. . -1
Gk, iwn) = | (iwn + 1)1 — & — S(k, iwn)} , (2.18)

where €y is the energy dispersion of the noninteracting system, p the chemical potential and 2(k, iwy, ) the
lattice self-energy. The key idea is then to isolate a single lattice site and embed it into an effective bath
with which it can exchange electrons through a hybridization function A(iwn), as depicted in Fig. 2.1. The
impurity Green’s function is

~ —1

Glimp (i) = [(z‘wn )1 — éq — Aliwn) — Simplicn)] - (2.19)
The embedding requires the local Green’s function on the lattice to be equal to the impurity one

Groe = »_ G(k,iwn) = Gimp iwn). (2.20)
k

At this point, the equations are still exact as we have only introduced a representation of the local Green’s
function as an impurity coupled to a bath, and the above equation should be understood as a functional
equation that determines the hybridization function.

The DMFT approximation consists in stating that the lattice self-energy does not depend on k and is
given by the impurity model self-energy

S(K, iwn ) = Simp(iwn). (2.21)

The hybridization function now has to be self-consistently adjusted in order for Eq. (2.20) to be satisfied.

Note that the ‘dynamical’ refers to the ability of this approximation to handle different time scales or
energy scales involved in the excitation spectra of the system, and not to out-of-equilibrium physics. This
scheme is exact in the atomic limit (A = 0) as well as in the noninteracting case (f] = 0), so that it is
thought to be a good candidate to obtain physical results in the intermediate regime where both the interac-
tion and the hybridization matter. This approximation has also been shown to be exact in the limit of infinite
lattice coordination (Bethe lattice). Moreover, as it approximates the lattice self-energy by the impurity one,
it yields meaningful results for systems that have a localized self-energy.

In practice, this approximation is solved using the following iterative scheme:
1. Start from a noninteracting local Green’s function §(iwy, ).

2. Solve the impurity model in order to obtain f)imp(iwn).

3. Construct the local interacting Green’s function

Groe =Y [(iwn )l — b — iimp(iwn)} - (2.22)
k
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4. Construct the new noninteracting Green’s function using Dyson’s equation
nf A1y & . -1
Gliwy) = |Gy (iwn) + Eimp(zwn)} . (2.23)

5. Loop until convergence.

Extensions of DMFT have been developed in order to go beyond Eq. (2.21). A first approach is to add
more sites in the impurity model. In the Dynamical Cluster Approximation (DCA) formulation, the Bril-
louin zone is thus partitioned into area tiles and the self-energy is approximated as a piecewise function of
momentum in each tile [72, 71, 99]. The Cellular Dynamical-Mean Field Theory (CDMFT) scheme con-
siders on the other hand a real-space cluster extension of the self-energy [87, 99]. Translational symmetry
is however usually broken and periodization schemes have to be used. In Chapter 4, we use 2-site CDMFT
to study the electronic properties of electron-doped SraIrOy.

Another route is to include spatial correlations by making a higher order object than the self-energy
local. In DT'A, the two-particle analog of the self-energy, the fully irreducible two-fermion scattering vertex
A, is assumed to be purely local [80, 159]. In TRILEX, it is the three-leg interaction vertex that is assumed
to be local [12, 13]. Both methods are computationally heavy due to the evaluation of these higher order
vertices.

The DMFT approximation has also been extended to study out-of-equilibrium strongly correlated sys-
tems [10], and we will use it in Chapter 13 to model CasRuO, subject to an electric field.
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Chapter

Experiments and Model

In Chapter 1, we presented the properties of high-temperature superconductors. One of the biggest
challenges of modern condensed matter physics consists in understanding the emergence of the pseudogap
and its interplay with superconductivity. In this respect, the SroIrO, iridate is a very interesting playground
as it closely resembles these materials.

It is indeed isostructural to La;CuQOy4 [133], and its low-energy electronic structure is well described by
a single half-filled band because of strong spin-orbit (SO) coupling as shown by electronic structure calcula-
tions in the Local Density Approximation (LDA) [83, 100]. Angular Resolved PhotoEmission Spectroscopy
(ARPES), optical spectroscopy, and resonant inelastic X-ray scattering experiments [83, 84, 41, 24, 158] as
well as scanning tunneling microscopy [120] demonstrate that the ground-state of this material is a Mott in-
sulator. This conclusion is also supported by electronic structure calculations taking into account electronic
correlations [100, 187, 94].

In this Chapter, we present recent ARPES experiments emphasizing a momentum-differentiation of the
spectral intensity in the Brillouin zone, and we develop a minimal model to capture the physics of SroIrOy.
Results concerning the electronic structure of this material upon doping are presented in the next Chapter.

3.1 Motivation

3.1.1 Material

SrolrQy is a layered transition metal oxide. The electronic configuration of the Ir* T ions is {Xe}4 f145d°
and the compound crystallizes in the K;NiF, tetragonal structure, as LapCuO,4 or SroRhO,, with planar

€g
—
Ve
5d d
\ jeff - 1/2
\ —
AN //
=—==<
tgg Sa
jeff == 3/2

(a) Sr2IrO4 structure. Orange dots denote oxygen  (b) 5d levels splitting due to the crystal field and spin-orbit
atoms, and blue ones strontium atoms. Iridium atoms  coupling.
are located at the center of the octahedra. [31]

Figure 3.1
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(e, ™)

(0,0)

(a) 0.85 Potassium monolayer deposited on the  (b) La substitution: (Sri_zLa;)2IrO4 for x =
parent compound. [85] 0.05. [41]

Figure 3.2 — ARPES experiments on electron-doped samples of SraIrO,.

IrO4 layers forming a square lattice of Ir*™ ions [133]. The IrOg octahedra are rotated about the c-axis by
~ 11 deg., generating a doubled unit cell [39]. The structure of this material is sketched on Fig. 3.1a. The
iridium ions are at the center of the grey octahedra defined by the position of the oxygen atoms (orange).
The strontium atoms (blue) separate the layers in the material.

The 5d° electronic configuration would naively yield a metallic state in a band theory approach. SroRhOy,
having an identical atomic arrangement with nearly the same lattice constants and bond angles, is in-
deed found to be a Fermi liquid metal [167]. SroIrO4 however has a very strong spin-orbit (SO) cou-
pling, a property which was shown to modify the electronic structure near the Fermi level in 5d sys-
tems [152, 138, 184, 100, 187].

As pictured in Fig. 3.1b, the 5d structure of SryIrOy, is indeed split in two e, and three 5, bands due
to the crystal field. Through the action of spin-orbit, the ¢, manifold then splits into a low-lying effective
momentum jeir = 3/2 quadruplet, and a higher-lying effective total angular momentum jer = 1/2 doublet.
This compound then effectively reduces to a half-filled jer = 1/2 single band near the Fermi surface, a
configuration which makes it prone to the opening of a Mott gap as a result of repulsive interactions.

As a result, despite very different electronic structures, the effective low-energy physics of SrolrOy
can be described by the same minimal model as developed for cuprates. One of the outstanding questions
concerning this material is therefore to discover if this analogy can be extended to the metallic phase, and
especially if we can find high-temperature superconductivity and the occurence of a pseudogap.

3.1.2 Photoemission experiments

The noninteracting Fermi surface of this material being electron-like, the hole-doped regime of high-7;
cuprates (see for instance Fig. 1.2) is to be compared with the electron-doped regime of SroIrO4. Several
experimental groups performed ARPES measurements on this material to investigate the doped compound
further [85, 41, 24, 158]. We reproduce in Fig. 3.2 the spectral intensity at the Fermi surface obtained by
growing a potassium layer on top of the undoped material (Fig. 3.2a), and by performing a La substitution
of the Sr atoms, (Sr;_,La,)2IrO, (Fig. 3.2b). The spectral intensity exhibits a strong momentum differ-
entiation, leading to the appearance of pockets in the ‘nodal’ region located around (7 /2, 7/2), while the
ARPES spectra in the ‘antinodal’ region around (7, 0) are suggestive of a pseudogap. !

More insight is gained from probing the quasiparticle bands below the Fermi surface, see Fig. 3.3, where
the fully gapped parent insulator (left) is compared to the doped system at x = 0.05 (right). The intensity
is displayed along the nodal (fop) and antinodal (bottom) directions. A clear ‘collapse’ of the Mott gap
is found upon doping, that is the two bands become much closer to each other. In the doped compound,
bands around (7/2,7/2) extrapolate to a Dirac point at —0.1 eV and cross the Fermi surface with linear
dispersion, resulting in the sharp pockets observed in Fig. 3.2b. Along the antinodal direction, bands shift
towards the Fermi energy with a rather round and spread behavior.

1. Note that the ‘nodal/antinodal’ terminology is inherited from the cuprate context and does not refer to the nodes of a supercon-
ducting gap — up to now no unambiguous evidence of superconductivity has been established.
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-Ec (V)

E
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Figure 3.3 — ARPES experiments probing the spectral intensity below the Fermi surface of Sr2IrOy4, both for
the insulating parent compound (/eff) and the electron-doped material (right). Intensities are shown along
the nodal (upper panels) and the antinodal (lower panels) directions. [41]

Note that, because of the stoichiometry of the material, the z = 0.05 La doping in the experiments of
Ref. [41] corresponds to a nominal electron doping of 10%.

In the following Section, we construct a theoretical model for the low-energy electronic structure of
doped Sr2IrO4, and we then treat electronic correlation effects in the framework of cellular dynamical
mean-field theory (CDMFT). In the next Chapter, we present our results, demonstrating the existence of a
pseudogap and reproducing the momentum-differentiation in the Fermi surface spectral intensity maps (see
Fig. 4.4).

3.2 Minimal model

3.2.1 Tight-binding model

Our starting point is the tight-binding (TB) model introduced in Refs. [76, 30] describing o, bands in
the presence of a spin-orbit coupling. Because of the rotation of the IrOg octahedra around the c-axis, the
SroIrOy4 unit cell is composed of two inequivalent sites A and B. The tight-binding Hamiltonian is then
written as

Ho= > YL Ho(k)iu, 3.1

kcRBZ

where the momentum sum is over the v/2 x /2 reduced Brillouin zone and the components of Yy are the
electron annihilation operators for all 12 orbitals in the unit cell {cx o |T = A, B;a = Ay, dyz, oy 0 =7
,+}. It is convenient to order the basis according to (cad,,t,CAd,. > CAd.. 1, [A < B]) followed by their
time-reversed partners ([f<>]]). There is no coupling between these two blocks as the system is time-
reversal invariant and we can thus only consider the first half of the basis, taking into account that all bands
are two-fold degenerate.

The remaining 6 x 6 tight-binding matrix H, writes

09 = (2 o) (32
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= 19y model = Effective j.;; = 1/2 model
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Projection of the t5, model on the j.ry = 1/2 states
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Figure 3.4 — Left: Projection of the tight-binding model for the ?24 bands (Eq. (3.2)) on the jefr = 1/2 states.
The value of the projection ranges from 0 (black) to 1 (yellow). Right: Comparison between the full ¢5,
model and the effective j.r = 1/2 model from Eq. (3.10) with E = 0.

where P describes the hopping part of the Hamiltonian

o, [~A01(K) 0 0
Pk)=e 2" 0 —27(k) 0 : (3.3)
0 0 2k

with 71 (k) = 7o cos %= cos %’, ~Y2(k) = 7o cos @ and y3(k) = o cos kzgky. Here k = (kg, k) is
expressed in terms of the reciprocal vectors forming the reduced Brillouin zone.

O describes the on-site part of the Hamiltonian. It includes the spin-orbit coupling A L; - S; and reads
A¢ter(n(k)/v0)? A2 —ir/2

O(k) = A/2 0 —ir2], (3.4)
ir/2 iAJ2 0

where A, is an on-site energy difference of the d, orbital relative to d,, and d.,, and A is the spin-
orbit coupling parameter. The additional term e; (71 /70)? accounts for the hybridization between d,,, and
dg2_,2 [76]. In the following we consider A; = 0.15 eV, 79 = 0.35eV,e; = —1.5eV and A = 0.57
eV. It has been shown that these values yield a band structure in good agreement with LDA+SO calcula-
tions [76, 41].

We plot in Fig. 3.4 (left) the six bands resulting from the diagonalization of Hy(k) along the (0,0) —
(r/2,7/2) — (m,0) — (0,0) path of the full Brillouin zone. When the eigenvalues are projected on the
Jett = 1/2 states

1
o1t
Jeff SR
it can be seen that the low-energy bands essentially have jor = 1/2 character, as highlighted in Refs [83,
76, 30, 41]. It is therefore natural to look for an effective reduced 2 x 2 Hamiltonian describing these states.

) =% 75 ey ) £ (1), ) £ 1, P, (35)

3.2.2 Effective jer = 1/2 model

We rewrite H in the basis (|3, 2) 4, (2, 1), 2. D)4, 12, D)5, 12, - 2)4. |12, -2)B)
Hipp(k)  M(k) )
Hy(k) = 7 36
o= (58 yat (G0

kg tky

where, labelling [(k) = e™*~ =, uy(k) = l(k)vy1(k), uz(k) = (k) (72(k) — y3(k)),
% [At +ex (7;7((]‘())2} + A —%Ul(k)

2 I
—Su] (k) : {Az +e (M) } + A

Yo

Hyjo(k) = (3.7
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<0.20 /
L /
2 0.15 = —
2 L
5 -
€ 0.10 =
iy |
2 &
5 0.05 Effective jo;; = 1/2
Io t — t' model

0.00

0 1 2 3 4 5 (0,0) (m/2,7/2) | (.0) (0,0)

Distance

Figure 3.5 — Left: Real-space hopping amplitudes of effective jor = 1/2 Hamiltonian with respect to the
distance (the inter-site distance is normalized to 1). Right: Comparison between the effective jer = 1/2
bands with ' = 0 and the folded dispersion obtained by keeping only the nearest and next-nearest neighbor
hopping terms (resp. v = —0.219 eV, 7/ = —0.082 eV).

2
—g [At +e1 (L,Y(Ok)) :| 237\/§U1(k)
2
Mi(k) = 220 (k) -2 {At +er (1) ] : (3.8)
Jsui(k) 0
and
2
2 [At +er (1) } -3 — 104, (k) 0 sz (k)
2

Hy)o(k) = — 20w, (k) 2 |:At +e1 (7177(01‘)) } -3 %u;(k) 0 . (3.9

0 T uz(k) -3 —2u; (k)

Jsub(k) 0 “2uf(k) -3

An effective Hamiltonian is then obtained by projecting Hy onto the jeg = 1/2 subspace
HS,(k) = Hyjp(k) + M (k) [E x Liwa — Hapo(k)] M (k), (3.10)

where 144 is the 4 X 4 unit matrix and F an energy scale that is adjusted in order to best match the original
band structure.

While it is difficult to obtain a compact expression for this reduced Hamiltonian, one can easily diago-
nalize H fffZ numerically for every k point of interest. This is shown (red lines) in Fig. 3.4 (right) together
with the complete ?24 band structure (black lines) for E' = 0. The effective model appears to be in excellent
agreement with the two low-energy bands exhibiting a jer = 1/2 character.

As mentioned earlier, the SroIrOy4 crystal has a two-atom unit cell, and we expressed the tight-binding
models above in the reduced Brillouin zone in order to make contact with experiments. Let us however
emphasize that all sites are actually equivalent from a purely electronic point of view in these models. An
inspection of the band structure in the reduced Brillouin zone indeed reveals that it results from the folding
of half as many bands defined over the full Brillouin zone. This can be seen e.g. from the degeneracy of the
bands along the (7/2,7/2) — (m,0) path. As a result, the effective model in Eq. (3.10) can be written as a
simple tight-binding model on a square lattice

Hi% = qijeles, G.11)
iJ

where the hopping amplitudes -y;; are shown as a function of the distance |¢ — j| in Fig. 3.5 (left). We obtain
a good approximation of the band structure by only keeping the nearest and next-nearest neighbor hopping
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Figure 3.6 — Cellular DMFT approximation.

terms (for an almost perfect agreement it is necessary to keep 8 hopping parameters). This yields the simple
energy dispersion
e(k) = €0 + 27(cos ky + cos ky) + 47 cos ky cos ky, (3.12)

where g = —0.174 eV, v = —0.219 eV, 7/ = —0.082 eV and k = (kg , k,) is now expressed in the
basis of the full Brillouin zone. The folding of this band in the reduced Brillouin zone is shown together
with the effective jer = 1/2 band structure previously derived in Fig. 3.5 (right). Let us mention that a
similar tight-binding model was derived in Ref. [170] with the difference that the d-_,> admixture was not
included in their work.

In the following, we use the effective Hamiltonian derived in Eq. (3.10), HST 2 = Dk H;"/‘Q( ), to
describe the low-energy excitations of the system.

3.3 Introducing correlations: Cellular DMFT

We model the effect of electronic correlations in SroIrO,4 by introducing an energy cost for having two

electrons on the same Ir atom

H= H1/2 + UZ NNz (3.13)
where n;,, is the occupation number on the j, = o orbital of the Ir atom 7 = A, B in the unit cell 7. In the
following we use U = 2 eV [76, 41] and a temperature T'=1/8 = 1/200 eV ~ 58 K.

This model is studied using cellular dynamical mean-field theory [87, 53]: The original lattice Hamil-
tonian (3.13) is mapped on a two-site auxiliary cluster model embedded in a self-consistent medium (see
Fig. 3.6). The self-energy of the cluster model X, -+ is used to construct an approximation of the lattice
self-energy where only intra unit cell components are non-vanishing, i.e. Ziith, = X, 7. Note that the
orbitals at sites A and B are electronically equivalent and therefore ¥ 44 = Y.pp and Y45 = YXp4. We
obtain the following expression for the lattice Green’s function

élatt(iwn, k) = {(iwn +u)l H1/2(k) — i(iwn)}_17 (3.14)

where k is defined in the reduced Brillouin zone and both G2t and 3 are 2 x 2 matrices associated WitlAl
the two Ir atoms in the unit cell. The CDMFT self-consistency imposes that the cluster Green’s function G
be the same as the unit cell Green’s function of the lattice:

)= 3 Gt = 3 {(iwn+u) Hl/z(k)—fj(iwn)}_l. (3.15)

keRBZ keRBZ

These quantities can be expressed in the basis {|1,1)4,|%, 3) 5} of the jer = 1/2 orbitals on sites A
and B. However, because A and B are electronically equivalent, it is convenient to work in the basis B of
even and odd combinations of the jeir = 1/2 orbitals, defined by

1 11 11
)=, 2153),) 10
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In this basis, the cluster self-energy is diagonal because A and B sites are electronically equivalent

S(iwy,) = (Z+(é“") 2_8%)) . (3.17)

Note that for a given k point, Glatt (iwn, k) is not diagonal. One can however show that, for a generic 2 x 2
diagonal matrix M in the B basis, >, rpz [H (k) + M| “lisa diagonal matrix too. As a result, the
CDMEFT self-consistency Eq. (3.15) implies that both cluster quantities G and ¥ are diagonal in the /5 basis.

This equation is solved iteratively in the following way: At the iteration step n, the quantum impurity
model is described by a diagonal noninteracting Green’s function §(™ and a local interaction Hamiltonian
that has the following expression in the B basis

: U
Hint — 3 Z (nsan + ngynsy + CLTCLLCg\LCgT + CZTCTquiC@T) . (3.18)

s=

This cluster model is solved using the CT-HYB quantum impurity solver? (148, 171, 173, 62], directly in
the B basis. It yields both the cluster Green’s functions G'™) and self-energies ¥(™). The self-consistency
condition is used to construct a local diagonal lattice Green’s function

N N —1
Gidiwn) = Y- {(wn + )1 = HG(K) = (i) | (3.19)
keRBZ

This allows one to get a new expression for the noninteracting cluster Green’s function ¢ via Dyson’s
equation

[gml)} = {é“‘)} Tsm, (3.20)

loc

This procedure is iterated until convergence. Codes were developed using the TRIQS library [123].

This model is used to introduce electronic correlations on top of the tight-binding Hamiltonian ’H‘“iffz.
In the next Chapter, we present the electronic structure obtained when doping the Mott insulator SraIrOy.
A strong momentum differentiation is found in the Brillouin zone, as well as the onset of a pseudogap.

2. An introduction to continous-time quantum Monte Carlo solvers is provided in Chapter 5.
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Chapter

Electronic structure and emergence of a
pseudogap

In this Chapter, we present results concerning the effects of correlations on the electronic structure of the
Mott insulator SraIrO,4 upon electron doping. The electronic structure displays a strong momentum-space
differentiation at low doping level: The Fermi surface consists of pockets centered around (7/2, 7/2), while
a pseudogap opens near (7, 0). Its physical origin is shown to be related to short-range spin correlations.
The pseudogap closes upon increasing doping, but a differentiated regime characterized by a modulation of
the spectral intensity along the Fermi surface persists to higher doping levels. The work presented in this
Chapter has been published in Ref. [108], the full text being reproduced in Appendix VII.

We recall the parameters we use in our calculations: A; = 0.15 eV, g = 0.35 eV, e; = —1.5¢eV,
A=057eV,U=2eVandT =1/8=1/200eV ~ 58 K.

4.1 Doping regimes

4.1.1 Density and spectral intensity

As discussed in Section 3.3, the cluster quantities G and 3, obtained by solving the CDMFT equations,
can be expressed in the basis of even and odd combinations of the jer = 1/2 orbitals, where they are

190 | Cluster density L4 F— A,
’ Periodized density PG i Diff 12 b A PG Diff
115 L0 R Ml UM
110 F Mi / UM '
0.6
04 F

1.05

0.2 F
1.00 F
j 0.0 [
1 1 1 1 1 1 1 1 1 1 1

0.6 0.8 1.0 1.2 1.4 1.6 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
chemical potential p

density n
spectral intensity A(0)

chemical potential 1

(a) Density of states as a function of the chemical po-  (b) Spectral intensity at the Fermi level A(0) as a
tential p. function of the chemical potential p.

Figure 4.1 — Dotted lines separate the four doping regimes: the Mott-insulating phase (MI), the pseudogap
regime (PG), the differentiation region (Diff), and the uniform metal (UM).
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Figure 4.2 — Extrapolation to zero frequency of the real part (left) and of the imaginary part (right) of
the self-energy X (iw,,) as a function of the chemical potential ;. Dotted lines separate the four doping
regimes: the Mott-insulating phase (MI), the pseudogap regime (PG), the differentiation region (Diff), and
the uniform metal (UM).

diagonal
£ (G4 0 & (X4 0
G_<0 G) E_<O Z)' 4.1
As we discuss later, G+ and ¥4 have a direct physical interpretation. The physics close to the node
(w/2,7/2) is indeed essentially controlled by G_ and X_ while the physics at the antinode (7, 0) is con-
trolled by G4 and X . The reason for this, anticipating on Sec. 4.3 and Fig. 4.7, is that the nodal Fermi-
surface pocket at (7/2,7/2) is associated with the upper band (which has an antibonding/odd character)
while the nodal states are associated with the lower bonding band with even character. The analysis of these

quantities will reveal the existence of four distinct regimes upon doping: a Mott insulator phase (MI), a
pseudogap regime (PG), a differentiation region (Diff) and finally a uniform Fermi liquid state (UM).

The electronic density n is shown as a function of the chemical potential x4 in Fig. 4.1a (blue curve). It
displays a clear plateau at n = 1 for i between 0.56 eV and 1.16 eV, confirming that the system is a Mott
insulator at half-filling [83, 100, 187]. The width of the plateau ~ 0.6 eV is consistent with Ref. [24].

In Fig. 4.1b and 4.2 are displayed the spectral intensities A+ (w = 0) at the Fermi level as well as the
zero-frequency self-energies ¥4 (w = 0) as a function of the chemical potential . These quantities are
obtained by extrapolating to zero Matsubara frequencies results obtained by Monte Carlo

1
AL(0) = —— lim ImGy (iwy), (4.2)
T iwy, —0
Zi(O) = ‘lim Ei(iwn). (43)
twy —0

For completeness, we have included plots of the Matsubara frequency Green’s functions and self-energies
for several chemical potentials in Appendix A.1.

4.1.2 The four doping regimes

These results allow to identify four distinct doping regimes. For chemical potentials smaller than p =
1.16 eV, the system is in a Mott insulating regime and both the even (4) and odd (—) components of the
spectral intensity at the Fermi level are zero, A4 (0) = 0 (also both Matsubara Green’s functions G4 (iw.,)
have clear insulating character, see Appendix A.1). This is compatible with the location of the Mott plateau
in Fig. 4.1a.

Correlation effects are especially visible in the real parts of the self-energies. As both imaginary parts
vanish, the effective low-energy band structure is split by the real parts of the self-energy in Eq. (3.15) and
no excitations exist at zero frequency. More precisely, the quasiparticle equation

det {(w + )1 — Hyf (k) - i(w)} =0 “.4)
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Figure 4.3 — Statistical weights of states dominating the Monte Carlo sampling on the dimer cluster of
the CDMFT approach, as a function of the chemical potential ;. The dominant state is found to be the
2-electron inter-site singlet (blue). As doping level is increased, the three-electrons odd parity state catches
up, denoted here as 3— (orange) — as well as the fully occupied state (green), while the 2-electron triplet
state (red) has a smaller weight. Other contributions are negligible.

has no solutions at w = 0 for all values of k.

When g lies between 1.16 eV and 1.32 eV, the system enters a pseudogap regime. The even component
of the Green’s function, that provides a coarse-grained picture of the physics close to the antinode k =
(7, 0), maintains its insulating character (A, (0) = 0) while the odd component, describing the nodal region
close to k = (w/2,7/2), becomes metallic (A_(0) # 0). This describes a metal that only has coherent
quasiparticles close to the node. Antinodal particles are suppressed by lifetime effects, as can be seen
from the negative imaginary part of the even self-energy Im¥., (0). It reaches —0.1 eV in Fig. 4.2, while
Im>_ (0) remains very small. This regime is very reminiscent of the pseudogap region of superconducting
cuprates, and we indeed show below that the spectral function exhibits a pseudogap at k = (7, 0) in this
region.

As the electron doping is further increased, for 1.32 < p < 1.45 eV, spectral weight starts to appear
in A4 (0), an indication that quasiparticles form at the antinode as well. However, there are still visible
differences between the even and odd components of the self-energies. ! The regime is therefore character-
ized by a visible k-space differentiation where lifetime effects are stronger at the antinode than at the node
(ImX¥, (0) < ImX_(0)) but do not completely destroy quasiparticles.

Eventually, for i above 1.45 eV, a uniform metallic regime settles where both self-energies are identical
and k-space differentiation has disappeared. This regime would be well described by a single-site DMFT
calculation.

It should be emphasized that boundaries delimiting these different regimes correspond to crossovers and
hence are here defined in a qualitative manner.

The physical mechanism responsible for the formation of the pseudogap and the strong nodal-antinodal
dichotomy observed at low doping can be revealed by studying the many-body states associated with the
2-site cluster. Calculating these states’ histogram, we identify those that contribute most to the stochastic
sampling within the CT-HYB quantum impurity solver. This is shown in Fig. 4.3, where it is clear that the
system is dominated by the intra-dimer singlet state at low doping levels. This is a strong indication that
physics in this regime is governed by the formation of short-range antiferromagnetic correlations between
neighboring sites.

4.2 Fermi surface and pseudogap

4.2.1 Periodization of the self-energy

Within CDMFT, the lattice Green’s function given by Eq. (3.14) breaks translational symmetry [87],
hence making a direct comparison to momentum-resolved ARPES experiments difficult. The lattice self-
energy in CDMFT only having components inside a unit cell but not between different unit cells is the

1. See also Appendix A.1.
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Figure 4.4 — Spectral intensity at the Fermi surface upon increasing doping level.

reason for the symmetry breaking. A natural way to restore the translational symmetry is to periodize
the self-energy by propagating the intersite contribution ¥ 45 over all links on the lattice. An artefact of
this scheme is that it prevents the formation of a Mott insulator and gives a wrong description of the low-
doping physics.? We therefore design a different periodization that yields physical results and preserves
the existence of the Mott insulator. In this scheme, the lattice self-energy is given by

2 Sap x e
Zlatt(iwn7k) — AAk1+k2 AB € ’ (45)
EAB X e 2 EAA

where k = (k1, ko) is expressed in the reduced Brillouin zone. With this self-energy, we then define a
periodized lattice Green’s function G'** according to

~ - —1
Glatt (i, k) = {an+u Hl/Q(k)—Elam(mn,k)} : (4.6)

This Green’s function preserves all the symmetries of the lattice and will be the basis of our analysis below.
As a consistency check we first compute in Fig. 4.1a the electronic density n as a function of p obtained
from G (orange curve). Comparing it to the cluster density (blue curve) discussed in Sec. 4.1, we see that
plateaus at n = 1 match well, confirming the existence of a Mott insulator within our periodization scheme.
However, the periodized density generally has a slightly lower value compared to the cluster density for a
given chemical potential. In the following, we discuss our results for specific values of p and thus indicate
two corresponding values of the electron doping: the cluster and the periodized one (resp. dciusier and Jper).

4.2.2 Spectral intensities

We plot in Fig. 4.4 the spectral intensity at the Fermi surface for four values of the chemical potential.
At small doping levels, for u < 1.30 eV, nodal pockets with coherent quasiparticles develop while the
antinodal intensity is completely suppressed. A close inspection of the spectral function at k = (7, 0)
for ;r = 1.30 eV confirms the presence of a clear pseudogap, as discussed previously: Fig. 4.5 shows the
leading edge of the spectrum being shifted away from zero energy. We attribute its formation to short-range
antiferromagnetic correlations (manifested here as the dominance of inter-site singlet dimer formation in
our cluster as revealed by the histogram of states, see Fig. 4.3).

As the electron doping is increased, the (7/2, 7/2) pockets grow and spectral intensity starts to appear
around (7, 0), see panel c¢) of Fig. 4.4, leading to an extension of the Fermi surface over the Brillouin zone.

2. See Appendix A.2 for more details.
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Figure 4.5 — Left: Spectral intensity TrA(w,kan) (Energy Distribution Curve - EDC) at the antinode
kan = (m,0) for p = 1.3 eV. Right: Spectral intensity at the Fermi surface for the same p.
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Figure 4.6 — Left: Spectral intensity at the Fermi surface TrA(w = 0, k) (Momentum Distribution Curve -
MDC) for u = 1.36 eV taken along the nodal (blue) and the antinodal (green) directions. Right: Spectral
intensity at the Fermi surface for the same .

Quasiparticles are however far more incoherent and broader at the antinode, as can be seen from momentum
cuts across the node or the antinode (Fig. 4.6). While sharp coherent quasiparticles are found at the node,
those at the antinode display a lower spectral intensity that is broadened over a greater region of k-space.
This corresponds to the momentum-differentiation regime introduced above.

At larger doping, the self-energy becomes finally uniform and the resulting Fermi surface displays
coherent quasiparticles both at the node and the antinode, as shown in the panel d) of Fig. 4.4.

4.3 Electronic band structure

4.3.1 Quasiparticle bands

We now turn to an analysis of the dispersion of quasiparticle bands in SroIrO4. This requires to ana-
Iytically continue our imaginary-frequency data to the real axis. We use Padé approximants [166] to find
ylatt (w, k) from the knowledge of the periodized lattice self-energy ila“(iwn, k). The resulting band
structure is shown in Fig. 4.7 where we compare the insulating state at ;1 = 0.8 eV (left) and the electron
doped state at pt = 1.36 eV, Sper = 7%, ectuser = 10% (right). On the upper panels, we show the noninter-
acting bands obtained by diagonalizing the TB + SO Hamiltonian H‘f% (dashed lines) and the quasiparticle
bands obtained from the solutions of

det {(w + )1 — H (k) — St (w, k)} —0. @.7)

Bands are plotted along the (7, 7) — (7/2,7/2) — (0,0) — (m,0) — (2, 0) path of the full Brillouin zone.
Lower panels display the corresponding total spectral intensity TrA(w, k).

In the insulating region, the Mott gap is clearly visible. The band structure indicates that correlation
effects have split the original noninteracting bands. This is compatible with the observation that, at ;1 =
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Figure 4.7 — Band dispersion of the insulating (a-c), 4 = 0.8eV, and doped (b-d), i = 1.36 eV, Sr2I1Oy,.
Upper panels: Comparison between the non-interacting bands obtained from the TB + SO Hamiltonian
Hel% (dashed lines) and the quasiparticle bands. Lower panels: Spectral intensities.

0.8 eV, the cluster self-energies take very different values ReX | (0) # ReX_(0). Lifetime effects are also
not very strong and the bands are fairly coherent, consistent with the fact that ImX, (0) ~ 0. The top of
the lower band is located at ~ —0.4 eV at the node and at ~ —0.2 eV at the antinode. This in in good
agreement with the position of the bands observed in ARPES experiments and presented in Fig. 3.3.

There is a direct gap to the unoccupied states of the order of 0.8 eV atk = (7 /2, 7/2), while the small-
est overall gap is indirect and of order 0.6 eV. Note that the latter value is consistent with the width of the
Mott plateau in Fig. 4.1a.

As we move to the doped region, the Mott gap first closes at the nodal point k = (7/2,7/2) and the
quasiparticle bands merge. The crossing of the upper band at two points close to (7/2,7/2) is a signature
of the pocket seen in the previous spectral intensities. Around these points, a clear renormalization of the
Fermi velocities by a factor 1/4 is visible as compared to the non-interacting bands. For ;1 = 1.36 eV there
is still a gap between the bands at k = (7, 0) but the lower band just reaches the Fermi level, yielding some
antinodal spectral weight. It is interesting to note that the correlation effects are much stronger on the lower
band than on the upper band. Quasiparticles are then better defined at (7/2, 7/2) (they correspond to a
crossing of the upper band) than at (7, 0) where they are associated with the lower band. This is explained
by the fact that the physics of the lower band is mainly controlled by the cluster >, while the upper band
is controlled by X _. As a result, the larger negative imaginary part of X (see Fig. 4.2) induces stronger
lifetime effects at the antinode, while the smaller imaginary part of ¥_ maintains coherent quasiparticles at
the node.

This ‘collapse’ of the Mott gap (i.e the two bands becoming much closer to each other) is also found
in the ARPES experiments, see Fig. 3.3. The location of the top of the band at the ‘node’ (—0.4 eV) and
‘antinode’ (—0.2 eV) are in good quantitative agreement with the experiments, as well as the rather round
and spread behavior of the band at the node. On the other hand, the nodal part does not appear to be as
narrow as it is observed.

We finally display in Fig. 4.8 a spectral intensity map along the (7/2, 7/2) — (7, 0) Brillouin zone path,

which corresponds to the path along which the non-interacting bands are degenerate. ARPES data along
this path have not appeared in print to our knowledge, and our results could be useful in the context of future
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Figure 4.8 — Spectral intensity of the doped compound (1@ = 1.36eV) along the degenerate path (0,0) —
(w/2,7/2) — (7,0) — (0, 0) in the full Brillouin zone

analysis of ARPES experiments.

4.3.2 Discussion and conclusions

Overall, there is excellent qualitative agreement between our results and ARPES experiments conducted
on doped SroIrO4. The ‘nodal-antinodal’ differentiation and formation of a pseudogap near the ‘antinode’
is also consistent with the experimental observations [41, 85]. Here, the pseudogap is linked to short-
range spin correlations, which would indicate the same physical origin as in superconducting cuprates (see
e.g. Refs. [64, 183] for recent studies). Note that our results are also in good agreement with the recent
theoretical approach from Ref. [101].

The value of the interaction parameter U = 2 eV for which we chose to perform our calculations should
also be discussed in the context of experimental measurements, especially determinations of the Mott gap.
With this value, we find a Mott gap which is indirect and of order ~ 0.6 eV — corresponding to the
transition between the top of the lower Hubbard band at (7, 0) and the bottom of the upper Hubbard band
at (w/2,7/2) in Fig. 4.7a. Tt is also the width of the Mott plateau in Fig. 4.1a. The value of the optical gap
would be slightly larger. In Ref. [24], SroIrO4 was studied under both hole (Rh) and electron (La) doping,
allowing for a determination of a Mott gap of order 0.7 eV, in rather good agreement with the present work.
Optical spectroscopy measurements (see e.g Fig. 4 in Ref. [83]) do reveal a sharp increase of absorption in
that frequency range, but a rather slow onset of the optical conductivity is observed with spectral weight
below this scale, possibly suggesting a significantly smaller value of the actual gap (although a precise
determination is difficult). This suggests that the value of U used in the present work may be a bit too large.
Accordingly, we note that the Fermi surface renormalizations obtained above appear to be somewhat larger
than the values reported in Ref. [41].
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Chapter

Continuous-time quantum Monte Carlo
algorithms for fermionic systems

As presented in Chapter 2, quantum impurity problems play an important role in strongly correlated
physics, either as representations of quantum dots, or as auxiliary problems used within the Dynamical
Mean-Field Theory (DMFT) framework. However, designing robust methods to solve impurity problems
over a wide range of temperatures and energy scales is in itself a great challenge.

Continuous-time quantum Monte Carlo (CT-QMC) algorithms [139, 140, 171, 173, 61, 62] have been
a breakthrough in finding solutions of quantum impurity problems [53, 86, 72, 96, 87, 99]. These methods
are based on a perturbation expansion of the partition function. The latter is then used as a probability
distribution function in a Monte Carlo sampling of the quantity of interest (Green’s function, density, ...).
The series is not explicitly truncated at a specific order so that they are numerically exact in the limit of
long computational time.

In this Chapter, we focus on two of them: the CT-INT, based on an expansion in the Coulomb repulsion
U, and the CT-HYB, based on an expansion in the hybridization function A.

5.1 Perturbation expansion of the partition function

We consider a correlated impurity coupled to uncorrelated bath. Its Hamiltonian writes
H= Hlooc + Hlloc + thb + Hpath, 5.1

with 7). . describing the non-interacting quadratic part of the impurity, H{OC the correlations on the impu-

rity, Hpaen the non-interacting bath, and #Hy,,1, the hybridization between the impurity and the bath.
For the sake of simplicity in upcoming formulas, we consider the single-impurity single-orbital Ander-
son model [7], whose Hamiltonian is

H= Z edld,, + Unarngy + Z ('ykc;rwd(, + h.c.) + Z ekchCkaa (5.2)
o ko ko

where ¢ is the energy level of the impurity, d{ (resp. d,) is the creation (resp. annihilation) operator for an
electron with spin ¢ on the impurity, €, describes the energy spectrum of the bath, chU (resp. ck,) is the
creation (resp. annihilation) operator for an electron with spin o and momentum k in the bath, and finally
7k is a coupling constant between the energy level of momentum k of the bath and the impurity.

This can be reformulated as an action using an imaginary-time path integral [119]

8 8
S= ; /O drdl (1) (0- + €) do(T) + U /O A7 nay (T)nay (1)
B (5.3)
+ Z/o drdr'd} (1) Ay (7 — 7')do (77)
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The hybridization function A is defined in Matsubara frequency as A, (iw,) = >, % The partition
function is then expressed as an integral over Grassmann variables
Z = /D[dj,,dc,}efs, (5.4)
and the interacting Green’s function of the impurity is
1 1 dnZ
Go(r) = —— [ Dld},dsle %d,(7)d}(0) = —— ——F—. 5.5
(7) =~ [ PldbdJe S, (al(0) = —5 577 (55)

Eq. (5.4) is the starting point of the development of CT-QMC algorithms, which construct a perturbation
expansion of the partition function, either in the Coulomb interaction U or in the hybridization function A.
This expansion is then used in an importance sampling of another quantity of interest such as the Green’s
function.

5.1.1 Expansion in the Coulomb interaction

We define the bare part of the action to be

8 B

So = Z/o dej;'(T) (0 +€)do(T) + Z/O deT/dL(T)Ao(T —7")do(7")
o , a (5.6)

= — Z/O deT’dl(T)ggl(T —1)do(7'),

where g !(iw,) = iw, — € — A, (iw,) is the noninteracting Green’s function. The associated partition
function is Zy = [ D|d}, d,]e~5 and the average of an operator A with respect to Sy is

(A)o = / Dd}, d,|e % A. (5.7)
The partition function of the full system now rewrites

Z = / Dld!,d,le™® = Zg <Tfe*U.ff drnd¢<r>nd¢<r>>
0

8 e (5.8)
:ZOZ/O dr...dr, =Y T (a0 (m1) - 1o (7)) -

n!
o

Because Sy describes a noninteracting system, we use Wick’s theorem [178] to express the above expecta-
tion values as determinants

B _I7\n
Z=17) / dTl...dTn< g) det D! det D, (5.9)
n 0 :

where (D7),; = g»(7; — 7;). Note that the 1/n! factor, originating from the expansion of the exponential,
ensures the convergence of the series. We are not considering a “weak-coupling” limit here: the series is
infinite and not explicitly truncated at low orders.

As we will discuss in more detail in Section 5.2, the CT-INT algorithm samples the partition function
(5.9) using Monte Carlo techniques in order to compute the physical quantities of interest [139, 62].

5.1.2 Expansion in the hybridization function

The local part of the action is defined to be

B B
Sloc = Z/o drdl (1) (8, + €) do(T) + U/O d7 nay(T)nay (1), (5.10)
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associated with the local Hamiltonian

Hioe = »_ edlidy + Unarna,. (5.11)
o
This action is not quadratic in the d operators, and Wick’s theorem cannot be applied. The local partition
function is Zj,. = Tr (fem{l““) and the average of an operator A with respect to Sjoc is

 TIr (e=FHhoc A)

A loc — (512)
< > Zloc
In this expansion, the partition function of the full system writes
Z = Zige (Tye Ta J§ 4007 40 80 (=121
loc
B H, (_1)n d / - T / / (5'13)
— - loc . P
= (T [T /0 dTl...dTnil;[ldo(Tz)Ag(n o (7]) ) .
This expression can be simplified as
5 , ﬂ , d tAO‘
Z = Z / dTir...dTnTT/ d7-1¢.,.7-n¢l (H (e ');L) X
n4+,mn 0 0 o na”
B (5.14)
Tr (TTeBHloc de,(Tf)dg(Tga)> ,
where (AZ) =0 (17 — T;U). We see that the evaluation of the partition function now relies on a trace
17 :

over atomic states, which will severely restrict the number of orbitals that can be considered. Note once
again that the 1/(n,!)? factor ensures the convergence of the series.

The CT-HYB algorithm now aims at sampling the partition function (5.14) using Monte Carlo tech-
niques (see below), in order to compute physical quantities of interest [171, 173, 62].

5.2 Evaluating the partition function: Monte Carlo sampling

In both expansions, the partition function is written as an infinite series with some expansion parameter
(either the Coulomb repulsion or the hybridization function)

7= Z Zy, (5.15)
n
where the order-n contribution can be written as a multi-dimensional integral over “inner variables” x;

Zn:/dasl...da:n Z(T1,y .5 Tp)- (5.16)

Evaluating multi-dimensional integrals is a very complex problem, and an efficient way to tackle it is
by using a Monte Carlo sampling. In this Section, we recall the basics of such procedures on a general
level, ! and focus on the two perturbation expansions we saw above by describing the CT-INT and CT-HYB
algorithms.

5.2.1 Monte Carlo basics

Let us start with a simple 1D example: the evaluation of the integral of a function f defined on the real
axis. We decompose f as w X g, such that w can be interpreted as a probability distribution function: w > 0
and [‘w = 1. The Monte Carlo sampling consists in rewriting the integral over f in the following way:

MC

/dx flx) = /dx w(x)g(x) ~ Zg(c). (5.17)

1. For a detailed introduction to Monte Carlo methods, see for instance [91] and [89].
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Instead of computing w x g for all points = on the real axis, we evaluate g over a subset of points distributed
according to w. Each of these points is called a configuration and denoted ¢. We define the weight of a
configuration as w. = w(c). Note that we add a ‘MC’ superscript on the sum to denote that it is computed
using Monte Carlo techniques. When there is a possible ambiguity, we might also specify which function
is used as a weight. >

For a finite number N of uncorrelated configurations visited, the Monte Carlo sum only provides an
estimate of the final result (hence the ~ notation). However, the central limit theorem states that the stan-
dard deviation of the distribution scales as 1/ v/N, meaning that for a long enough computational time,
the algorithm will converge to the exact value of the integral. Methods following this property are called
numerically exact.

Going back to the problem at hand, we define a configuration to be the perturbation order n as well as
a set of inner variables:

c={n;x1,...,Tn}. (5.18)

Those will typically be the imaginary time variables that appear in Egs. (5.9) and (5.14). The weight of
a configuration is chosen to be w, = |Z(z1,...,2,)| = |Z(c)|, so that the order-n contribution to the
partition function writes

MC
Zn :/dxl...dxn Z(21,.. a0 sgn (Z (@, ... 20)) ~ Y sen Z(c). (5.19)
c

For the CT-INT algorithm, which aims at sampling Eq. (5.9), we define a configuration by the pertur-
bation order n and a set of imaginary times: ¢ = {n;7,...,7,}, and the Monte Carlo weight is

UTL
we = — [det D det Dy | . (5.20)

The partition function now rewrites

MC

Z =17y (~1)"sgn (H detD"(c)) . (5.21)

c

For the CT-HYB algorithm, which aims at sampling Eq. (5.14), a configuration is defined by the per-
turbation orders n4 and n|, and n, “segments” {77, 7,7} for each spin: ¢ = {n¢,n;; {77, 7,7 hi<i<n, }
and the Monte Carlo weight is

detA :
We = ‘ (H (:1}0')75) x Tr (TTe_ﬂHloc Hd:rr(Tio)dG(TiU)> ‘ . (5.22)

i

The partition function now rewrites

MC
Z = s ((H detA"(c)) x Tr (TTe—BHloc 11 dj;(Tf)dg(T;U)» : (5.23)

0

In the CT-QMC algorithms, we therefore accumulate the sign of the partition function over configu-
rations sampled according to the absolute value of Z. The partition function can then be seen as a ‘tool’
to move into configuration space, the main goal of the algorithm being the sampling of physical quanti-
ties such as the density or the Green’s function, see Section 5.2.3. In fermionic simulations, Z(c) often
becomes negative due to the anticommutation relations between fermionic operators, which can lead to a
drastic increase in error bars known as the sign problem. We discuss this effect in more detail in Sec. 5.3.1.

2. This will be the case in Chapter 9 where we discuss out-of-equilibrium diagrammatic MC algorithms.
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5.2.2 Markov chain

In a Monte Carlo algorithm, new configurations have to be chosen in order to efficiently sample the
probability distribution function. A common way to do so is to construct a Markov chain in configuration
space using the Metropolis-Hastings algorithm [107, 67]. Knowing the probability T to propose config-
uration ¢’ after configuration ¢, the new configuration ¢’ is accepted or rejected according to the Metropolis
ratio

T/ Wt
accept . c/cWe
7 =min | 1 . 5.24
Pese < ; ch/wc> (5.24)

For the CT-INT, two kinds of moves are in general enough for the algorithm to be ergodic: the insertion
and the removal of an imaginary time. Common moves for the CT-HYB are the addition of a new segment,
the removal of an existing one, and the cutting of a segment into two new ones.

5.2.3 Measurements

The sampling of Z is generally used as a tool to measure more interesting quantities for the model we
are considering: the Green’s function, the density, the self-energy... Let us denote such an object by M,
that we express in the form

MC

M = /d;El coodary, M(z1, .o x0) Z (21, ) ~ ZM(C)Sgn Z(c). (5.25)

In the Monte Carlo algorithm, configurations are therefore sampled according to w. = |Z(c)|, but we can
measure any quantity of interest by accumulating M(c)sgn Z(c).

Let us consider the specific case of the Green’s function, which is linked to the partition function through
Eq. (5.5). Combining this with Eq. (5.21), gives the expression of G in the CT-INT algorithm

MC
1 —_ 7
Go(7) = 90 (7) = 7790 (=7)? D (=1 (D(e));; 8(rs — 75+ 7) x sgn <H detD? (c)) (5.26)
ceC ij o’
For the CT-HYB algorithm, the Green’s function is obtained as
1 Mc

Go(1)=— 77 Z Z(Ag(c));&(n -7, +7)

ceC ig

(5.27)

Note that in both algorithms, a given configuration will only allow us to accumulate contributions at
imaginary times that correspond to the difference of two 7; because of the delta function.

5.3 Strengths and limitations of CT-QMC algorithms

5.3.1 The fermionic sign problem

In all CT-QMC algorithms, the physical quantity we accumulate, such as the Green’s function, is pro-
portional to the sign of the partition function. In fermionic simulations, individual contributions to Z may
have alternating signs due to the anticommutation relations between operators that can lead to cancellations
between individual measurements and exponentially growing errors.

To quantify this effect, we reproduce here the argument of Ref. [62]. Let us consider the average value
of the sign of contributions to the partition function

~ Jday.dey sgn(Z(2y, .. 20) [ Z(2, - 2|

(sen) = [dzy...dz, |Z(21,. .., %)) -

= e PAF (5.28)

NI N
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where Z is the partition function of the system without sign problem, and AF the difference in free energy
between this system and the original one. The variance of the sign is

var sgn = (sgn?) — (sgn)? = 1 — ¢~ 2PAF (5.29)

which is very close to 1 as soon as the system is quantitatively different from the bosonic system. The
relative error after /N masurements is defined as the error bar divided by the mean value

y/var sgn 1 NeBAF
i X e~ N (5.30)

This equation shows why we talk about a sign problem: the relative error grows exponentially when in-
creasing the system size or decreasing the temperature. Though it depends on the representation chosen, its
magnitude is an inherent property of the system at hand. For example, the Anderson impurity problem has
no sign problem. More generally, it worsens when the number of sites of orbitals in the system increases.
Impurity problems thus tend to have less severe sign problems than comparable finite-size lattice models.
It is believed to be nondeterministic polynomial (NP) hard [160].

Asgn =

In this Thesis, one of our main focus is the development of novel quantum algorithms, both in imaginary
and real time, that aim at taming this sign problem by taking care of cancellations directly in the computation
of the MC weight.

Redefinition of non-interacting propagators: the a-shift

In the interaction-expansion based CT-INT algorithm, the sign problem can be strongly mitigated, or
even completely cured in some cases, by a redefinition of both the local interaction and the noninteracting
propagators [140, 128, 137, 183].

The action of Eq. (5.3) and (5.6) can be seen as a function of U

B B
S[U]=- Z/o deT’d};(T)ggl(T —7d, (") + U/o dr ngt(7)nay (7). (5.31)

Let us label U, the physical value of U that we are interested in. In order to optimize the sign problem, we
introduce a modified action depending on two scalars oy and o,

" B
S[U] = — Z/o drdr'd} (1) [gg_l(T —1') = Upasd(r — 7')] ds (7')
7 (5.32)

8
+ U/O dr(n4 (1) — ag)(nay (1) — ay),

so that S[U = U,] = S[U = U,] up to an unessential constant. The series in U of S is therefore
fundamentally different from the one of S, but both coincide for the physical value of the interaction we are
interested in.
Upon the implementation of this a-shift, the partition function still writes
ﬂ (_U)n
7 = ZOZ / dry ...dr,~—"—detD}detD} (5.33)
—Jo

n' n?

except now (D7), = go(Ti — 7;) — 0,5, where g is the redefined noninteracting propagator

1
iwy, — € — Ag(iwyn) — Upars

Jo (twy,) = (5.34)

Tuning « can then drastically reduce the sign problem.
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5.3.2 Domains of application

Let us first discuss in what regimes the CT-INT and CT-HYB algorithms work best [62].

The CT-HYB algorithm, due to the expansion in the hybridization expansion, can treat arbitrarily com-
plicated interactions, and it does not have a strong limitation in temperature. However, the implementation
of the trace in Eq. (5.14) requires dealing with matrices whose sizes grow exponentially with the Hilbert
space, hence limiting the number of orbitals and sites accessible. The algorithm also suffers from a very
strong sign problem if the hybridization function has off-diagonal components. As a result, it is often used
to describe the properties of systems with partially filled d and f shells, where it can treat the full complex-
ity of general multiplet interactions. For example, it has recently allowed precise computations of the Hall
coefficient in SroRuO4 [189]. The results on the electronic structure of SryIrO,4 presented at the beginning
of this Thesis were also obtained using this algorithm.

The CT-INT algorithm, however, scales as a power law with system size, which makes it more suitable
for clusters extensions of dynamical mean-field theory. On the other side, it faces strong limitations in tem-
perature and it is mostly limited to density-density interactions. The auxiliary-field version of this algorithm
has for example been used to compute the superconducting phase diagram of the 2D Hubbard model [63].

Taking a broader perspective, one of the reasons for the success of the continuous-time quantum Monte
Carlo algorithms is that they are based on a perturbation expansion of the partition function Z. As we saw
previously, contributions to Z can be reorganized into determinants that effectively sum a factorial number
of perturbation diagrams and automatically take care of some cancellations between them. As a result, large
perturbation orders can be computed.

Sampling the partition function is also a drawback of CT-QMC algorithms. As useful as they are to
solve impurity problems, these methods face a strong limitation with the system size V. For the CT-HYB,
we have seen that it is the size of the Hilbert space that prevents us to reach large systems. For the CT-INT,
the average perturbation order in the sampling of the partition function scales as U SN In realistic systems,
it is then common to reach perturbation order 100 to 200. In both cases, the algorithm faces an exponential
sign problem.

Those limitations are the reason why novel methods have been developed, that directly work in the
thermodynamic limit by sampling the diagrammatic expansion of the quantities of interest on the lattice, as
we present in the next Chapter.
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Chapter

Towards the thermodynamic limit:
diagrammatic Monte Carlo algorithms

The continuous-time quantum Monte Carlo algorithms presented in Chapter 5 work remarkably well
for quantum impurity models but face strong limitations when it comes to problems defined on large (or
infinite) lattices. It is therefore desirable to develop methods that can address the thermodynamic limit, that
is the limit of infinite system size with fixed density of particles.

In this Chapter, we present alternative and complementary methods to CT-QMC algorithms. Based on
an expansion in the Coulomb interaction U, they directly sample contributions to the physical quantities,
such as the Green’s function, and not the partition function. A pictorial representation in terms of Feynman
diagrams is used, hence their name of ‘diagrammatic’ algorithms [129, 130, 88, 73, 22, 135]. We also de-
scribe recent advances that show how one can use determinants to sum all topologies of diagrams relevant
for correlators in the Monte Carlo weight [135].

In the following, we consider lattice models described by a noninteracting action Sy and a local inter-
action of the form Un;yn;| where 7 is a site index. The noninteracting Green’s function associated with Sy
is labelled g.

6.1 Diagrammatic Monte Carlo

We start with a brief introduction to Feynman diagrams, before showing how we expand physical quan-
tities such as the Green’s function or the self-energy as infinite series of diagrams. We then present dia-
grammatic Monte Carlo that aims at stochastically sampling the individual contributions to these series.

6.1.1 Introduction to Feynman diagrams: the expansion of the partition function
revisited

We have seen in Section 5.1.1 that the partition function can be expressed as a series in the Coulomb

interaction U
_y)n
Z:ZOZ/dml...dxn( n!) <HTTnU(x1)...nU(a:n)> , 6.1)

0

where z; is now a composite index encapsulating both the position on the lattice and the imaginary time:
x; = (i, 7). The notation [ dz; is a compact way of writing fOB dr Y. 7.

Instead of rewriting the average value (. ..)q as a product of determinants, we now choose to represent it
using Feynman diagrams. ! It is a powerful method that illustrates operator contractions in Wick’s theorem,
therefore expressing each term of the perturbation series as a picture composed of noninteracting lines and

1. For a complete introduction to Feynman diagrams and their construction, we refer the reader to [119] and [25].
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interaction vertices. They are composed of two main ingredients: straight lines represent noninteracting
Green’s functions o
T2 Z1 = go’(x17x2)7 (62)

and interaction vertices are pictured by wiggly lines ™~~~ between propagators with opposite spins.
Note that every fermion loop in a Feynman diagram brings an additional (—1) factor.

For example, the following diagram is a compact way to represent an order-2 contribution to the parti-
tion function: .

T T2 = U2/dx1d9€2 Hga(Il,Iz)ga(@’Il) (6.3)
T g

Eq. (6.1) can now be rewritten as

A4
Zozzn:/da?ldxn Z]:(Jfl,;xn)a (6.4)

FEFn

where F,, represents all possible diagrams at order n. Contributions to the partition function indeed involve
all topologies of diagrams, whether they are connected or disconnected. These are called vacuum diagrams,
and there are (n!)? of them at order n.

This expression can be evaluated using Monte Carlo techniques, where we sample both the interaction
vertices and the diagram topology, and then measure the value of each diagram associated with a given set
of ;. Such an algorithm would however yield very large error bars, as many Feynman diagrams do cancel
each other: this is the fermionic sign problem described in Section 5.3.1. The strength of the CT-INT algo-
rithm was to rewrite this sum over diagrams as a product of determinants to take care of the cancellations.
Note that it also allowed to sum a factorial number of diagrams in a polynomial time, O(n?).

In the remainder of this Section, we present a similar construction using Feynman diagrams for physical
observables. In this case, there is no obvious way to rewrite the sum over diagrams using determinants, and
the algorithm which directly samples them turns out to be very efficient.

6.1.2 Diagrammatic expansion of physical observables
Computing correlators

A general correlation function C of two operators A and B is defined as
C(xouta xin) = _<TTB(xout)A(xin)>- (6.5)

We can also expand it as a series in the Coulomb repulsion U

C(Zout, Tin) = f% /D[dT,d]e*'sB(xom)A(xin)

Zy =o)"

As for the partition function, these average values with respect to the noninteracting system may be rep-
resented as an infinite sum of Feynman diagrams. The main difference with Z is that only connected
topologies now subsist in the computation of correlators.

(6.6)

Hng(:cl) coong(zy)

B(xout)A(xin) >

0

To illustrate this, let us consider the example of the Green’s function

(=o)"
n!

Z
Go(Tout, Tin) = —70 Z /d;El .. dzy, <T7nd(7(171) . ndg(:cn)dﬂ(:zrout)di(xin»o

(6.7)

X (Trngs(x1) ... nd&(xn»o )
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where d! (z;) (resp. d,(z;)) is the operator creating (resp. annihilating) a spin-¢ fermion at x;, and & =
1—o. Using the linked-cluster theorem, G itself can be represented as an infinite sum of Feynman diagrams

Go(Tout, Tin) = Tin —W— Zou (bare propagator) + E (Hartree term)

Tin 1 Lout
(6.8)
T
+ EEE + E 2 + 2 4
Lin 1 T2 Zout Lin 1 To Lout
Lin xr1 Zout

which can be formally written as

Go—(woutv xin) = Z / dz; ...dz, Z ]:(xouty Tiny L1y - - - 73771)7 (6.9)

JF € Fconn
n

where F:°"" represents connected topologies at order n.

Beyond correlators: what about the self-energy?
Let us consider the self-energy
Yo =g, =G (6.10)

It can be represented as an infinite series of Feynman diagrams

Y, = ? + @ + Ty (6.11)

Zin = ZLout Lin Zout
Zin = Zout
where only one-particle irreducible (1P1) diagrams appear, that is diagrams that do not become two inde-
pendent pieces when a straight line is cut. This equation can be formally written as

Z(r(xouta xin) = Z / dz; ...dz, Z ]:(xout, Liny L1y - - - axn>7 (6.12)

FeFLP

where F'P! represents one-particle irreducible topologies at order .

6.1.3 Diagrammatic Monte Carlo

The order-n contribution to a generic physical observable M can therefore be expressed as a multi-
dimensional integral over interaction vertices and topologies of Feynman diagrams

M (Tout; Tin) =/dx1---dxn > Fl@ow Tins 1, - . Tn), (6.13)
FeFn

where F,, is the family of order-n diagrams that are either connected, 1PI, ... given the quantity we want to
compute.

According to Section 5.2, Eq. (6.13) can be evaluated using stochastic sampling via Monte Carlo tech-
niques: this is the diagrammatic Monte Carlo (DiagMC) algorithm [129, 130, 88, 73, 22, 135]. A configu-
ration is defined to be the perturbation order n, interaction vertices, and a Feynman diagram topology >

c={n;x1,...,x,;F}. (6.14)
The weight is then
We = |F(Xouts Tin; T1y - -+, Tn)| = |F (Zout, Tin; €)| (6.15)
so that
MC
My (Tout, Tin) ~ Z sgn F (Tout, Tin; €)- (6.16)
[

2. One can also choose to add the external vertices xj, and xoyu in the configuration to sample them as well.
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New configurations are proposed through a Metropolis-Hastings algorithm, defining a Markov chain
in the space of Feynman diagrams. Usual updates are the insertion or the removal of a wiggly line. Note
that the new diagram has to belong to F,,, and keeping track of the allowed topologies is a complicated
algorithmic problem in itself.

DiagMC thus directly computes the quantity of interest thanks to a stochastic sampling of Feynman
diagrams. Sampling individual topologies brings a severe sign problem, which typically limits the number
of orders accessible to n ~ 7, although this may be enough for some applications. The series can become
divergent, especially for large interactions, as poles appear in the complex plane. Resummation techniques
then have to be used in order to evaluate the series beyond its convergence radius [183, 14, 136].

As stressed earlier, the most important aspect of the CT-INT algorithm presented in Chapter 5 is the
use of determinants that allows to sum an exponential number of diagrams in a polynomial time. As
determinants describe all topologies of diagrams, they are well suited for the partition function but their use
is less straightforward when computing quantities such as the Green’s function or the self-energy.

6.2 Computing correlators using determinants: the CDet algorithm

In this Section, we describe recent advances from Ref. [135] that show how one can use determinants to
sum all topologies of diagrams in the MC weight relevant for correlators: this is the Connected Determinant
(CDet) algorithm. The next Chapter presents our advances concerning the use of determinants to compute
dynamical quantities such as the self-energy.

6.2.1 Formalism

Let us consider a generic correlation function C defined according to Eq. (6.5). At a given order n in the
perturbation series, a diagram contributing to C (o, Zin) i characterized by the set of its internal vertices
V = {x1,...,z,} where z; is associated with the [-th interaction vertex. In the standard DiagMC tech-
nique, we have seen that individual connected diagrams are stochastically sampled in a way that preserves
their connectivity, with a probability given by the absolute value of their contribution to C(Zou, in ). This
technique however yields a severe sign problem.

The idea of the CDet algorithm is to regroup all diagrams sharing the same internal vertices V' in a
contribution Cy (Zou, in), and then stochastically sample the sets V. The stochastic weight of this group
of diagrams in the Monte Carlo sampling of C(Zeu, i) is the absolute value of their sum, which is only
a function of V. One could naturally expect that summing this factorial number of diagrams would come
with a factorial cost, but it was shown that it can actually be achieved exponentially [135].

The sum of connected diagrams entering Cy (Zou, Zin) is expressed as the sum of all diagrams (con-
nected and disconnected ones) from which the disconnected components are recursively subtracted . This
can be formalized as follows

Cv (Zous Tin) = Dv (Tous, Tin) — Y, Cs(Tou, Tin) Dy\5(2),

SQV
Lin
Lin Tin
All vert. in V/ All vert. in V\S
* = (incl. disc.) Z * X (incl. disc.)
Vv Y SgV S N
Tout Tout Tout

where Dy (Zou, Tin) denotes the sum of all diagrams (including disconnected ones) with internal vertices
V, external vertices i, and Zoy. Dy () is the sum of all diagrams with vertices V' and no external vertices.
The cancellation of disconnected diagrams is illustrated in the second line of Eq. (6.17). A key feature of
this recursive sum is that Dy terms can be expressed as determinants (hence at a polynomial computational
cost) [134]. At a given perturbation order n, the computational cost of evaluating a given Cy (Zout, Tin) 1S
o(3™).

First, determinants Dg are computed for all subsets S of V. It has been shown that this can be done with
a total effort O(2™) [60, 168]. The leading complexity however comes from the progressive computation,

48
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from low to high orders, of the Cs. More precisely, if all Cg: are known for subsets S’ with less than p < n
vertices, one can compute a given p-order Cg using Eq. (6.17) with V' = S, in 2P operations (see r.h.s
of Eq. (6.17)). This has to be done for all the (Z) subsets S at order p before computing contributions at
the next order p + 1. The final result is obtained when this has been done for all p < n and the leading
complexity of the algorithm to compute Cy (Zou, Tin) is therefore 37 (7)2” = 3. This complexity can
in principle be improved to O(n?2") using fast subset convolutions [19].

Note that this idea of cancelling disconnected diagrams will be revisited in Chapter 8 for out-of-
equilibrium diagrammatic quantum Monte Carlo algorithms, where correlators are expressed as a sum of
2™ determinants thanks to Keldysh diagrammatic techniques [128].

6.2.2 Monte Carlo implementation

Once Eq. (6.17) has been established, the Monte Carlo implementation is quite straightforward. A
configuration is the perturbation order n, external vertices zq, and iy, 3 and a set of n internal vertices

¢ = {n;xoul»xin;xla"wxn} (618)

The MC weight is then w, = |Cy (Zout, Zin)| = |C(¢)], so that the order-n contribution to C is obtained
by sampling the sign of each exponential sum of determinants. The computation of w, is numerically
expensive and is at the origin of the exponential complexity of the algorithm. In order to compute it, we
have seen that we need the values of all Cs(zou, Tin) With S & V. We therefore recursively compute all
these contributions starting from S = & and store them in a 2" array.

We use a standard Metropolis [107] algorithm to generate a Markov chain distributed according to
w,. Remembering that x is a composite index for a site index and an imaginary time, © = (¢,7), a new
configuration ¢’ is proposed by applying one of the following updates to a given configuration c:

1. Pick one of the interaction vertices in ¢ and change its position and imaginary time. One can increase
the probability of the move being accepted by choosing a new position either among the neighbors
of the chosen vertex or from a Gaussian distribution. The imaginary time can be chosen uniformly.

2. Remove a randomly chosen internal interaction vertex from c.

3. Add a new internal interaction vertex in ¢. The new lattice site can be chosen from a Gaussian
distribution around the center of gravity of the vertices in ¢. The imaginary time can be chosen with
uniform probability.

Note that the use of an «-shift that redefines the noninteracting propagator and the interaction vertex, as
introduced in Section 5.3.1, allows to greatly improve the convergence properties of the perturbation series
in some regimes of parameters [183].

This algorithm will sample the configurations according to the weights w,, however it is necessary to
normalize the result. To do so, it is convenient to restrict the Monte Carlo simulation to only two consecutive
orders, m and m+1. A vertex can be added (resp. removed) only if the current ¢ is at order m (resp. m+1).
In the lowest order m the following normalization quantity is measured

N =YY [Cv,, (wous Tin)] (6.19)

TinsTout Vi

while at order m + 1, both ;.41 and the contribution to C are measured. The knowledge of the expected
value for N,,, allows us to find the normalization factor and obtain a normalized value for the contribution
to C and N, 41 at order m + 1. The latter can then be used to normalize a further simulation at orders
m + 1 and m + 2, and so on. The contribution at m = 0 is computed analytically, allowing for a precise
determination of Nj.

In the specific case of a single correlated site, useful for benchmark purposes for instance, it is possible
to restrict the simulation to a fixed order m and propose updates that only change the imaginary time of a
randomly chosen interaction vertex. The normalization is obtained by computing an integral whose value
is known. The simple choice

B8
T, = / drindrouedry . .. d7, = g2
0

3. So that we can stochastically sample C(Zout, Zin) Without doing multiple MC runs.
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Figure 6.1 — Double occupancy as a function of truncation order computed with the CDet algorithm, for the
2D Hubbard model, 5 = 8, U = 2 and n = 0.875, from [135]. The DiagMC number is taken from [93].

turns out to provide a good normalization.

6.2.3 Comparison to DiagMC

The CDet approach leads to an important reduction of statistical error with respect to the DiagMC and
has allowed for great progress in the computation of static properties. For instance, we reproduce in Fig. 6.1
the double occupancy for the two-dimensional Hubbard model as a function of the perturbation order [135].
The inverse temperature is 5 = 8, the Coulomb interaction U = 2, and the density n = 0.875. Comparing
it with DiagMC benchmarks from Ref. [93], the error bars are found to be one order of magnitude smaller
when using the CDet algorithm.

This method, however, has to be adapted in order to efficiently compute the frequency-dependence

of dynamical quantities, such as the Green’s function or the self-energy. We investigate how this can be
achieved in the next Chapter.
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Chapter

New diagrammatic algorithms for
dynamical quantities in fermionic systems

In this Chapter, we are interested in the computation of frequency-dependent (‘dynamical’) quantities
using determinantal algorithms, focusing on the self-energy 3 as it encodes electronic correlations. We
introduce and compare three different algorithms. Two of them are directly based on the CDet approach
presented in the previous Chapter, one using Dyson’s equation, the other one equations of motion (EOM) for
the Green’s function. A generalization of the use of determinants to directly sample one-particle-irreducible
(1PI) diagrams is then derived, the corresponding algorithm being labelled XDet. This work has been
published in Ref. [110], the full text being reproduced in Appendix VII.

7.1 CDet-based approaches to self-energy computation

7.1.1 Dyson’s equation

The most straightforward way to compute the self-energy ¥, is to first compute the Green’s function G,
with the CDet algorithm and then use Dyson’s equation ¥, = g; ! — G !, where g, is the noninteracting
Green’s function. We show in Section 7.6 that it is very difficult to obtain precise data with this method
because of the inversion of G that dramatically increases the stochastic noise.

7.1.2 Equations of motion

We present a diagrammatic approach to compute the self-energy based on the computation of a different
correlator with the CDet algorithm. Let us first write the self-energy as the sum of a constant Hartree term
and a frequency-dependent part

pI (xouta xin) = 2[};1 6:70;“7:700.,[ + io (moutz xin)- (7.1)
We recall that « is a combined index (7, 7), where ¢ is the lattice site and 7 the imaginary time. The Hartree
term contribution is given by
G+(07)
YH - UG,(07) = (7.2)

It can be directly computed from the knowledge of the Green’s function GGz which is a connected correlator
that can be obtained from Eq. (6.17). The self-energy X, can then be recursively computed using the
following expression

Y =0 4 F, -%,G,%,, (7.3a)

? (Xll vertici:g _ (7.3b)
connecte g :
Y E.)
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where the correlation function F,, is defined by
Fo(ou #in) = —U(TynCo (Tou) Nz ch (win)).- 74

Eq. (7.3) can be derived from the equations of motion (EOM) for the Green’s function, as detailed in Ap-
pendix B.1 [26, 65]. It has a simple diagrammatic interpretation, see the second line of Eq. (7.3), that
illustrates how 1PI diagrams are isolated. Indeed, according to Eq. (7.1), the self-energy is the sum of
contributions with a single external vertex (Hartree term ¥2) and contributions with two external vertices
(2,). The former is easy to compute, and the latter is the sum of all 1PI diagrams with two external vertices.
The term F,, on the r.h.s of Eq. (7.3) represents the sum of all connected diagrams with the same external
vertices as 3,. From this, one then has to subtract all non-1PI diagrams, which can always be expressed in
the form ¥,G,Y,.

We now transform the above equation in order to be able to compute the contributions to the self-energy
at a given perturbation order just from the knowledge of the contributions to £, and . We first multiply
Eq. (7.3) by g, on the right and we obtain

Eaga = EgHgo + Foga - EUGUZUgG" (75)

Reorganizing the terms, ~
Faga + ngo’ = Eo’[ga + Gazoga] = Zo’CTVU- (76)

Substituting this expression for 3,G,, in Eq. (7.3), we find
Yo = ST + F, — [Fogo + 2 9620 1.7)

Contributions to the self-energy can be recursively computed for all perturbation orders. Because F, is at
least of order 2 in U and 2 is at least of order 1 in U, the computation of contribution to the self-energy at
order n on the Lh.s can indeed be obtained from the knowledge of contributions to F and to the self-energy
at orders strictly lower than n on the r.h.s. As a result, ¥ can be computed without any inversion and there
is no noise amplification as in Dyson’s equation. We therefore expect this approach to be more efficient
than the one presented in Section 7.1.1.

The algorithm is implemented by computing the Green’s function G, and the correlator F, using the
CDet algorithm. As it is based on the equations of motion, we will use the label ‘EOM’ to unambiguously
refer to this method. Then, Eq. (7.7) is used to recursively compute the contributions to 3, at a given
order. As we use the CDet algorithm to obtain two correlators, and the self-energy is only computed in a
post-processing part, the complexity of this algorithm naturally scales as O(3").

7.2 Generalizing the CDet to 1PI diagrams: the >.Det algorithm

We now introduce an extension of the CDet algorithm to efficiently compute the sum of all one-particle
irreducible diagrams of a perturbation series. At a given perturbation order n in the interaction U, a self-
energy diagram is characterized by Z,, Zou, its internal interaction vertices V' = {x1,..., 2,2}, and the
adjacency matrices that connect the vertices. Note that we choose n — 2 points in the set of internal vertices
V because zj, and x,y both carry an interaction vertex as well.

We wish to group all diagrams that share the same internal vertices V' into a contribution X, (Zout, Zin)
so that

EO' (xouta -rin) - Z Z%(l‘out, xin) (7.8)
1%
= Z (Z\}/I,U 6win7w0ul + i% (xouta xin)) .
v

The contribution X, (Tou, Zin) is theoretically a sum of a factorial number of diagrams, but we express it
with the help of a recursion, very much in the spirit of Section 6.2, that only involves connected correlators
that can be computed with exponential effort using Eq. (6.17). The numerical effort to obtain 3§, (Zout, Tin)
will then turn out to also be exponential.
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Based on Eq. (7.3), the frequency-dependent part of the self-energy f)ﬁ’/(a:om, xin) can be expressed via
the following recursive formula

2:{'/(l’out; min) = FV xout; mm - Z FS/ Tout, T /)ig(xlvxin) - Z Fg/ (xoutawin) (UGZ(O_D
5% SCV
SCV\{z'} S'=V\S
§'=v\(su{z'})

(7.9a)
Zin Lin _ (0 )
Lin W © G%(0~

@ All vertices in V/ Go

=  (connected) — Z Z } Fg, (7.9b)
Tou Y T Eoe
Lout S':J\(Su{x/}) Tout Lout
where the correlation function F} is given by [27]

Fo’ (xouh xin) = EO'GO' (xouta xin) (710)
= -U{T;nscs (;vom)cl (zin)), (7.11)

and F,, by Eq. (7.4). The starting point of the recursion is the order-2 diagram

Lin Lout = 8 (712)
Lin

Tout

The second line of Eq. (7.9) illustrates the cancellation of non-1PI diagrams. The self-energy contri-
butions i% that are calculated recursively are indicated as red circles, while blue diagrams correspond to
the correlation function F, = ¥,G,. An explicit example of this formula at third order is shown in Ap-
pendix B.2. Let us note that, in this formula, the starting point of the recursion is already an order-2 diagram
while it is an order-0 diagram in Eq. (6.17), justifying a set V' with n — 2 vertices.

The first term F{} (Zout, Tin) on the rh.s of Eq. (7.9) is the contribution to the correlation function
Fg(acom7 xin) for the set of internal vertices V. It is the sum of all connected diagrams that have inter-
action vertices at ,, Tou and all x € V as interaction vertices. In order to obtain the contributions to the
self-energy i@(xom, Zin), one has to subtract from this term all diagrams that are not 1PI. These ones can
be expressed in the form

YoGoXy = F,55 = F(SH 43, (7.13)

and there are therefore two families of diagrams to subtract for a given set of vertices V: first all terms
FZ, (T ou; Tin) X4 7 such that SUS’ = V, then all terms F, (Zou, ¢’ ) X% (2, in) such that Su{a’tus' =V
In the latter family, note that S & V' is a proper subset of V, so that the calculation of E involves only
some E" that have been previously computed in the recursion.

We have therefore derived a recursive formula for the contributions 5]‘{/ (Zout, Tin) that involves the com-
putation of only connected correlation functions. The recursion is completed in two steps. First, all corre-
lators F.,, F; and G, have to be enumerated, the main effort coming from the F'§ that have to be computed
for all pairs of external vertices (as a consequence of the explicit use of an intermediate vertex point =’ in
Eq. (7.9)). The computational cost for the precomputation is thus dominated by n23™. Second, the recur-
sion has to be implemented, as in the CDet, by computing the contributions E starting from low to higher
orders. Ata given order p, it takes an effort p2? to get a given %9 %(«', xin). This has to be done for all subsets
S at order p and all =’ before computing contributions at the next order p + 1 and requires a total effort
(p) 227 All in all the recursion will take Zp 0 ( ) 22P with a complexity n23". The leading complexity

of the algorithm is then O(n23").

We show in Section 7.6 that despite this additional n? factor, this method leads to smaller error bars
compared to the approaches from Section 7.1. It also gives more accurate results than the state-of-the-art
DiagMC calculations for the same computational effort.
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7.3 Monte Carlo implementation

In this Section, we describe how to compute the different quantities that appear in the algorithms pre-
sented above using a Monte Carlo (MC) method. ! We generically denote the function we want to compute
as M,. The Green’s function G, has to be computed for all three approaches. In addition £, must be
computed for the equations of motion algorithm and 3., for the direct sampling of the self-energy (XDet).
We write M,, as a sum over all contributions described by a set V,,, with m internal vertices

Ma(xoutyxin) = Z ZM(\T/T” (xoutafin) (7.14)

m=0 Vp,

Note that a configuration with m internal vertices contributes, in the perturbation series in U, to the coeffi-
cient of order n = m for the Green’s function, n = m + 1 for F,, and n = m + 2 for ig.

In order to compute M, (Zou, Tin), We stochastically generate Monte Carlo configurations that sample
the r.h.s terms of the sum. A configuration c¢ is described by the number of internal vertices m, the spin o
and the set of all vertices

¢ = {m; 0; Tin, Tout; T1, - - - s Tin }5 (7.15)

and its weight in the Monte Carlo sampling is
we = |[M, (Tout, Tin) | - (7.16)

We use a standard Metropolis [107] algorithm to generate a Markov chain distributed according to w.
Starting from a given ¢, a new configuration ¢’ is following the same updates as the CDet ones described in
Section 6.2.2, as well as the flipping of the spin o <— 1 —¢. The new configuration ¢’ is accepted or rejected
with the usual Metropolis ratio
paccept — min (1’ Tc/c wc:) , (717)

c—¢’
ch/ We

where T, is the probability to propose ¢ after c.

As detailed in Section 6.2.2, results have to be normalized, so that we restrict the Monte Carlo simulation
to only two consecutive orders. Let us note that statistical errors in the normalization factor propagate from
one order to the other. One must therefore be careful in the computation of error bars using e.g. a binning or
jackknife analysis. An a-shift can also be used to improve the fermionic sign problem and the convergence
of the series, see Section 5.3.1.

7.4 Models

In the following Sections, we present actual computations of the self-energy according to the imple-
mentations described in Sections 7.1 and 7.2. For clarity, we use the following convention for names and
colors: Dyson (green) denotes the use of Dyson’s equation, EOM (orange) of the equations of motion and
Y Det (blue) the use of the direct calculation of the self-energy from the sum of 1PI diagrams. Red symbols
denote benchmarks, as introduced below.

We consider two models in the following. The first is a single correlated electronic level, that we will
refer to as a Hubbard atom, described by the Hamiltonian

Hatom = Unyny + G(TM + ni), (7.18)

where n, is the number of the spin-o fermion, U the onsite repulsion and € the energy of the electronic
level. This model has an analytical solution and allows us to both benchmark and compare the different
methods introduced above. Weuse 5 =10, U = 1,e¢ = —0.2.

The second model is the prototypical two-dimensional Hubbard model given by

Hiubbard = —7Y Z C;'fgcja + Uznmnu, (7.19)

(i,g)o i

1. For a complete introduction to Monte Carlo techniques, see Section 5.2.
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Figure 7.1 — Benchmarks with the analytical solution (leff) and DiagMC simulations (right).

where cj»g creates a spin-o electron on the site ¢ of a square lattice, v > 0 is the nearest-neighbor hopping
and U is the onsite interaction. This is the model that we eventually aim to solve in its thermodynamic limit
(infinite lattice). In our results, v = 1 will be our energy unit. On the lattice, results from our approaches are
compared to results obtained by Wei Wu using the standard DiagMC algorithm [129, 130, 88, 73, 22]. This
implementation of the algorithm has been benchmarked and used in earlier calculations, see e.g. Ref. [183].

We use a 32 x 32 lattice with 8y = 2, U = 4v, u = 0 and a uniform a-shift oy = a) = 1.537.

7.5 Benchmarks

We present benchmarks for the three methods and check their theoretical complexity. We first consider
the simple problem of a Hubbard atom. Its self-energy is given by

(no) (1 — (ns))U?
iwp, — € — (1= (nz)U’

Sy (iwn) = (ns)U + (7.20)

and the contributions to i(zwn) at different orders in U can be computed analytically. In Fig. 7.1a, we show
results for the contributions to f](zwn) at order 5 as obtained from the proposed algorithms. Red squares
are the analytical solution, and all simulations lasted 1200 CPU hours. The results clearly agree with the
analytical values within the error bars.

Next we consider the Hubbard model on a 32 x 32 square lattice. In Fig. 7.1b we plot the momentum-
dependent self-energy & i:(iwp) at its first Matsubara frequency along the k = (0,0)—(,0)—(x,7)—(0,0)
path of the Brillouin zone. Results are shown at order 4. The DiagMC simulation lasted 400 CPU hours,
while all other simulations lasted 1440 CPU hours. Results agree with the benchmark DiagMC calculation
within error bars.

A measurement of the time to perform one MC step allows us to study the complexity of the algorithms.
This is shown on a semilog scale in Fig. 7.2, where the time for a single step is shown both for the direct
measurement of the self-energy using the >Det and for the measurement of GG using the CDet, that is then
used in Dyson’s equation. Each curve is fitted by its expected high-n behavior: y5n2?3™ for the ¥Det (dotted
red line) and 5 3™ for Dyson (dashed red line), where v = 0.0464 and s, = 0.0012 are implementation-
dependent constants. We know that the EOM method has twice the CDet complexity so we consider these
two methods together in this study. The expected high-order behavior n23"™ for the self-energy measurement
and 3" for the CDet is found.

At smaller perturbation orders, the asymptotic behavior is not yet settled. At orders smaller than 5, the
self-energy measurement takes less time mainly because the algorithm starts at order 2 (The recursion starts

2. For this value of 5 the Hubbard model is in its thermodynamic limit on this lattice.
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Figure 7.2 — Comparison of the time for one Monte Carlo cycle (in microseconds) between the direct
accumulation of the self-energy and the computation of the Green’s function using CDet, as a function of
the perturbation order n. Inset: Ratio of the time of one MC cycle for the >XDet (¢x) and for the CDet (¢¢).
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Figure 7.3 — Amplification of the numerical noise in Dyson’s equation.

with the pair-bubble diagram, see Eq. (7.12)). On the contrary, the CDet algorithm for the Green’s function
starts at order 0. As a consequence, the direct measurement of the self-energy is only about a factor 3 slower
than the CDet approach at order 10 (see inset of Fig. 7.2) which is the order that is currently accessible with
reasonable error bars.

7.6 Results

We now compare the three different methods between them, showing that >Det performs better both
on the isolated atom and on the lattice. This method is finally shown to also improve state-of-the-art results
from recent DiagMC calculations.

We recall the regimes of parameters used: 5 = 10, U = 1 and € = —0.2 for the Hubbard atom; 8 = 2,
U = 4, p = 0 for the Hubbard model.

7.6.1 Comparison with Dyson’s equation

Until now, no dynamical quantities have been computed with the CDet algorithm and it is therefore
instructive to see how the use of Dyson’s equation compares to the calculation of the self-energy from the
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Figure 7.4 — Comparison between EOM and X.Det for the Hubbard atom. Left: Hubbard atom self-energy
at order 12. Right: Variance of X at the first Matsubara frequency.

EOM and ¥Det methods. All simulations lasted 120 CPU hours.

We first consider the Hubbard atom. Fig. 7.3a shows the contribution to the imaginary part of the Mat-
subara frequency self-energy ig(iwn) at perturbation order 8. The direct measurement of the self-energy
and the EOM method yield results that have very small error bars (smaller than the symbol size) and that
are in perfect agreement (both curves lie on top of one another). In contrast, starting from the Green’s
function as obtained by Eq. (6.17), the results for the self-energy display large statistical errors that increase
with the Matsubara frequency index. The reason is simple and expected: when Dyson’s equation is used
to compute the self-energy, there is an amplification of the numerical noise because of the inversion of the
Green’s function. In practice, it becomes quickly impossible to obtain accurate data. This is problematic
because it would for instance make the analytical continuation of the results to the real axis very difficult.

Fig. 7.3b shows results for the two-dimensional Hubbard model. At order 3, the contribution to the
self-energy taken at the first Matsubara frequency wo obtained from X:Det on the k& = (0,0) — (r,0) —
(m, ) — (0, 0) path in the Brillouin zone is in perfect agreement with the EOM method, and error bars for
both methods are very small (smaller than symbol size, both curves being on top). The computation of X,
from the Green’s function is noisier. Error bars actually increase with the Matsubara frequency index when
using Dyson’s equation, resulting in reasonable results only for the first few frequencies even for small
perturbation orders. Again, the reason for this large noise is the amplification due to the inversion of the
Green’s function. Also, on the lattice, a direct measurement of the self-energy has the advantage of mainly
sampling fairly local diagrams. Indeed, at a temperature T' = /2, the self-energy very quickly vanishes for
non-local components. The same is not true for the Green’s function that has a slower decay; its stochastic
sampling is therefore less efficient.

7.6.2 Comparison between the equations of motion and the direct sampling of the
self-energy

We now compare the use of equations of motion (EOM) to the direct sampling of the self-energy ex-
pressed as a sum of 1PI diagrams (XDet). It is not clear at first which method is more efficient, as the
> Det allows for a precise cancellation of diagrams and directly samples the quantity of interest but scales
as n23", while the EOM method cancels diagrams on average but has a better scaling as 3”. All simulations
lasted 120 CPU hours.

We first consider the Hubbard atom. In Fig. 7.4 (left) are shown the contributions to the imaginary part
of the Matsubara frequency ig(iwn) at order 12 for both methods. The equations of motion method has
error bars about one order of magnitude greater than the ¥Det ones. In order to quantify the efficiency more
accurately, we plot in Fig. 7.4 (right) the variance at the first Matsubara frequency wy as a function of the
perturbation order for both methods. We see from this plot that XDet performs better at low perturbation
order, and that both methods tend to become equivalent at higher orders.
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Figure 7.6 — Variance of the imaginary part of the Hubbard model self-energy Im f](,m /2 (iwo).

The comparison of the resulting self-energies on the lattice Hubbard model (Fig. 7.5) shows an even
more pronounced difference between the two approaches. At order 6, the contribution to the self-energy
taken at the first Matsubara frequency (leff) obtained from XDet on the chosen path k = (0, 0) — (m,0) —
(m,m) — (0,0) in the Brillouin zone is very well converged and the error bars for this method are very small
(smaller than symbol size). The computation of X, from the equations of motion is less accurate, even if it
agrees with the XDet within its error bars. We then look at the Matsubara frequency evolution for a given
reciprocal lattice vector k= (m,m/2) (right panel of Fig. 7.5). The error bar for the EOM method is seen
to be large for all Matsubara frequencies.

To be_quantitative, we plot in Fig. 7.6 the variance at the first Matsubara frequency wy for this same
value of k = (m,7/2) as function a of the perturbation order. We see from this plot that XDet always
performs better than the EOM method, by about one order of magnitude.

We believe the explanation for this behavior comes from two ingredients. First, the cancellation of non-
one-particle-irreducible diagrams is done on average in the EOM approach, while it is exact in the XDet
algorithm. The latter is therefore more efficient to measure the self-energy, and it is particularly visible on
the lattice that has more degrees of freedom. Second, the self-energy 3, is more local on the lattice than
the correlator F'. Hence the direct MC sampling of the self-energy still performs better even though its
numerical complexity is increased by a factor n?. Let us note here that the EOM approach could be useful
in the context of the real-time algorithm of Ref. [128]. There the complexity of the EOM approach would
be 2" while a direct self-energy approach would scale as n23".
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7.6.3 Comparison between > Det and DiagMC algorithms

As the direct calculation of the self-energy >Det proves to be a very accurate method to get the self-
energy, it is natural to compare it to the state-of-the-art DiagMC results on the two-dimensional Hubbard
model. To this end, we compute in Fig. 7.7 the contribution to the first Matsubara frequency wy of the
self-energy at perturbation order 7 for the XDet (blue) method and compare it to the DiagMC (red) results
obtained by Wei Wu. Simulations lasted 1440 CPU hours for the ¥Det and 4000 CPU hours for the Di-
agMC. Error bars at this perturbation order, the highest currently reachable with DiagMC techniques, are
much smaller with the YXDet algorithm than with the standard DiagMC approach for simulations of the
same length.

This algorithm cancelling directly non-1PI diagrams in the MC sampling is therefore an interesting al-
ternative to the current diagrammatic Monte Carlo approach.

As a final illustration of the method, we compute contributions to the local self-energy up to order 9 on
the 2D Hubbard model with the parameters discussed above: 3 = 2, U = 4, u = 0. The resummed self-
energy is shown in Fig. 7.8. We observe that, with a reasonable choice of the a-shift (ay = o) = 1.53), one
can completely converge the results with an uncertainty below 1%. In this high-temperature, low electronic
correlations examples, other approaches, such as determinant quantum Monte Carlo (DQMC) [20], also
converge and can be used as benchmarks.

In the regime of parameters used in Ref. [183] to study the onset of the pseudogap in the Hubbard model,
the X Det algorithm would perform well to reach lower temperatures in the computation of contributions to
the perturbation series. The latter however becomes strongly divergent as poles appear in the complex plane.
An equally difficult algorithmic challenge thus consists in using resummation techniques to evaluate the
series beyond its convergence radius and recent developments addressing this problem should be considered
[168, 14, 136].
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Chapter

Introduction to Keldysh formalism and
real-time quantum Monte Carlo algorithms

Up to this point, we have only considered strongly correlated systems at equilibrium, therefore devel-
oping formalisms and methods working in imaginary time and/or Matsubara frequencies. We have seen
that such advances allow us to understand detailed properties of materials and consider unbiased numerical
solutions, for instance of the 2D Hubbard model.

By contrast, the nonequilibrium properties of strongly correlated quantum systems are much less well
understood, despite many experimental realizations. ! The basic formalism has been developed in the early
1960s by Schwinger, Kadanoff, Baym and Keldysh but, since then, mostly approximate approaches have
been proposed. The formulation of numerically exact methods is therefore of paramount importance.

In this Chapter, we start by introducing the Keldysh formalism to compute observables in real time,
before presenting state-of-the-art Monte Carlo algorithms to sample them.

8.1 The Keldysh contour

In this section, we briefly motivate and describe the Keldysh formalism for real-time Green’s functions.
For a complete introduction to nonequilibrium physics, see for example Ref. [153] or [77].

8.1.1 Motivation

Let us consider a strongly correlated system prepared in a noninteracting state at ¢ < 0, described by
the Hamiltonian H,. We denote its density matrix pg. If the initial state is at equilibrium, then pg =
e FHo /Ty (6’57"0). Otherwise, pg does not have a simple expression as a function of Hy, and simply
describes how states are populated.

At t = 0, interactions in the system are turned on through a term V' (¢). The full Hamiltonian of the
system therefore writes

H=Ho+ 0V (t). 8.1)

Let us consider an observable A, with Heisenberg representation A(t) = e Ae~""* 2 Its average value
at a given time ¢ > 0 writes

(A() = Tr (poA(t)).- 8.2)

We introduce the interaction picture representation of A

Ap(t) = et Ae=" Mot (8.3)

1. See for example the quantum dots presented in Chapter 1 or the electric-field driven CagRuOy4 from Chapter 13.
2. Note that the above time-dependent V' (¢) is not in the Heisenberg representation.
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as well as the evolution operators
U(t)=Te i Jo V1, (8.4)
Ut(t) = Tetlo V1, (8.4b)

where 7" and T are respectively the time-ordering and anti-time-ordering operators in real time. This leads
to the following expression for the average value of A

(A(t)) = Tr (pOTei Vi Ap(tyTe=i o Vf) . (8.5)

As in the imaginary-time case, we would like (A(¢)) to be expressed as a simple time-ordered product.
This can be achieved by working in the Keldysh formalism [147, 82, 132]. In this framework, operators act
on the so-called Keldysh contour C consisting of a forward branch, from the initial time O to a given time
tmax» and a backward branch, from ¢,,x to 0. A Keldysh point k£ on C is defined as a pair k = (¢, «) with a
time ¢ € [0, tmax] and a Keldysh index « € {+} indicating which branch is to be considered. The + (resp.
—) index denotes the forward (resp. backward) branch, as depicted below.

+

" N

+ >
O - tmax

Note that both branches are along the real axis and are displaced only for graphical purposes. In the follow-

ing, Greek letters refer to + indices unless otherwise stated. We define a contour operator T¢ that follows

the arrows on the above picture: T¢ coincides with the time-ordering operator T on the + branch, with T'

on the — branch, and considers all Keldysh points on the backward branch to be later than points on the

forward branch.

AlYy

The average value of A now takes the form of a time-ordered product on the Keldysh contour C
(A(t)) = Tr (PoTce_ifC VIAI(U) = <Tc6_ifc V’Al(t)>0 ) (8.6)

where —i [, Vj is —ia fot ™* 1/, on the « contour.
Three important properties of the Keldysh contour easily follow from this definition. First, the evolution
of an operator on C does not depend on the branch it is evaluated on

A(t, ) = A(t). 8.7)
Second, the average value of the product of two operators at two different points of the Keldysh contour is
(TeA(t, ) B(t', o)) = <Tce*ifc Vi Ap(t, a)Br (Y, o/)>0 . (8.8)

Finally, the partition function simply evaluates to 1:
7= (Tee Ve v =1 (8.9)

8.1.2 Green’s functions on the Keldysh contour

For the sake of simplicity, we consider in the following interacting electrons on a single energy level.
The operator ¢, (resp. cl,) destroys (resp. creates) an electron with spin ¢ =1, ). We define the time-
dependent Green’s function as 3

Go(t,t) = —i(Teeq (t)eh (1)), (8.10)
. . oA Gt G:
It takes the form of a 2 x 2 matrix in the {+} basis: G, = < é’> G_"_), where
GI(t,t) = G5 (t, 1) = ilch (t)es (1)), (8.11a)
G, (1) = G7 (1) = —ilco ()b (), (8.11b)
Gt ) = —i(Te,(t)el (1)), (8.11c)
G (t, ') = —i(Tecq(t)cl (t)). (8.11d)

3. The notation ~ denotes a matrix form.
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Out of those four Green’s functions, only two are independent as we have

G, ) =0t —t"GZ (t,t) + 0t —t)GS(t, 1), (8.12a)
G, (t,t) =0t —t)GZ (t,t") + 0(t — G5 (L, 1). (8.12b)

[oa g

At equilibrium, the greater and lesser components only depend on the time difference ¢ —¢’ and their Fourier
transforms are related through the fluctuation-dissipation theorem

G (w) = —e PG> (w). (8.13)

8.2 Diagrammatics of an expansion in the Coulomb interaction U

The interaction term, turned on at ¢ = 0, is considered to be V (t) = Unsny, where n, = c:f,cg is
the density operator, and U is the Coulomb interaction. We want to construct perturbation series in U for
physical observables of interest. As in the equilibrium case, * let us start from the partition function. From
now on, we omit the interaction representation subscript I for clarity. Because the interaction term is local
in time, its expansion in powers of U writes Z = > . Zn,

tmax n
Z, = (—iU)”/ dty...dt, Z ag...op H <TC H el (ti, o) cq (L, ai)> ) (8.14)
0 a1...an i=1

a 0

where integrals over times are now considered to be ordered (t; < --- < t,), hence cancelling the 1/n!
factor coming from the expansion of the exponential.

Every term in this expression can be pictorially represented using Feynman diagrams obeying rules we
now briefly summarize.> A straight line represents a noninteracting Green’s function, denoted by a lower
case letter

g
B ——— tia —igoBt—1). (8.15)

Note that the extra ¢ factor compared to the imaginary time comes from the definition of real-time Green’s
functions, Eq. (8.11), so that the line is a (cc') correlator.

Because the interaction has the local form Unqn, an interaction vertex is characterized by a single
Keldysh point {¢, o} and the indices of the four legs all have to be equal to the Keldysh index «

a, T a,
><t, a} = —jal. (8.16)
a, T a, |

Hence, for every interaction time ¢, there are two possible vertices.
Finally, note that each fermion loop in a Feynman diagram brings an additional (—1) factor.

According to Eq. (8.14), Z is now expressed as the sum of all topologies of diagrams, both connected
and disconnected. The property of Eq. (8.9) implies that all contributions of order n > 0 vanish:

tmax n
Vn > 0,/ dty...dty > on.on [ <Tc Hci(ti,ai)cg(ti,ai)> =0. (8.17)
0 Q1.0 0

o =1

Vacuum diagrams thus cancel when summing over all topologies and integrating over times at a given order.

In the following, as we develop new algorithms for the real-time many-body problem, we will be inter-
ested in the computation of the simplest of correlators: the density of 1 spins at the end point of the Keldysh
contour C

d = ¢ (tmax) €1 (max) - (8.18)

4. See Chapter 5.
5. For a full derivation of Feynman diagrams representation out-of-equilibrium, see for instance Ref. [153].
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According to Eq. (8.11), d is proportional to the lesser component of the Green’s function
d= _ZGT< (tmaxy tmax) = _iG+_(tmaxy tmax)- (819)

The expansion in powers of U of the density takes the formd = >_, - dy, where

tlnax n
d, = (—iU)n/ dty...dt, E o1 ...0p <TC Hci(t“ai)cl(t“ai)>
0
0

Q...Qp =1

(8.20)

i=1

X <TC H {C;\(tia O‘i)CT(tia O‘z):| Cjf(tmaxa +)CT(tmaxa )> .
0

We can therefore represent d as the sum of all connected diagrams ending with a measurement vertex
bearing time t,,x, such that the ingoing and outgoing Keldysh indices are respectively + and —:

Jr —
———;@——— (8.21)
max
This representation will automatically form a fermion loop linked to the measurement, hence bringing a
(—1) when the density is computed. This is consistent with Eq. (8.19): at order 0, the density is —igf (0),
but the straight line represent and ¢g. To give a concrete example, the following diagram evaluates to

!
tmax

{t,a} = (—1)2/ dt > " (—ial) ig! ™ (tmax — 1) 198 (t — tmax) ig{(0). (8.22)
0 (e}

tmax

8.3 Continuous-time quantum Monte Carlo algorithms

The task at hand is to numerically sample the order-n contribution to the density, see Eq. (8.20). As
described in Chapter 5, continuous-time quantum Monte Carlo methods provide very efficient and flex-
ible tools to solve impurity problems at equilibrium. Early attempts of real-time quantum Monte Carlo
algorithms therefore were direct extensions of those on the Keldysh contour. They sampled the partition
function Z, both using strong-coupling and weak-coupling expansions [112, 175, 174, 144].

Let us briefly summarize the original algorithm based on the expansion in the Coulomb interaction
U [10, 175]. Using Wick’s theorem, one can rewrite Eq. (8.14) using determinants constructed from the
noninteracting Green’s function §

tmax
Zn = / dtl - dtn Z Zn({ti, ai}lgién), (823)
0 Q1.0
where
Zn({ti, i hi<i<n) = an - ((U)" [ [ det [95°% (6 — ;)] < < (8.24)

The evaluation of such a multi-dimensional integral is well handled by standard Monte Carlo techniques.
We define a configuration by the perturbation order n and n points on the Keldysh contour

c={n;ty, ..., th;an,...an} (8.25)

The weight of a configuration is chosen to be w. = |Z(¢)| = |Z,,({ti, @ }1<i<n)|, so that the order-n
contribution to the partition function is evaluated as

MC
Ly ~ Z sgnZ(c). (8.26)

6. See Section 5.2 for a complete introduction to Monte Carlo methods.
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New configurations are then constructed using an importance sampling based on the Metropolis-Hastings
algorithm [107, 67].
Concerning the density measurement, Eq. (8.20) can also be rewritten using determinants

tmax
dn:/ dty...dty Y dn({ti i}i<icn), (8.27)
0 Q1.0
where
dn({ti, i ti<icn) = —a1 ... iU [ [ det Do ({ti, @i hr<ican)- (8.28)

These determinants now have to take into account the density measurement at ,,x:

9?17 (tl - tmax)
[g?iaj (ti — tj)} :

Di({ti, i tr<i<n) = 1<i,j<n o : ; (8.29)
gT " (tn - tmax)
g;_al (tmax - tl) e g}m" (tmax - tn) g#_(())
and
Dy ({ti, athsisa) = [ (ti — 1;)] e (8.30)
The order-n contribution to the density is then simply expressed as
MC
d(c)
dp ~ . (8.31)
Zc: 1Z(¢)]

The main issue these historical algorithms are facing is the “dynamical” sign problem arising from
the expansion of the evolution operator e~***: the convergence of the perturbation theory is oscillatory
rather than exponential (as it is in the equilibrium case when expanding e~"7!). This results in a sign
problem which severely limits the maximum perturbation order on the real-time branches, and prevents the
algorithms from reaching the long-time steady-state limit in several regimes of parameters [175, 10]. It is
worth noting that weak-coupling CT-QMC has however enabled some pioneering nonequilibrium studies
of the Hubbard model [44, 161].

Current efforts to build real-time quantum Monte Carlo methods mainly explore two routes: the inch-
worm algorithm [37, 35, 36, 32, 33, 9, 21] and the so-called diagrammatic QMC [128, 15, 14] that we

present in the next Section.

8.4 Diagrammatic quantum Monte Carlo algorithm

First introduced in Ref. [128], the real-time diagrammatic QMC algorithm directly samples contribu-
tions to the density (and not the partition function) using an explicit summation over Keldysh indices «;,
which makes the computation of the weight scale as 2" for a given perturbation order n. However, this
exponential sum has been shown to cancel vacuum diagrams, a property also used in recent diagrammatic
equilibrium QMC methods, 7 and to allow the direct computation of observables in the infinite-time steady-
state limit. In this Section, we review the basis of this algorithm and we propose in the next Chapter new
developments based on it.

Note that, as in equilibrium (see Chapter 6), the series for the density may not be convergent for the
parameters considered. We will not tackle this question in this Thesis and refer the reader to Refs. [14, 15]
concerning resummation techniques in real time.

8.4.1 Cancellation of vacuum diagrams and steady-state limit
Cancellation of vacuum diagrams when summing over Keldysh indices

We have seen earlier that, when summing over Keldysh indices and integrating over times, contributions
to the partition function vanish at each perturbation order n. Reexpressed in terms of determinants, this

7. As we have seen in Chapters 6 and 7.
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means
tmax
Vn > 0,/ dty...dty Y ar.on [ [ det [958 (6 — )] <, <, = O (8.32)
0 Q1...00p o -

Let us now consider a given set of n ordered interacting times ¢; < - - - < t,,. The matrix [gf,E i (t; — tj)] 1<ij<n

actually does not change when the Keldysh index associated with t,,, «,, is flipped for 4 to —. Indeed, as
t,, is the largest time, we have

927 (ti —tn) = Oay+ 9 (ti — tn) + 097 (ti — tn) = g2 T (8 — tn), (8.33a)
g;ai (tn - ti) = 504#9? (tn - ti) + 5041-79; (tn - ti) = g:ai (tn - ti)v (8.33b)
95 (0) = g5 7(0). (8.33¢)

This implies

Z o1 ... Qp 1 Hdet |:ggi0‘j (t;i — tj)\an:+] L<ijen
p <ij<

Q. Qp—1

(8.34)
= Q1 <. Oy det{‘”o‘f ti —t; .
Z 1 n—1 H g5 I (ti — t5) an==|1c;icn
1.0 —1 g
For every configuration of times {¢i,...,t,}, vacuum diagrams therefore cancel when performing the

explicit 2" sum over Keldysh indices:

V> 0,9{t1, . tn} € [0, tmad]”, D> cr.am [ [ det (987 (6 — 1)), ;1< = O (8.35)
(e 5] g

Oy

Note that, in principle, only the summation over the last Keldysh index «,, is needed to obtain the cancel-
lation of the partition function, as was used for example in Ref. [174]. But to obtain the steady-state limit
and tame the sign problem in the computation of observables such as the density, the sum over all Keldysh
indices is needed (see Eq. (8.38) and the argument below).

As we have seen in Chapters 6 and 7, recent developments in imaginary-time diagrammatic QMC also
achieved, through an iterative procedure, the cancellation of disconnected and non one-particle irreducible
diagrams at every Monte Carlo step at an exponential cost in the perturbation order [135, 110, 168].

Direct access to the steady-state limit in the density computation

This cancellation of vacuum diagrams when summing over Keldysh indices directly implies the clus-
terization of interaction times near ¢.,,x in the density computation, therefore allowing us to address any
measurement time.

Let n be a given perturbation order, and ¢ < to < --- < t,, n interaction times. Let us assume that the
first j times are located far away from the measurement time #,,,x, and that the last n — j times are located
in the vicinity of £,,x. We can formally consider

V1< < 4, |t — tmax| = 0. (8.36)
Because the Green’s function is a local quantity, this means that forall ¢ € {t1,...,¢;},t" € {t;j41,. .., tn;tmax}
190 (t = )| = 0, [|go(t" —)|| = O. (8.37)

Remembering that the density is expressed in terms of determinants, Eq. (8.28), we have

> ar.an [[det Do ({ti, i hr<icn)

1.0

(8.38)

1

Z al...oszdetAa Z O[j+1...OéanetB(7 y
ar...o o o

Qjp1...Qp
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Figure 8.1 — Pictorial representation of the clusterization of times around ¢y = 10 in the density calcula-
tion. Adapted from Ref. [128].

with

AO’ = [(ga)aiocg (tz - tz’)] 1<i,i'<j’ (8393.)

Bi = [(gi)aia; (tl - ti/)]j+1§i,i/§n ? (839b)

) Q?jJrli(tj-i-l - tmaX)
Yt — by } :
By = [ i ) JH+1<i,i’<n o ) (8.39¢)
gT " (tn - tmax)
g;raﬁ—l (tmax - thrl) DR g#an (tmax - tn) g?'_(O)

However, Zal..ia,- ai...a;]], Ao isacontribution to Z at order j, and it vanishes according to Eq. (8.35).
Therefore

Z A1 ...0p Hdet 'DU({ti, ai}lgign) ~ 07 (840)
aq «@ g

and this proves the clusterization of times around ¢, in the computation of the density.

As a direct consequence, Monte Carlo algorithms based on an importance sampling will only consider
interaction times near ¢,,,x: They can address any measurement time, including the steady-state limit, when
earlier methods were limited to short-term measurements [112, 175, 174, 144].

To better understand understand this phenomenon, a pictorial representation of this cancellation is re-
produced from Ref. [128] in Fig. 8.1. Let us consider perturbation order n = 2, for which the contribution
to the density writes

d2(t1,t2;0¢1,0(2) = iUQOél()éQ HdetDU, (841)

In Fig. 8.1a, this quantity is plotted as a function of ¢; € [0, 10] and to < ¢, for the different Keldysh indices
a1 and ay. Contributions are uniformly distributed in time, and they can either be positive or negative. In
Fig. 8.1b the sum over Keldysh indices of these four terms is plotted: Huge cancellations indeed appear,
and we witness the clusterization of times around ¢,ax.

8.4.2 Details of the Monte Carlo implementation
Direct sampling of the density

A configuration ¢ is determined by a given perturbation order n and a set of n interaction times (and not
Keldysh points as in Section 8.3): ¢ = {n;t1,...,t,}. The contribution to d,, of a given configuration is

dn(tl, .. .tn) S— R A Z a1 ... 0 Hdet Da({ti, Oéi}lgign). (8.42)
Q..o o
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In the Monte Carlo algorithm, configurations are sampled stochastically according to their weight, which
we choose to be w, = |d(¢)| = |dp (1, ..., tn)|. We then have

tma McC
dy = / dty ... dty dp(ty, ... tn) o< Y sgnd(c). (8.43)
0 c

The heart of the algorithm consists in computing the sum of determinants over Keldysh indices

so = —i"T! E
ap...0x

Qn

aq .. .aaneth({ti,ai}lgiSn). (844)

It was pointed out in Ref. [128] that fast updates of determinants can be applied in this context using a
Gray code, so that the overall complexity scales as 2"n2. However, some of the matrices in this sum are
close to singular, propagating numerical errors. We found that, for all practical purposes, computing each
determinant of the sum from scratch actually leads to smaller error bars in the computation of the density,
even though it theoretically scales as 2"n?>.

As detailed in Section 5.2, we use a standard Metropolis algorithm [107] to generate Markov chains
distributed according to the weights w,. Starting from an order-n configuration ¢, a new configuration ¢’ is
proposed according to one of the following two Monte Carlo updates:

1. Add anew interaction time ¢, that we choose according to a Cauchy law p (see below). The Metropo-
lis ratio is

Tc/cwc/ 1/(7’L+ 1) Un+1|5c/| U S¢/
= = — (8.45)
Teerwe p(t) Un|s| (n+1)p(t) | sc
2. Remove a randomly chosen interaction time ¢. The Metropolis ratio is
Tocwe _ np(t) | se (8.46)
Teorw, U | s

Proposition of times

We have shown previously that times clusterize around ty,x. It is therefore more efficient to propose
times located around it instead of uniformly distributed between O and t;,,x. We consider a Cauchy law
determined by two parameters ¢ and a

a

C' is a normalization factor such that the integral of p between 0 and ¢y« is 1. C' = a [Cy — Cy], where
(1 = arctan (—%’) and Cy = arctan (%)
To obtain a new time that follows this probability law, one can perform these three steps:

1. Choose a random number u uniformly distributed between 0 and 1.

2. Construct

1 1
T=g+ [(1—u)Ci 4+ uCsy], (8.48)

uniformly distributed between 3 + 2C4 and § + 2Cb.

t =1y + atan (77 (x— ;)) , (8.49)

distributed between 0 and t,,x according to p.

3. Compute

The parameters ¢, and a are then obtained by fitting the 1D projection of times visited by the Monte
Carlo, accumulated during the first part of the computation.
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Figure 8.2 — Out-of-equilibrium spectral functions for a half-filled (¢;/T" = 0) impurity coupled to two
leads with a voltage bias V},. The interaction strength is U/T" = 5. The noninteracting spectral function is
shown as a dotted line. [14]

Redefinition of noninteracting propagators

As shown in Section 5.3.1, there is some freedom in the choice of the noninteracting propagator used to
construct the perturbation expansion through the a-shift.® The redefinition of the interaction term is taken
into account by subtracting « on the diagonal of the determinants, the shift in the chemical potential being
absorbed in a redefinition of the noninteracting propagators. In particular, it was shown that « can strongly
modify the radius of convergence of the perturbation series [128, 183].

Normalization procedure

As Monte Carlo results need to be normalized, we restrict our calculation to two consecutive orders, n
and n + 1, and a time or vertex can be added (resp. removed) only if the current configuration c is at order
n (resp n + 1). We measure both the density (d,, and d,,+1) and a normalization factor (7,, and 7,,+1). The
latter is chosen to be the sum of the weights

MC
T O Y we, (8.50)
C

where the proportionality constant is the same as in the calculation of d,,. If d,, and 1), are the unrenormal-
ized sums of the contributions accumulated in the Monte Carlo procedure, then the normalized values for
d,, and n,, are obtained as

Qi1 = Pdpir; Tost = i, 8.51)
Ui n

n

and 7, is then used to normalize the following simulation between orders n+ 1 and n+ 2. The lowest order
is computed analytically to close the equations.

8.4.3 Example of numerical results

The problem at hand being much more complicated to treat, real-time diagrammatic methods are still in
their infancy compared to their equilibrium counterparts. The algorithm presented above has therefore only
been applied to quantum impurity models. Static quantities were first computed, and, more recently, the
Green’s function has been addressed [15, 14, 104]. We present in this Section out-of-equilibrium spectral
functions for a quantum dot between two noninteracting leads as computed in Ref. [14].

8. Note that in this context o does not denote a Keldysh index but a scalar, in order to be consistent with the existing literature.
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A correlated quantum impurity with energy level ¢4 is placed on site ¢ = 0 of a 1D chain, between two
non-interacting leads (¢ > 0 and ¢ < 0). The Hamiltonian of the system is

1 1 =
H = Ed(TLT + ni) + Ue(t) (nT — 2) <’I7¢ - 2) + Z Vi (CIgCiJrlg + h.C.) s (8.52)

i=—00

where C;ra (resp. c;,) creates (resp. annihilates) an electron with spin o on site ¢ of the chain, and n, =
czr,chU is the density operator on the impurity. y; is a hopping constant between adjacent sites of the chain.
We set v; = 1 except for 79 = v_1 = v which connect the impurity to the leads.

The tunneling rate I' = 272 px from the impurity to the electrons is introduced, where pr is the den-
sity of states of the electron reservoirs at the Fermi level. In the following, I is our energy unit.

Let us consider the half-filled impurity (¢/T" = 0) subject to a bias-voltage V}, the interaction being set
to U/I' = 5. We reproduce in Fig. 8.2 the out-of-equilibrium spectral functions obtained using the real-
time diagrammatic Monte Carlo algorithm for different values of V;. The black dotted line represents the
noninteracting spectral function. The Kondo resonance at V;, = 0 is seen to be split into two broad peaks
when the voltage bias is increased, as was expected from NCA and perturbative calculations [181, 51].

Note that, up to error bars that are smaller than symbol size, this plot is an exact solution of the model
described by Eq. (8.52) and a bias-voltage V} in the steady-state regime.
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Chapter

Novel quantum Monte Carlo algorithms in
the Larkin-Ovchinnikov basis

We have seen in the previous Chapter that summing over Keldysh indices in the real-time diagram-
matic quantum Monte Carlo allows to reach the long-time limit in the computation of contributions to the
perturbation theory. However, the exponential scaling of the Monte Carlo weight limits our capability to
compute high orders with great precision (we typically are limited to 10 of them). Even though Bayesian
techniques can overcome noise amplification occurring in the resummation of the series [14], this prevents
the algorithm from reaching very large U.

In this Chapter, we show that we can obtain the cancellation of diagrams and the long-time clusterization
property without summing an exponential number of terms. Using the Larkin-Ovchinnikov (LO) basis in
Keldysh space, we rewrite the integrand as a sum of 4™ determinants, but we show that diagrammatic rules
in this basis are such that every diagram has the clusterization property. In other words, the elimination of
vacuum diagrams is directly achieved in the diagrammatics without the need of an exponential sum. We
then implement and compare different Monte Carlo algorithms based on this mathematical property. This
work has been published in Ref. [109], the full text being reproduced in Appendix VII.

9.1 Green’s functions in the Larkin-Ovchinnikov formalism

Starting from the expression of the Green’s function G, on the Keldysh contour we define its counterpart
in the LO basis through the following transformation [82, 92]

GOt 1) = LG, (t, 1)L, (9.1)
where L = L (1 1) and 73 = (1 j) ) The Green’s function now takes the 2 x 2 form
vz -1 1 0 -1

GO = <Iz" IZ:) : 9.2)

where R, K, and A are respectively the retarded, Keldysh and advanced Green’s functions defined as
Ry (t,t") = —if(t — ') ({co(t), L. (t)}), (9.3a)
Ao (t,t)) = i0(t' — t)({co (t), L (1)), (9.3b)
Koy (') = =i([co (), <} (¢)]).- (9.3¢)

The advanced and retarded Green’s functions are linked through
A (t,t") = Ry(t', 1), 9.4)

so that we only have two independent functions in this basis. A common choice is to work with R and K.
The Keldysh index o € {+} is replaced by an LO index O or 1. In the following, ! will always denote such
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an index unless otherwise stated.

R, A and K are related to the & Green’s functions of Eq. (8.11) through

Ry(t,t) = GIt(t,t) - Gs(t,t') = G2 (t,t') — G, (t,1), (9.5a)
Ay (t,t) = GI(t,t) — GZ (t,t') = G=(t, V') — G, (t,1), (9.5b)
K,(t,t)=GIt(t,t) + G, (t,t') = GZ(t,') + G=(t,1). (9.5¢)

At equilibrium, the fluctuation-dissipation theorem now takes the form

K,(w) = tanh <62w> [Ry(w) — Ag(w)]. 9.6)

9.2 Diagrammatics of an expansion in the Coulomb interaction U

As in the previous Chapter, we consider an interaction term, turned on at ¢ = 0, of the form V (¢) =
Unyn,. First, we describe a set of naive rules, but show that they bring eight possible diagrams for each
interaction vertex. Then we introduce a redefinition of the bare propagator that allows to reduce the number
of diagrams.

9.2.1 Naive diagrammatic rules

Diagrammatic rules in the LO basis are obtained by applying the transformation from Eq. (9.1) to the
rules derived in Section 8.2, keeping in mind that, for a given set of interacting times, the sum over LO
indices has to be the same as the sum over Keldysh indices.

First, a straight line represents a non-interacting Green’s function

g
U ——— = i(§y), (t—1). 9.7)

To derive the expression of the 4-leg interaction vertex, we first note that the sum of the different {+}
configurations from Eq. (8.16) can be written in the H4 ® H space, in the form
—iU(my@my —m_Q®@m_), (9.8)
10 0 0 . . . .
where my = 0 0 and m_ = 0 1) e matrices in the {£} basis, and H,, is the Hilbert space for

spin 0. The m_ and m_ matrices transform as

1/1 1 1
+ _ _ -
L'tsmy L = 5 <1 1> = 27 , (9.9a)
1/-1 1 1
T —— ——
L'rsm_L = 5 (1 _1) = 271. (9.9b)
Hence the sum of different LO contributions can be written
iU
_Z(TT®TT_T¢®T¢)' (9.10)
We write 74 = 7+ 1 and 7, = 7 — 1, where 7 = <(1) é) and 1 is the 2 x 2 identity matrix. The above

sum can then be rewritten !
WU
2
Diagramatically, this means that the two sides of an interaction vertex (associated to opposite spins) are now
asymmetric: if we have the identity flowing on the o side, then the & side bears the 7 part of the interaction.

ler+7®1). (9.11)

1. Note that this is consistent with Ref. [18].
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An interaction vertex in the LO basis can therefore be represented as

LT Ul It Ul
Xt, LUY  or >-<t, LU} 9.12)
L1 [ Lt Ul

There are eight possible configurations for a given interaction time ¢, and therefore 8" at perturbation
order n, instead of 2" in the {£} basis. This is a drastic increase, especially as we want to overcome
this exponential scaling. We see next that we can reduce the number of diagrams to 4™ by redefining the
noninteracting propagator.

However, it is important to stress at this point that each vacuum diagram already vanishes in this formal-
ism. Indeed, as we will show in Section 9.3, it is the identity part of the vertex, already present in Eq. (9.11),
that is essential in the proof of the cancellation of vacuum diagrams and the clusterization of times in the
computation of observables.

9.2.2 Redefinition of the noninteracting propagator and reduction of the number
of diagrams

In order to reduce the number of indices involved in the diagrammatics, we first rewrite the sum of LO
contributions to the 4-leg vertex in the form
U U
,Z(TT@)TT—TJ'@TJ'):7?(1®T¢+TT®1>. (9.13)

1> and 7y = vl(fvj) with v) =

Noticing that 7y and 7| are rank-1 matrices: 74 = fUTvTT with vy = (1

<_1> , it is possible to absorb the 7, part of the vertex in a redefinition of the noninteracting propagator.

We store the information about both the bare propagator g~© and the nature of the vertices it connects in
the form of a 3 x 3 renormalized matrix g,. With the convention that ¢ =7 should be understood as +1
and o =] as —1, the different components of this matrix are

. o
i (NJ)”/ t—t)= t I ——1tl = (g{;O)”/ (t—t), 9.142)
N o
i(ﬁa)u (t—t)= v, 7, o—»—— 1,1 :Z‘(Q(I;O(t_t/)va)l’ (9.14b)
N o
z’(ﬁg)zl (t—t/) = 'l ——et,T, :Z‘(O—U;g};O(t_t/))l’ 9.14¢)
N o
7 (})22 (t— t’) =t 17, 0—>—t, T, = igvljg{;o(t o t')vg. 9.14d)
We obtain
R To ka re + Jkg
do=1 0 U loge . 9.15)

ory Oks +ay Ofre +a,]+ ko

Note that this 3 x 3 form of the Green’s function comes from the absorption of the 7, part of the vertex and
has nothing to do with the Baym-Kadanoff L-shaped contour used in thermal real-time computations.

An LO vertex can therefore be characterized by a tuple {¢,i.,1}, where t € [0, tpax], i € {—1,1} and
1 €{0,1}. iy = 1 (resp. —1) indicates that the 1 (resp. }) spin is carrying the 74 (resp. 7| ) side, and [ is the
LO index entering the identity-part of the vertex. To simplify upcoming equations, we express the indices
of g:m and g | at a vertex {t,4,, 1} in the form of two composite indices LT and L+:

1o — 2 ifi, = o,
N l otherwise. (9.16)
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With this convention, the interaction vertex, now proportional to w, has the following diagram-
matic representation
LTt AN
: U
Xtv iryl} = Y (04,1071200; + i —101420117) - 9.17)
LTt AN

As there are two possible choices both for ¢ and for [, there are 4™ LO configurations for a given set of
n interaction times. This is a huge gain compared to the 8" configurations of the naive diagrammatics, but
still has to be compared with the 2" possibilities of the {£} basis. However, we show in Section 9.3 that
vacuum diagrams now directly cancel in this formalism, without the need to perform an explicit sum over
indices.

9.2.3 Equal times: the special case of the closed loop

In order to have complete diagrammatic rules, we need to specify the equal-time limit of §, that is the
expression of r,(0), a,(0) and k,(0). Once again, we want the LO formalism to be consistent with the
{+£} one when summing over indices.

Let us start with the expression of the following fermionic bubble in the {+} basis

= aUgg*(0) = aUg; (0), 9.18)
(6% «

{t, o}
the last equality being due to the form of the interaction term. Furthermore, an interaction of the form
hel co in the Hamiltonian would give rise to 2-leg vertices of the form

O ——— = _jqh. (9.19)

These do not appear directly in the diagrammatics but allow us to reformulate the above fermionic bubble
as a 2-leg vertex with a iU g5 (0) field

iUg;z (0)
= Yoay (9.20)
« «
{t, o}

Now we are going to express both sides of this equality in the LO basis to understand what conditions
r+(0), ax(0) and k,(0) must fulfil.

First, the fermionic bubble (left side of Eq. (9.20)) is expressed in the LO basis as

U U
= 55[/72 [Ta—(o) + ag-(O)] + E(SLUI [5’7"5—(0) + 5'@5—(0) + ]{/’5-(0)] . (921)
L7 iy L7
Then, we note that the sum over Keldysh indices of the 2-leg vertex in the {+} basis, Eq. (9.19), reads
—th(m4 —m_) in both H4 and H | spaces. As m — m_ transforms into the 2 x 2 identity matrix in the

LO basis, a 2-leg vertex is simply characterized by an interaction time ¢ and an LO index [. A term hcfc,
in the Hamiltonian would then give rise to the following vertex
o h
L7 ———— 7 — _ih§r0;. (9.22)

{t, 1}
The 2-leg vertex with a iU g5 (0) field, right side of Eq. (9.20), is therefore expressed in the LO basis as
iUgz (t,1) B
7 ——— 7= Ug>(0)0L0;- .23
o {t,l} Ugcr (0) Lol (9 )
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In order for Eq. (9.21) and Eq. (9.23) to be equal, the retarded, advanced and Keldysh Green’s functions
therefore have to satisfy

ko (0) = 2g5(0), (9.24a)
74(0) 4 a(0) = 0. (9.24b)

In the following, we work with a stronger requirement, setting
r5(0) = as(0) = 0. (9.25)

We see in Section 9.3 that this choice allows every vacuum diagram in the LO basis to vanish.

9.2.4 Density of T spins at ¢,,,x

In order to understand how to write the density of 1 electrons in the LO basis, we use the following
property of the Keldysh formalism: the average value of an operator does not depend on the branch of C
where it is computed.

Considering d on the + branch of the contour, the computation of the density can be understood as the
action of the m, matrix in the {+} basis, which transforms in the %TT matrix in the LO basis according to
Eq. (9.9a). Hence we can represent the measurement vertex as a “special” interaction vertex at time ¢pax

with i, = 1, and no [: e

———— (9.26)

tmax

This representation will automatically form a fermion loop linked to the measurement, hence bringing
a (—1) when the density is computed, which is consistent with Eq. (8.21). For example, the following
diagram evaluates to

i
N 7/U tmax e e e
{tir, 1} = (_1)2 - de i(91)22(t — tmax) 1(g1)22 (tmax — 1) (g4)u(0)
4
0 0 / (9.27)
t e e .2
e +Z(9T)l2(t — tmax) Z(QT)Ql(tmax — ) Z(.%)22 0)] -
One can easily check that this is consistent with Eq. (8.22).
The order-n contribution to the density can be written in terms of determinants as
dn = /dtl cee dtn Z dn ({tu invli}lgign) 5 (928)
T
I..ln
where
) in-&-l Un Lo )
dn ({ti,ir Lihr<icn) = =5 [ [ det DOt in, Lihi<icn). (9:29)
These matrices are defined by taking into account the measurement time #,,x
D%O({ti,iwlihgign) =
(gT)LIQ(tl tmdx)
g i —t, : 9.30
@)yt =t)] o D
“ R (gT)LII? (tn - tmax)
(gT)QLI (tmax - tl) cee (gT)QLIL (tmax - tn) (g’r)m (0)
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and
DYO({tisir,, Lihricn) = [ (@) 2 (8 = 15)] : 9:31)

1<ij<n

We emphasize here that, for a given set of interacting times {¢1,...,t,}, contributions to d summed
over Keldysh indices are equal to the ones summed over LO indices

Z dn ({ti, i }r1<i<n) = Z dn ({ti,ir,, liti<i<n) - (9.32)

Q1 ...y, lryelry
ly...ln

This property will prove extremely useful in Section 9.5 to understand the performance of the Monte Carlo
algorithms in the LO basis.

9.3 Direct cancellation of vacuum diagrams and steady-state limit

Now that we have established the diagrammatic rules in the LO formalism, we can show the following
property: every vacuum diagram vanishes, without any summation required. As in the {£} basis, this
allows the computation of observables in the infinite-time steady-state limit, but this time without the 2"
exponential cost.

9.3.1 Direct cancellation of all vacuum diagrams

The order-n expansion of the partition function in the Coulomb repulsion U is obtained by transforming
Eq. (8.23) in the LO basis:

tmax
an/ dty...dty Y Zn ({tiyir, lihi<i<n), (9.33)
0 .

l...0,

where

1 n )
Zo ({tisin, i) = (’2> TT et [Go)egng tit)] - 934

Let us consider an order n > 1 diagram contributing to Z in the LO basis. The interacting times are
denoted t1, . .., t,. We assume that, for all i < n, ¢; < t,,.> We label ¢ the spin on the identity side of the
(1®7, + 7™ ®1)/2 interaction vertex at t,,, and [ the corresponding LO index. For simplicity, we consider
o =T, but the derivation would remain similar for | spin. The interaction vertex takes the form

ln,t 2,
Xtm —1,1,} (9.35)
L, T 2,1

Let us follow the diagrammatic line of spin 1. If ¢, is surrounded by no other interaction vertex (it is a
fermionic bubble), the diagram is then proportional to

(31)u(0) = 6107+(0) + r1a4(0) = 0. (9.36)

In the case where t,, is surrounded by at least one other interaction vertex, we label its surrounding interac-
tion times (that can be equal) ¢; and ¢;, i, 7 # n, with corresponding composite indices LZT, LJT-. We then
obtain

(ﬁT)LJTz(tj - tn) = 6LJT_2511 [kT(tj —tn) + aT(tj - tn)]

9.37)
+ 6L;1611GT(tj - tn) + 6L;0611k0(tj - tn)7

2. We can rearrange indices if this is not the case.
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and
(1) (tn = i) = 8115810 [P (tn — ti) + Ky (tn — 1))

(9.38)
+ 6L71610k7‘(tn — ti) + 5LT06IOTT(tn — ti>.

The full diagram is then proportional to §;00;; = 0. Hence every diagram contributing to Z in the LO basis
is exactly equal to O: This formalism directly cancels vacuum diagrams.

Finally, we note that this proof relies only on having the identity on one side of the interaction vertex,
and not on the explicit contraction with 74, 7|. Had we kept the diagrammatics with §-© lines instead of g
ones, we would also have obtained the cancellation of vacuum diagrams.

In terms of determinants, these massive cancellations imply
Y >0,V{t1,...,tn} € [0, tmax)"s V{iry, .- -y ir, } € {-1,1}",
V{ll,...,ln} € {Ovl}naHdet [(&a)L;’L}’(tiatj) =0

1<i,j<n

(9.39)

9.3.2 Direct access to the steady-state limit in the density computation

Just as in the {4} basis, the cancellation of vacuum diagrams directly implies the clusterization of
interaction time near ¢y, in the density computation, therefore allowing us to address any measurement
time. The proof is very similar to the one given in Section 8.4.1, without the exponential sum over Keldysh
indices.

Let n be a given perturbation order, and ¢; < to < --- < t,, n interacting times. Let us assume that the
first 5 times are located far away from the measurement time %, and that the last n — j times are located
in the vicinity of £,,x. We can formally consider

V1< < 4, |t — tmax| — 0. (9.40)
Because the Green’s function is a local quantity in time, this means that for all ¢ € {t1,...,t;}, t' €
{tj+1a--~7tn;tmax} ) )
190 (£, )| = 0, [lgo (', t)]] — 0. (9.41)
We therefore have
[ det DL°(tiir,, litr<i<n) = [ ] det A, [ ] det By, (9.42)
with
AU:[: aﬂti_ti/i| ; 9.43
(9) gL ( ) i< (9.43a)
B, = [ s ti—ty } , 9.43b
1 (g)LjL;L,( ) i1<iit<n ( )
A (QT)LJT+12(tj+1 - tmaX)
g t; — Ty ] .
By = @1)2723,( ) JH1<iir<n . : . (9.43¢)
. . (QT)LILQ(tn — tmax)
(Gt)art,, (tmax = Tj41) o (9)yp (bmax — ) (91)22(0)

However, [[, A, is a contribution to Z at order j, and it vanishes according to Eq. (9.39). Therefore
[1, det DLO ~ 0, and this proves the clusterization of times around # ., in the computation of the density.

Let us note that the cancellation of vacuum diagrams also implies that, out of the 4™ possible configu-
rations for the density, half of them vanish.

We consider a given set {t;,%r,,l; }1<i<n of LO vertices at order n, and we assume that for all i < n,
t; <tn.Ifi;, =1,thenthe | spin is carrying the identity side of the vertex. As we measure the density on
the 1 spin, the argument used in the cancellation vacuum diagrams applies again and Di‘o({ti, iry lib1<i<n)
is the n X n null matrix. If ¢, = —1, the contribution does not vanish. Hence, when computing the density,
at every order n and for every set of n interaction times, 4™ /2 LO configurations are exactly zero.
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9.4 Diagrammatic quantum Monte Carlo algorithms

In this Section, we describe how to compute the density d introduced above using quantum Monte Carlo
(MC) techniques. We present two different algorithms based on the LO formalism.

9.4.1 Sampling of the density

A configuration c¢ is determined by a given perturbation order n and a set of n interaction LO vertices:

c={n;y1,...,Yn}, where y; = {t,ir,,l;}.
In what we define as the LO algorithm, we simply sample the contributions to d,,, Eq. (9.29). Because
the density is a real quantity, we consider

d(c) = —%Re (z‘”“ H det Dgo(c)> . (9.44)

Defining the statistical weight of ¢ in the Monte Carlo to be w© = |d(c)|, then

tmax
dn:/o dty ...dt, Z

iTl...z.,.n

ll'nln

MCLO

d(c) Z sgn d(c). (9.45)

The second algorithm that we study is a mixed algorithm that samples the configurations according to
their LO weight w!© but computes d,, in the original {+} basis, from the contributions *

d*(c) = Us,, (9.46)

where s, is defined in Eq. (8.44). The idea is to use the LO weight to construct the Markov chain, but to
measure the exact contribution to d as summed over the 2" Keldysh indices. We therefore obtain

tmax
dn:/ dty ... dt,d* ({ti}1<i<n)
0
MCLO

1 [t dt(c) 1 d*(c)
= dty...dt, Lo = -
v 2 1l ] X 7 2 o

c

(9.47)

Gy i,
Ly

where A is the number of non-zero LO configurations. When computing the density, N' = 4™ /2 at order n
(see Section 9.3.2).

As detailed in Section 5.2, we use a standard Metropolis algorithm [107] to generate Markov chains
distributed according to the weight w!©. In both algorithms, starting from an order-n configuration ¢, a new
configuration ¢’ is proposed according to one of the following two Monte Carlo updates:

1. Add a new interaction LO vertex. The new interaction time is chosen according to a Cauchy law (as
in the &+ algorithm, see Section 8.4.2), and we randomly choose the i.- and [ indices. The Metropolis
ratio is

Toewe  1/(n+1) U™ /272|Re ("2 [], det DLO((')) |
Teowe — p(t)/4 Re (i"+1 [, det DFO(c)) |

9.48
B 2U Re ("2 ], det DO(¢’)) ©48)
~ (n+1)p(t) | Re (i1 ], det DEO(c))
2. Remove a randomly chosen interaction LO vertex from ¢. The Metropolis ratio is
Tc/c’wc/ B np(t) Re (Zn H(T det DEO(C/)) (9 49)
T.ow.  2U |Re(i"t1]], det DLO(c)) |’ ’

3. Here the + superscript only denotes the {+} basis and not two different contributions.
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9.4.2 Redefinition of noninteracting propagators and renormalization

As shown in Section 5.3.1, there is some freedom in the choice of the noninteracting propagator used to
construct the perturbation expansion through the a-shift.* The redefinition of the interaction term is taken
into account by subtracting v, on the diagonal of the determinants DL°. The shift in the chemical potential
acts as a diagonal term in the self-energy and hence in

Loy —1 1 kg /|re|?
@) = (7"6 it ) . (9.50)
« therefore modifies r, and a, into
Po(w) = [r(w) ™ = Upas] ", (9.51)
o (w) = [a(w) ™ = Upas] " (9.52)

As ky/|r,|? is not impacted by the shift, the modified Keldysh Green’s function is then

o (w) |2
To(w)

ko(w) = ko (w). (9.53)

Monte Carlo results also need to be normalized. We therefore restrict our calculation to two consecutive
orders and follow the procedure described for the + algorithm in Section 8.4.2.

9.5 Results

In this Section, we present actual computations of the density according to the & algorithm of Chapter
8, the algorithms described in this Chapter, and we compare their efficiency. We consider an energy level
€4 coupled to a bath described by a semi-circular density of states of bandwidth 4D. The Green’s function
describing this bath is defined on the complex plane as [53]

¢ —sgn(Im¢)+/¢?2 — 4D? . 9.54)

2D?

gbath(O -

The noninteracting retarded Green’s function of the impurity level is

ro(w) = L

_ , 9.55)
W — €4 — Y2 gbath (W)

where v is a coupling term between the energy level and the bath. The Keldysh Green’s function is then
deduced from Eq. (9.6) using the fluctuation-dissipation theorem.

In the following, D = 1 is our energy unit. We consider 3 = 100, v? = 0.04, ¢; = —0.36. Electrons on
the impurity experience a local Coulomb interaction U = 1.2. We choose a uniform a-shift: o = 0.3, such
that Uaw = —ey4. The bath being particle-hole symmetric, this creates a shifted retarded Green’s function
To(w) that is itself particle-hole symmetric (see Eq. (9.51)). However, we have checked that this particular
choice of a does not influence our conclusions. The computational effort is 240 CPU*hours for every order.

We provide in Appendix C a table benchmarking the LO and mixed algorithms against the original
=+ algorithm as well as the CDet algorithm from Chapter 6. This shows in particular that the LO and
mixed methods yield correct results and that we can indeed reach long times without an exponential sum of
determinants.

9.5.1 Comparison with the original diagrammatic quantum Monte Carlo algo-
rithm
Our main result is shown in Fig. 9.1 where we compare the relative error bar in the density computation

as a function of the perturbation order. Blue dots denote the £ algorithm, orange stars the LO algorithm,
and green dots the mixed algorithm. In all three cases, dotted lines are guides to the eye.

4. Note that in this context « does not denote a Keldysh index but a scalar, in order to be consistent with the existing literature.
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Figure 9.1 — Comparison of the error bar divided by the mean value in a density computation.
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Figure 9.2 — Comparison of the error bar divided by the mean value of the normalization coefficient.

We see that all three relative error bars increase with perturbation order. This can either come from
the increasing difficulty of computing the series coefficients, or an error propagation coming from the
normalization factor 1. We plot in Fig. 9.2 the relative error bar on 7, which is much smaller than the
final relative error on the density, showing that the latter mainly comes from the increasing difficulty to
compute higher order coefficients. Moreover, the LO relative error bars very quickly become much larger
than the & ones, their difference nearly reaching two orders of magnitude at order 8. The mixed algorithm
is found to perform better than the LO algorithm but its error bars slowly grow larger than the &+ ones.
This is surprising, as one could have expected to at least gain the decorrelation time over the algorithm of
Ref. [128]. We discuss the origin of the error bars in both algorithms in the next Section.

9.5.2 The return of the sign problem

In this Section, we discuss the origin of the large variance in the computation of the density in the LO
algorithm in terms of a sign problem in the Monte Carlo sampling and we show how this impacts the error
bars of the mixed algorithm.

On the upper panel of Fig. 9.3, we plot as blue dots the non-zero LO contributions to the density sorted
according to their absolute value. The left and right panel correspond to two different time configurations
(cf caption). In both cases, the red line indicates the full sum over all LO indices, normalized to 1 (which
coincides with the 4 contribution). The lower panel shows the partial sum, from left to right, of the LO
contributions plotted above. The last point, equal to 1 by construction, is emphasized as a red dot. As
roughly half of them are positive and half negative, we see that the sum of the LO contributions over the
indices for a fixed set of interacting times is characterized by massive cancellations. This is the origin of the
large error bar in the Monte-Carlo, i.e. another manifestation of the sign problem. Furthermore, the partial
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LO weights Sum over all LO indices

0.0 —%
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Figure 9.3 — Upper panel: Sorted array of the LO contributions according to their absolute value (blue
dots) and their sum (red line), normalized to 1. Lower panel: Partial sum of the above LO contribu-
tions, from left to right, the red dot being the last point, by definition 1. Left panels correspond to
the time configuration 73 = {273.2,277.8,280.9,331.7,366.4,390.5}, and the right panels to 7o =
{338.3,343.2,366.9, 369.7, 393.9,394.5}. Order 7, tyax = 400.
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Figure 9.4 — Histograms of the times visited by the Monte Carlo algorithms, projected in one dimension.
Order 9, t.x = 400.

sum shows that there is no clear feature or cutoff from which one could extract the value of the full sum.

Let us now turn to the mixed algorithm. On both the left and right panels of Fig. 9.3, the sum over
all LO indices, which coincides with the & contribution, is normalized to 1. However, on the left panel,
the contributions of the different LO configurations are small compared to the final result, reaching at most
20% of it. On the right panel, those same contributions are much bigger, reaching up to 1700% of the full
sum. Hence the Monte Carlo implemented in the LO basis does not sample the same time configurations as
the algorithm in the {4} basis. This is illustrated in Fig. 9.4 where the histograms of the times visited by
the Monte Carlo, projected in one dimension, are plotted for both the + algorithm (blue line) and LO one
(orange line). First, we observe the clusterization of times proved at the beginning of this article: interaction
times contributing to the density tend to be in the vicinity of ¢,,x. Then, we see that some times located far
away from the measurement but still contributing significantly to the & algorithm are almost never visited
in the LO algorithm. On the other hand, times close to t;,,x are more sampled in the latter. As times visited
by the mixed algorithm coincide with the LO ones, this explains the difference in error bars between the
mixed and =+ algorithms observed in Fig. 9.1.

In the next Chapter, we explore in more detail the massive cancellations in the LO algorithm as a
function of the LO indices. We show that it is possible to find patterns to regroup them, and therefore
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reduce the overall error bar, but this is not enough to compete with the + algorithm.
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oo 10

Grouping determinants to reduce the sign
problem

10.1 Motivation

We have seen in the previous Chapter that it is possible to write diagrammatic rules in the Larkin-
Ovchinnikov (LO) basis that yield a direct cancellation of vacuum diagrams. As a consequence we can
directly tackle the infinite-time steady-state limit when sampling contributions to a physical quantity such
as the density.

In the original diagrammatic Quantum Monte Carlo presented in Section 8.4, these properties were also
satisfied, but at the cost of an exponential sum over determinants when computing the MC weight: 2™ at
a given perturbation order n. It led nonetheless to a drastic reduction of the sign problem compared to
original real-time QMC algorithms. Our hope therefore was that the LO algorithm would similarly tame
the sign problem and allow the computation of perturbative contributions with a much higher numerical
accuracy. We showed in Section 9.5 that error bars are actually exponentially larger than the ones from the
=+ algorithm, due to massive cancellations over LO indices that are only performed stochastically.

A natural question arises from these results: Is there a way to sum a number of determinants smaller
than 2" at order n that would yield a smaller error bar than the + algorithm? The general problem at hand
is sketched in Fig. 10.1. We would like to understand whether there exists an optimal way to partition the
determinants in groups of m members that are summed, with 1 < m < 27", in order to minimize the sign
problem. Does m have to be exponential in the perturbation order or can it scale polynomially?

In order to address these questions, we are going to explore ways of regrouping determinants in the LO
basis that are independent of the interacting times considered. We first exhibit patterns found heuristically
before presenting results of a machine learning approach based on Haar scattering. Note that Ref. [157]
recently exposed the idea of sorting Feynman diagrams into groups that are likely to contain nearly equal
or nearly cancelling contributions at equilibrium.

Throughout this Chapter, we use the same set of parameters as in Section 9.5. We compute contributions
to the density of 1 states on a single energy level €, coupled to a bath described by a semi-circular density
of states of bandwidth 4D, gna:1,. The noninteracting retarded Green’s function of the impurity level is

() !
TelW) = 5
w — €4 — Y2 gpath (W)

(10.1)

where 7y is a coupling term between the energy level and the bath.

In the following, D = 1 is our energy unit. We consider 8 = 100, v? = 0.04, ¢; = —0.36. Electrons on
the impurity experience a local Coulomb interaction U = 1.2. We choose a uniform a-shift: o = 0.3 (see
Sec. 8.4.2), such that U = —e4. The bath being particle-hole symmetric, this creates a shifted retarded
Green’s function 7, (w) that is itself particle-hole symmetric, see Eq. (9.51). In practice, the noninteracting
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Figure 10.1 — Sketch of the algorithmic problem we are addressing in this Chapter.

Green'’s functions therefore have the following symmetry relations

ko (—t) = —ko (1), (10.2a)
To(—t) = —a,(1). (10.2b)
We stress that patterns presented below weakly depend on the a-shift but are easier to identify in the

particle-hole symmetric case. The computation effort is 240 CPU*hours for each perturbation order. In the
following, we omit the ~ notation and the spin subscript to keep notations simple.

As a basis for upcoming comparisons, we also recall results obtained for the contributions to the density
at a given perturbation order using the £ and LO algorithms, as presented in Appendix C.

! [ + \ LO |
Order 1 || —1.7013355 +2.4 x 107% | —1.7013405 + 2.9 x 10~
Order2 || 14.472669+ 7.4 x 107° 14.47295 4+ 0.00020
Order 3 —33.3544 £+ 0.0022 —33.3462 + 0.0077
Order 4 —431.304 £+ 0.039 —431.174+0.36
Order 5 5094.46 + 0.82 5097 + 10
Order 6 —16166 + 11 —16337 £ 364
Order 7 —164111 + 175 —158102 + 10331
Order 8 || 2.2319 x 10 + 2.0 x 10° 1.68 x 10% £ 5.0 x 10°
Order 9 || —7.850 x 105 + 3.0 x 10* EB ~ result

10.2 Human learning: Identifying cancellation patterns by hand

10.2.1 The n = 2 example

Let us first focus on second perturbation order. LO configurations take the form {(¢1, ir,, 1), (t2, iy, l2) }+
with 0 < t1 < t2 < tmax, (iry,0m) € {—1,1}% and (I1,12) € {0,1}2. We proved in Section 9.3 that those
bearing i, = 1 are exactly equal to zero, so that we only deal with eight nonzero contributions. In this
Section, we explicit them to show what cancellations can be obtained.

First, we compute the contribution from the first nonzero configuration

[ det DE° (t1,1,0:t2, —1,0) = k(ts — t2)r(ta — t1)7 (tmax — t2)
- (10.3)

X [29< (O>k(t2 - tmax) - (T(t2 - tl) + k(t2 - tl))(a(tl - tmax) + k<t1 - tmax))} )
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and the second one

Hdet 'DI(;O (tl, 1,0; t2, —1, 1) = k(tl — ﬁg)’l"(tg — tl)r(tmax — tg)
o (10.4)

x [2g(0)k(ts — tmax) + (r(ta — t1) + k(t2 — t1))(a(ts — tmax) + k(t1 — tmax))] -
When summing these two results together, many terms cancel out, and one simply obtains
4g=(0)k(ta — tmax )7 (tmax — t2)k(t1 — ta)r(tz — t1). (10.5)
Summing together the two following configurations yields the same result

[ det DL0 (t1, 1,182, —1,0) + [ [ det DO (£, 1, 1542, —1,1)
g ag

(10.6)
=4g5(0)k(t2 — tmax)7 (tmax — t2)k(t1 — t2)r(t2 — t1).
Even more interesting, the following configurations exactly cancel when grouped together:
[ det DLO (t1,—1,0:t2, —1,0) = — [[ det DO (t1, -1, 1382, —1,1) , (10.7a)
[ det DL (t1,—1,0:t2, —1,1) = — [ [ det DO (t1, -1, 1322, —1,0) . (10.7b)

One sees from this simple example that it is possible to completely cure the sign problem originating
from the LO configurations by grouping two determinants in the Monte Carlo weight. Do some of these
cancellations survive for orders larger than 2?

10.2.2 Exact cancellations at half-filling

For the specific case of o that make the non-interacting Green’s function particle-hole symmetric, we
heuristically find that 2™ contributions exactly cancel each other at perturbation order n. Let us consider n
interacting times t; < --- < t,.

If n = 2k is even, cancelling contributions correspond to those with all i, equal to —1. More specifi-
cally, defining

c:{(t17_17ll)7"'7(t2k7_1712k)}7 (1083.)

C/: {(tlﬂ_17Z1)a"'7(t2k7_17i2k)}; (IOSb)
we obtain

[ det D0 (¢) = — [ det DLO ('), (10.9)

and therefore d(c) + d(¢) = 0. Note that this is consistent with Eq. (10.7). If n = 2k + 1, cancelling con-
tributions correspond to those with all ¢, equal to 1 except the last one associated to the greatest interaction
time. In this case, the grouping pattern is

c={(t1,1,0h),. .., (tar, 1, low), (tory1, — 1, loks1)} (10.10a)
¢ ={(t1,1,01), ..., (tar, 1,2k, (tong1, =1 o) } - (10.10b)

We implement these groupings in the computation of the Monte Carlo weight of the LO algorithm,
resulting in the order-by-order error bars presented in the table below.

] || LO - 2" exact cancellations at half-filling |

Order 1 —1.7013426 £ 2.8 x 10~ ©
Order 2 14.472816 +£ 8.2 x 10~°
Order 3 —33.3522 £ 0.0060
Order 4 —431.43 +0.24
Order 5 5096.6 & 8.0

Order 6 —15995 + 289
Order 7 —156490 + 8203
Order 8 2.47 x 105+ 3.1 x 10°
Order 9 EB ~ result
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The LO results of Section 10.1 are indeed improved, but we need to find more groupings to fight the
exponential scaling of the sign problem.

10.2.3 Cluster patterns

First, we numerically check that on average half of the contributions from the nonzero LO configurations
are positive, while the other half are negative. This motivates the idea of summing terms in groups scaling
as powers of 2.

Then, we find that families of correlated configurations are mainly defined by the {i,,..., i, } se-
quence (and not the [ coefficients). More specifically, let us define a cluster as a set of following i, s with
the same value. For example, in the following order-7 configuration !

¢ ={(1,0),(-1,0),(-1,1),(=1,1),(1,1),(1,0), (-1, 1)}, (10.11)

we have i,, = i, = i, = —1, so that they form a cluster of size 3. We observe that the new configuration
¢/ obtained by switching the last [ of the largest cluster massively cancel the contribution of ¢. In this
example, it would be defined as

C/ = {(170)7 (7170)7 (717 1)7 (7170)7 (L 1)7 (17 O)a (717 1)} (1012)

When there are several clusters of the same size, the best cancellation is formed when flipping the last [ of
the rightmost one. For example, the following two configurations should be grouped together

c={(-1,0),(1,0),(-1,1),(-1,1),(1,1),(1,0), (-1,1)}, (10.13a)
¢ ={(-1,0),(1,0),(-1,1),(=1,1),(1,1),(1,1),(=1,1)}. (10.13b)

We also observe that flipping the very last [, [,,, often yields good cancellations.

We therefore design two Monte Carlo algorithms based on theses ideas:

— The cluster LO algorithm. To each configuration ¢ proposed by the Monte Carlo, we associate
another configuration ¢’ in which we flip the last [ of the rightmost largest cluster of i,s. The
contribution to the density is the sum of the contributions of ¢ and ¢’. The order-by-order error bars
are presented in the left column of the table below.

— The cluster and last LO algorithm. To each configuration ¢ proposed by the Monte Carlo, we
associate ¢’ as in the cluster LO algorithm. If the flipped ! was not the last one, we form a group of
size 4 associating the other two configurations in which we flip /,,. The order-by-order error bars
are presented in the right column of the table below.

] H LO - Cluster groupings \ LO - Cluster and last groupings ‘

Order 1 [[ —1.7013394 4+ 3.3 x 10~© —1.7013394 £3.2 x 107
Order 2 14.472762 £ 7.7 x 1075 14.472731 £ 7.3 x 1075
Order 3 —33.3510 £ 0.0033 —33.3476 £ 0.0033
Order 4 —431.146 £ 0.072 —431.322 £ 0.079
Order 5 5095.0 £2.4 5096.9 £1.9

Order 6 —16256 £ 78 —16170 £ 61

Order 7 —164974 £+ 2198 —165426 £+ 1588
Order 8 2.175 x 10 4 6.4 x 10* 2.277 x 105 £+ 5.6 x 10*
Order 9 —9.5 x 10° £2.1 x 10° —8.6 x 10° £ 1.3 x 10°

Both algorithms give very encouraging results, allowing to reduce the error bar by a factor 10 for the
highest perturbation orders compared to the LO results of Section 10.1. But another factor 10 would be
needed to challenge the + algorithm. Because the number of LO configurations grows exponentially with
the perturbation order n, finding groupings by hand proves very difficult for large n. It would therefore be
desirable to develop a more systematic search using machine learning techniques, which is the subject of
the next Section.

1. In this Section, we drop the interacting times when writing configurations to keep notations short.
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xr Six Sox 8393

Figure 10.2 — Example of a Haar scattering network. Each layer is obtained by adding or subtracting a pair
of coefficients from the previous layer. Note that x is labeled d7 in the text. [34]

10.3 Machine learning: Deep Haar scattering on graphs

Designing an efficient machine learning algorithm to optimize the sign problem by grouping configura-
tions requires to find a proper representation of data and of the optimization function. The work presented
in this Section has been driven by discussions with Stéphane Mallat from Ecole Normale Supérieure.

At a given order n, the 4 LO configurations can be thought of as vertices of a graph, where the edges
between vertices define a group that should be summed together when computing the Monte Carlo weight.
In this representation, finding groups therefore means learning the connectivity of the graph, that is which
vertices should be connected together.

Such a problem has been addressed in Ref. [34] using deep Haar scattering. In the following, we
reproduce the arguments presented in this article, adapting formulas and procedures to our optimization
problem. We then present results for the density computation.

10.3.1 Haar scattering on a graph

Let us consider a given perturbation order n and set of interacting times 7' = {t; < --- < t,, }. A set of
LO configurations {i.,,; }1<;<n is labelled by a single integer L between 0 and 4" — 1. For instance, one
can make the following choice at order 1

{-1,0} =0, {-1,1} —»1, {1,0} =2, {1,1} = 3. (10.14)
The contribution to the density is labelled d-(L) and writes, see Eq. (9.44),

U’I’L
dr(L) = —5—=Re " [[det DO(T, L) | . (10.15)

- 2n+1

T being fixed, the different dr-(L) define an unweighted graph G whose vertices correspond to the 4"
different values of L.
A Haar scattering is calculated by iteratively applying the following permutation invariant operator to
two numbers a and b
(a,b) — (a+0b,]la—10|). (10.16)

This transformation can be applied along a deep network, as depicted in Fig. 10.2. At layer j, the network
coefficients are stored in a (2_j 4™y x 27 matrix S;dr, where rows denote a node index and columns a
feature type. The input network layer is thus

dr(0)
Sodp = . (10.17)
dr(4m — 1)

The network layer j + 1, Sj;1dr, is then computed regroupings the 2774™ nodes from S;dr in 2777 14"
pairs (a;, b;) and applying Eq. (10.16) to each pair (S;dr(ai, ), S;jdr (b, q)):

Sj+1dT(la2Q) = deT(al7Q> + deT(blaq), (10183-)
Sjt1dr(l,2q + 1) = [Sjdr(ar, q) — Sjdr (b, q)| - (10.18b)
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This transform is iterated up to a maximum depth J < log,(4™).

In order to illustrate this construction, we consider the case n = 1. The input layer writes

7(0
r(1
7(2
7(3

Sodr =

SRSUR ST

)
1k (10.19)
)

We can then choose to pair dr(0) with dr(1), and dr(2) with dr(3). The following layer in the Haar
scattering network would therefore write
dp(0) +dr(1)  |dr(0) — dT(1)>

(10.20)

Sidr = (dT(Q) 4 dT(g) ‘dT(Q) - dT(3)‘

Had we choosen to pair dr(0) with dr(2), and d(1) with dr(3), the following layer would have been

_(dr(0) +dr(2) |dr(0) — dr(2)]
i <d§<1)+d;(3> di(U—di(S))‘ (10.21)

The task of the machine learning algorithm will be to discriminate between the different possible groupings
in order to minimize a cost function we describe next.

10.3.2 Optimization function

We would like to design an algorithm to learn the connectivity of the graph G from a training set of
unlabelled examples {dr, };. The goal of the method is to identify LO configurations that cancel each other,
see for instance Section 10.2.3. If the connectivity is known up to scale 27, the next scale is therefore
obtained by finding optimal pairings {a;, b;} which minimize the sum of scattering vectors, averaged over
the training set {dr, }:

P A |
> >0 ISidr(a,q) + Sidr, (b, q) - (10.22)

1=0 q=0 i

Note the difference with Eq. (6). of Ref. [34], where a difference is used instead of a sum because the
authors are interested in scattering vectors that are similar. This is a weighted matching problem which can
be solved by the Blossom Algorithm of Edmonds [34, 47, 52].

10.3.3 Results

We use the MATLAB software of Ref. [34], publicly available at www.di.ens.fr/data/scattering/haar.
As mentioned in the previous Section, a minor modification has to be made in the haar_tree_learn.m file
to minimize the sum of scattering vectors and not their difference.

We train the algorithm using 2000 examples and look for pairings of size 2 and 4, which respectively
correspond to depths J = 1 and J = 2 of the Haar scattering network. The error bars of the two Monte
Carlo implementing the obtained pairings are presented below. As the sign problem is completely cured
using groupings of size 2 at order 2 (see Section 10.2.1), we only look for groupings of size 4 starting at
n=23.72

H LO - Haar size 2 \ LO - Haar size 4
Order 1 || —1.7013383 £3.3x 10°°
Order 2 14.472734 +£ 7.0 x 107°
Order 3 —33.3560 & 0.0028 —33.3589 & 0.0026
Order 4 —431.324 £+ 0.061 —431.314 £ 0.057
Order 5 5091.6 + 3.2 5095.1 + 1.4
Order 6 —16162 £ 60 —16183+ 40
Order 7 —167344 + 1718 —163794 + 1003

2. We computed contributions to the density up to order 7 due to some MATLAB limitations.
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10.4. CONCLUSION

The use of this Haar scattering algorithm yields a small improvement over what we found by hand, but
not by a big factor. This means there is no obvious cancellation pattern that we have missed using ‘human
learning’.

10.4 Conclusion

Finding groupings to reduce the fermionic sign problem in real-time diagrammatic Monte Carlo meth-
ods is a very challenging algorithmic problem. It either requires a good physical intuition to find patterns
among 4" contributions, or sophisticated machine learning techniques.

All in all, the error bars managed to be greatly reduced, and one might gain even more by increasing
the groupings size. Results from Sections 10.2.3 and 10.3.3 however seem to indicate that the exponential
scaling of the sign problem is faster.

Another idea would be to look at the problem from a slightly different angle. Up to now, we focused on
the fact that contributions should cancel each other. The algorithms were actually quite successful in this
respect. As contributions from many groups became very small, acceptance rates dropped below 5% and
correlation times drastically increased at high perturbation orders. The efficiency of the Monte Carlo was
therefore greatly reduced.

But the final result, obtained when summing over all LO configurations, is a nonzero contribution to the
density. What we are interested in is thus a way to group configurations that cancel each other with other
ones that actually contribute to the final result. This optimization problem is more subtle than the one we
looked at and it is unclear how one could best address it.

91



CHAPTER 10. GROUPING DETERMINANTS TO REDUCE THE SIGN PROBLEM

92



Part V

Current-driven transition in CasRuQ,
using steady-state NCA

93






o 1 1

Non-Crossing Approximation

In upcoming Chapter 13, we will model the insulator-to-metal transition driven by an electric-field
in CagRuOy4 [115, 142, 122], which is one of the numerous examples of recent experimental progress in
driving strongly correlated systems out of equilibrium. In such materials, the multiorbital nature and/or
the need to reach the steady-state limit prevent us from using the numerically exact methods presented in
Chapter 8. It is therefore desirable to use a more economical way to solve the quantum impurity model that
still captures the essential physics of the system. Systematic approximations in the hybridization expansion
are popular as they give reasonably accurate results while keeping the computational cost at minimum
[81, 59,90, 131, 16, 17, 69].

A simple strong-coupling expansion is called the Non-Crossing Approximation (NCA), as it analyti-
cally sums a subset of diagrams without crossing hybridization lines. In this Chapter, we first present the
imaginary-time formulation of NCA. This allows us to introduce the formalism and notations, as equations
easily generalize to the real-time Baym-Kadanoff contour that we present next. A novel algorithm working
directly in the steady-state limit of the equations is then derived in the next Chapter.

In the literature, the most common derivation of NCA equations uses a pseudo-particle representation
of the Green’s function [38, 16, 46]. We choose here to work with the local states propagator R, following
Refs. [10, 141, 125].

11.1 Equilibrium NCA

11.1.1 Local states propagator
We consider a correlated impurity coupled to an uncorrelated bath. Its Hamiltonian writes

H = Hioe + Hnyp + Hbam, (11.1)

where Hjo. describes the local physics of the impurity, Hpa, the noninteracting bath, and Hyyy, is a hy-
bridization term between the impurity and the bath. The partition function of the bath is Zy,,, = Tr (676 H‘“"') .
The impurity state propagator R is defined as

1
R(7) = — ——Trpame 7 Toune =7 (Mo Hin) (11.2)
Zbath

It can be interpreted as a projected evolution operator of the atomic states after averaging over the bath
states at equilibrium. As in Section 5.1, the quantum impurity can be described using an imaginary-time
path integral

? ot ’ t
5= /O drd],(r)B,dq(r) + /0 drHioe (d}(7), da(r)) .
+/ﬁ deT’ZdT(T)Aab(T—T/)db(T/) e
0 ab ‘ ’
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where A is the hybridization function, and d} (resp. d,) the creation (resp. annihilation) operator on the
impurity. a is a composite index for the different degrees of freedom (spin, orbital, ...).

In Chapter 5, we introduced the CT-HYB quantum Monte Carlo algorithm, showing that one can expand
and stochastically sample the partition function Z as a series in A. In this Section, we are interested in the
expansion of the impurity states propagator [2. We derive in Appendix D a path-integral representation of
its matrix elements which motivates an operator representation as a time-ordered exponential

R(r) = =T, exp (—THl(,c - /T dr’'dr Z Agp(r’ — ?)dl(r’)dﬂ?)) . (11.4)
0 ab

Note that R is an operator that acts in the Hilbert space and therefore has a 2"V x 2"V matrix representation,
where N is the number of states in the system. When setting the hybridization function to zero, we recover
the usual local states propagator of an isolated system

Ro(7) = —e T, (11.5)

and the partition function is obtained as
Z = —TrR(B). (11.6)

Eq. (11.4) yields the following expansion in powers of the hybridization function

R(r) = — Z(—nl!)" /OT drjd7 ...d7.d7, Z <H A, (1] — Ti))

x Ty (e 7edl (7])dy, (71) ... dl, (70)ds, (7)) -

11.7)

bi...by
an

Every term in this expression can be pictorially represented using diagrams in A. A straight line denotes a
bare propagator

0 —— 7 = Ro(n), (11.8)
and a double straight line a full propagator

0 == T = R(). (11.9)

The hybridization being a retarded function, it is drawn as an oriented dashed line between an annihilation
operator dj, and a creation operator d.

Pt S
4 \

/
_ \
b b—— 7’0 = Aap( *f)leo(T/ = T)ds. (11.10)

Each diagram has to be multiplied by (—1)**/, where s is the number of crossings of hybridization lines,
and f the number of hybridization lines that go opposite to the overall direction.
For example, the following diagram is an order-2 contribution to R

/.‘/\4\
/0NN T
O _.-L._._.-l_._ T :/ dT{dTQ/dfld'fQ Z Aa1b1 (T{ - ?I)Aazbz (Té - 77-2)RO(7- - 7-2/)
0 ara2 (11.11)

X dbzRo(Té — 77'1)d2;1R0(77'1 — %Q)dZQRO(%Q — T{)dbl Ro(T{)
From these diagrammatic rules, one sees that the impurity states propagator satisfies a Dyson equation
R(1) = Ro(1) + / dr’'d7Ro(r — 7')S(7 — T)R(F),

0
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where the self-energy S associated to R is the sum of all one-particle irreducible diagrams, that is diagrams
that cannot be separated into two parts by cutting a single Ry line. This equation can be rewritten as a first
kind integro-differential Volterra equation

— 0;R(7) = Hioc R(T) + / dr’'S(r — 7)R(7), (11.13)
0
with initial condition R(0) = —1 where 1 is the identity matrix.

11.1.2 Non-Crossing Approximation

The Non-Crossing Approximation (NCA) consists of summing the subset of diagrams without crossing
hybridization lines in the strong-coupling expansion of R. For example, the contribution from Eq. (11.11)
is not considered. The self-energy S takes the analytical form

S(r) == |dhR()dp Ay (7) = duR(7)df Apa( 7))
ab
(11.14)

This approach has the advantage to resum diagrams up to infinite order while keeping a very simple equa-
tion for the self-energy. It was shown to perform well in the strong-coupling regime, especially the Mott
insulating phase, although it fails to correctly reproduce the Fermi liquid behavior [16, 113].

NCA is also a conserving approximation that can be shown to derive from the Luttinger-Ward functional
[16, 69, 141]

B
B[R, A] = — Z/O ArTr [R(8 = 7)daR(7)d} | Ava(8 1)
ab

@ (11.15)

The matrix elements of the self-energy from Eq. (11.14) are indeed obtained through

0P[R, A]
5 (T) 6R'rmz,(6 - T) ( )
The NCA impurity Green’s function then simply writes
1 0P[R, A] 1 +
@ =————=-—=-T —T)dg . 11.17
Garl7) = G san 5= r =~ 7™ [B6 ~ daR(7)d]] (11.17)

11.1.3 Implementation

In order to reduce the size of the matrices we manipulate, we use the symmetries of Hj,. and A to
block-diagonalize R and S. The Volterra equation (11.13) is diagonal in the block indices, while the NCA
equation (11.14) for the self-energy couples blocks together due to the creation and annihilation operators.
Denoting I' a block index, the coupled set of equations to solve now writes

—0,R" (1) = HL RV (1) + /T dr’ S (r —)RY(7"), R(0) = -1, (11.18a)
0
ST =-3"%" [(d;)FF’RF’ (T)(d)" T Aap(7) = (da)™ RY (1) (d))" T Apa(—7)| . (11.18b)
ab TV

Starting from a guess for R(7), these two equations are solved iteratively until convergence. We use the
atom diag class of the TRIQS library for the block diagonalization as well as the operations on operators of
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Imr A

Y5

A

Tmax

—if
Figure 11.1 — Baym-Kadanoff contour used for out-of-equilibrium NCA. [10]

Eq. (11.18b) [123]. Eq. (11.18a) is solved using a time discretization we now describe.

Let us consider a given block index I', and a uniform discretization of the time interval [0, 7]: 79 <

- < Ty, where 79 = 0 and 7y = 7 = 79 + NAT. The initial conditions write R' (79) = —1 and

0, RY (19) = HL.. Let us now suppose that we know R''(7;) and 9, R'(r;) forall 0 < i < n — 1 and

we want to compute R (7,,) and 0, R'(7,), where 1 < n < N. For convenience, we use the notation
Ri = RF(TZ‘), Ri = 87—RF(Ti) and H = HII(;C.

We write A
Ry = Ry + 5 (fon + Fout) (11.19)
and use a trapezoidal approximation of the integro-differential equation (11.18a)
n—1
. A A
— Ry =HiocRu + Y ATS,_iR; + TTSnRO T TTSORn. (11.20)

i=1
We use this equation to replace R, in Eq. (11.19)

L, 1-
1+A27H+(AT) SO]

R, = 5

(11.21)

X )

AT [ - AT nd
R1+ = (Rn_l — = SnBo — A7 ; Sn_iRz)

and R, is obtained through Eq. (11.20). We reproduce this step until n = N.

11.2 Out-of-equilibrium NCA

11.2.1 Formalism

The out-of-equilibrium version of the Non-Crossing Approximation is formulated on an extension of
the Keldysh contour presented in Chapter 8, called the Baym-Kadanoff contour and denoted C. As depicted
in Fig. 11.1, a vertical branch corresponding to imaginary times is added. This allows us to incorporate
information on how the state is initially prepared, and more specifically we can choose to start from an
equilibrium correlated state at ¢ = 0. [10]

A point on C is denoted by z, which can evaluate to z = (¢,+) (resp. (¢, —)) if it is located on the
forward (resp. backward) real-time branch, or z = —¢7 if it is on the imaginary-time branch. We introduce
the contour operator 7} that coincides with 7¢ introduced in Chapter 8 on the real-time axis, with 7’- on the
imaginary-time one, and considers all points on the vertical branch to be later than points on the horizontal
branches. This is pictured by the arrows in Fig. 11.1.

The impurity Green’s function takes the form of a 3 x 3 matrix

GHEe) a5ty Gl

ab ab ab

Gab(z,z’)=—i<TC—da(z)dZ(z’)>: G tt) Gt G |- (11.22)
Gl (rt)  Ghy(rt) iGM(r—1)
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It coincides with the 2 x 2 real-time Green’s function defined in Eq. (8.10), and is proportional to the
Matsubara Green’s function on the imaginary axis, that we label GM to avoid confusions. We indeed have

Gap(—iT, —it') = —i <T7da(r)d2(r’)> = iGM (7, 7). (11.23)

We also introduce two mixed functions, G'! and G/, that couple the imaginary and real axis. They are not
independent as

Gl (r.t) =[Gl (.8 — 7). (11.24)

Let us now define a clockwise integral on the contour

; / dz f(z1) if 2 > 2/, (11.25)
/ dz1f(21) = .

z —if3
/ dz f(z1) + / dz f(z1) if 2/ > z.
0 z

’

This allows us to expand the definition of the local states propagator from Eq. (11.4) on the full Baym-
Kadanoff contour

R(z,2') = —iTs exp <—z/ Hioe(21)dz1 — z/ dz1dzs ZAab(zth)dl(zl)db(@)) . (11.26)

ab

Note that ), can now be time-dependent, and d(z) is written in the interaction representation with respect
to Hioe(2). R is expressed in terms of a 3 X 3 matrix involving the different branches of the contour

RTH(t,t)  R<(t,t')  Rl(t,7')
R(z,2)=| R>(t,t') R——(t) RI(t7) |. (11.27)
RI(r,t")  RI(r,t") iRM(r —1")

One can easily check that R(—i7, —it") = iR™ (7 — 7'), where RM is the equilibrium propagator defined
in Eq. (11.4). The following symmetry relations hold

(R§(t,t’))T — _RS(¢,1), (11.282)
(RW (m))T — —RI(B—11). (11.28b)
The bare propagator is defined as
Ro(z,2') = —iTpe /o Hieclz1)dz1 (11.29)
and the partition function is
Z = —TtRM(B) = iTr [R<(t,1)] . (11.30)

The impurity state propagator obeys diagrammatic rules similar to the ones defined in Section 11.1,
except that endpoints of propagators are now real or imaginary times z on the contour C. R satisfies a
Dyson equation involving a self-energy S, which can be written as a Volterra integro-differential equation

10, R(2,2") = Hioe(2) R(2, 2") +/ dz1S(z, 21)R(21, 2'). (11.31)

Very similar to Eq. (11.14), the Non-Crossing Approximation now consists in removing all diagrams with
crossing hybridization lines in the diagrammatrics of R. This corresponds to the following approximation
on the self-energy S

S(z,2") =iT(z,2") Z [le(z, VdpAap(z,2') — daR(z, 2" )} Apa (2, z)} , (11.32)
ab
where we introduce

1 if z > 2/, 11.33
T(Z7Z/): { oz z ( )

-1 otherwise. (11.34)
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This additional factor in the self-energy takes into account the time-ordering product in the definition of R.
Out-of-equilibrium NCA is a conserving approximation as it derives from the Luttinger-Ward functional

RA_ZZ/

The Green’s function is then obtained as

—ip
dzdz' T(z, z )Tr[ (z’,z)daR(z,z’)dH Apa (2, 2). (11.35)

Gap(z,2) = ! T(z,2)Tr [R(z’, 2)d.R(z, z’)dﬂ : (11.36)

z
11.2.2 Implementation

Egs. (11.31) and (11.32) have to be solved iteratively on the different branches of C, which, because of
the convolution in Dyson’s equation, are not independent from each other. There is however a specific order
that allows to completely solve one component after the other, that we describe next.

For each component, we again use a block-diagonalisation of Hj,., R and S as described in Sec-
tion 11.1.3, but we do not specify the block indices in upcoming equations to keep notations short. The
imaginary-times interval [0, 3] is discretized using M + 1 points, with 7o = 0 and 75y = 8 = M Ar. The
real-time interval [0, tmax] is discretized using N + 1 points, with ¢y = 0 and {5y = tpmax = NAL.

Equilibrium component

Egs. (11.31) and (11.32) projected on the vertical imaginary-time axis yield

—0.RM (1) = Hioe RM (1) + / d7SM(r — 7)RM(7), (11.37a)
0
$Y(r) = = > (dhRM (1)dy AN (7) - duR(T)AJAM (-7)) (11.37b)
ab
with initial condition R (0) = —1. These equations exactly correspond to the equilibrium Non-Crossing

Approximation described in Section 11.1.3, and can therefore be solved in the same fashion, independently
of the other components of the Baym-Kadanoff contour. This is unsurprising, as this formalism aims at
starting the real-time calculations from a correlated state at equilibrium, which therefore has to be solved
first.

Greater component

Evaluating Eqgs. (11.31) and (11.32) for z = (¢, —) and 2’ = (t/, +), we obtain

t
10y R (t,t') = Hic(t)R™ (t, 1) + / dtS~ (t,t)R” (t,t'), (11.38a)
t/
STt t) =iy (d;R>(t, A, (t, 1) — daR>(t,t’)dZA§a(t’,t)) : (11.38b)
ab
with R” (¢,t) = —i1. These equations look very similar to Egs. (11.37), but are intrinsically more compli-

cated to solve as they require a time evolution both in ¢ and ¢’. We choose to self-consistently solve them as
we propagate in time, which means that, for a given 1 < n < N, we iterate through these two equations on
[0,t,] x [0, t,] until convergence.

The hard computational part relies in the time evolution, Eq. (11.38a). The scheme we use is depicted
in Fig. 11.2a. Let us assume we know R~ (t;,t;) and O, R~ (t;,t;) for all 1 < j,1 < n (black crosses
in orange square), where 1 < n < N. For simplicity, we introduce the notation Rj>l = R~ (tj,tl),

R;l = 8tR> (tj, tl) and Hj = H]oc(tj).
First, we are going to compute I2,,; and I2,,; for 0 < j < n (red crosses). For a given j, this is done by
evolving points in a scheme similar to the one from Section 11.1.3. We write

R> *R>

’I’Llj

LAt (R> + R 1;) (11.39)
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Figure 11.2 — Propagation scheme used for the computation of R>, R< (left) and R! (right).

and use a trapezoidal approximation to evaluate the Volterra equation
n—1
. At At
SH> > > > > p> > p>
iR, =MaRy 4+ g AtS, R+ 757%]-307]» + 750,3‘Rn,j' (11.40)
=1

Combining these equations, we obtain

At AN o |
Lt Ha i () S5

>
Rnd - 2

(11.41)

X

Ny At —
Ry i+ <R,>L_Lj — iSRGy — it > S,f_l,jRij>
=1

Ri j is then obtained using Eq. (11.40). Second, we compute I2;,, and Rjn for 0 < 5 < n (blue crosses),
which can be easily achieved using the symmetry relations of R> (Eq. (11.28a)). Finally, the initial condi-
tion of the Volterra equation yields R, = —il and R;,, = —H,,.

Mixed component

The coupled equations for the mixed components write
t B
ORI (t,7) = Hioe )R (t,7) + / dts> (t, DR (t,7) + / d7Sl(t,7)RM (7 — 1), (11.42a)
0 T

Sty =iy (ngW (t, 7V AL (8, 7) — du R (t, )} AL (7, t)) : (11.42b)
ab

with initial condition R!(0,7) = iR (8—7). As for the greater components, we choose to self-consistently
solve these equations as we propagate in time, which means that, for a given 1 < n < N, we loop on them
on [0, t,] x [0, 8] until convergence.

Knowing the initial condition for all points on the imaginary-time axis indeed allows a propagation
scheme of Eq. (11.42a) slightly different from the one for the greater component, depicted in Fig. 11.2b.
Let us assume we know R! (tj,n) and 9 R! (tj,m) forall1 <j < n,1<1< M (black crosses in orange
rectangle), where 1 < n < N. For a given I, Rl (t,,7;) and d,R!(t,, ;) are then simply obtained by
propagating points horizontally by descritizing Eq. (11.42a).
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Lesser component

Evaluating Eqgs. (11.31) and (11.32) for z = (¢,+) and 2’ = (¢, —), we obtain

t
10, R<(t,1) :Hloc(t)R<(t,t/)+/ dtS~ (t,t)R=(t,t) (11.43a)
0

t B
—/ dt_S<(t,E)R>(t_,t’)—i/ d7Sl(t,7)RI (7, 1),
0 0

Sty ==y (d;R<(t,t')dbA§b(t,t') — dR< (t,t/)dgAga(t',t)) : (11.43b)
ab

with initial condition R<(0,0) = iR (3). These equations are structurally very close to the ones for the
greater components. There are additional terms in the Volterra equation, but they do not involve the lesser
local propagator.

We therefore solve Egs. (11.43) self-consistently exactly in the same way as Eqgs. (11.38), by discretizing
points in time. The only difference is that we do not know the diagonal points anymore, so that at the end of
the propagation we have to time evolve the points obtained by symmetrization (blue crosses in Fig. 11.2a,
yielding the orange one).

Green’s functions

At the end of the computation, the Green’s functions are simply obtained by projecting Eq. (11.36) on
the different branches of the contour

Gop(r) = —%TY (R(ﬁ - T)daR(r)dZ) , (11.44a)
G2, (1) = %Tr <R< (t' t)do B> (t,t’)dg) : (11.44b)
Gl (t,r) = —%Tf (Rf(r, #)d. R (2, T)dg) , (11.44¢)

GS(tt) = f%Tr (R> (t’,t)daR<(t,t')d1) . (11.44d)
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Steady-state Non-Crossing Approximation

The out-of-equilibrium NCA algorithm presented in the previous Chapter proves extremely useful to
compute the transient behaviour of the system studied before it reaches its long-time limit, as for instance
in pump-probe experiments. However, when we are only interested in the steady-state regime, as it will
be the case for CasRuOy in the next Chapter, solving the full time dependence over the triple contour is
computationally heavy.

In this Chapter, we first present an out-of-equilibrium version of the NCA approximation working on
the Keldysh contour, therefore without the imaginary-time axis, before deriving steady-state equations for
the local states propagator R and its self-energy .S. In both cases, the proposed algorithms are benchmarked
against the technique presented in the previous Chapter. The algorithmic developments presented here have
not yet been published.

12.1 Out-of-equilibrium NCA on the Keldysh contour

12.1.1 Formalism

As a first step towards a steady-state solver, let us first derive the out-of-equilibrium NCA equations on
the real-time Keldysh contour C introduced in Chapter 8. In this formalism, there is no imaginary-time axis,
so that it is not possible to engineer a correlated state at ¢ = 0. This is not an issue as our goal is to study
the steady state, which does not depend on the original preparation of the system. The main advantage of
this representation is that only the forward and backward branches on the real axis are present, so that we
only deal with the greater and lesser components of the local states propagator.

The Volterra equation from Eq. (11.31) simply reduces to

t
10, R” (t, ') = Hioc R (t, ) + / dtS~ (t, t)R~ (¢,t), (12.1a)
tl
t t’
iR (1,1) = Mo RS (1,1') + / dES™ (1, DR (5,1') — / AES<(t, DR (F, 1), (12.1b)
0 0

and the NCA approximation on the self-energy becomes

SE(t,1) = iT(2,2) (leg(t,t’)dbAfb(t,t’) — d RS (4, ¢)dAZ (¢, t)) . (12.2)
ab

The greater component continues to verify R~ (¢,¢) = —1 for all ¢, but there is no obvious initial condition

on R<(0,0) as in the case of the Baym-Kadanoff contour. The starting point therefore has to be provided
by hand, which makes this algorithm not well suited for the study of transient behaviours. Moreover, as it
requires less computation as its full triple-contour counterpart, it is to be favoured when computing steady-
state properties that do not depend on the initial preparation of the system.

The Green’s function is then obtained as

G5 (t,t) = %T(z,z’)Tr (Rz (t',t)daR§(t,t')d1) : (12.3)
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I —e— Triple contour NCA
0.8 - Double contour NCA
= .
a b ——— Double contour from solution
207 -
2
2
K06 1
0.5
T T T T T
0 2 4 6 8 10

Figure 12.1 — Evolution of the density per spin after a quench from U = 0 to U = 3 at initial time, using
the Baym-Kadanoff version of the NCA equations and the Keldysh one from two different starting points.

where the partition function is
Z =1iTr [R<(t,t)] . (12.4)

Apart from the computation of the Matsubara and mixed components that are not present anymore, the
implementation of these equations is done exactly in the same way as presented in Section 11.2.2.

12.1.2 Benchmark

We consider a two-site Anderson impurity model described by the local Hamiltonian

Hioe = —p Z (oo + ne1) — Z (dlodo‘l + h.C.) +U Z NNy, (12.5)

where dj”» (resp. d;) creates (resp. annihilates) an electron with spin ¢ on site 4, u is the chemical potential
of the system, 7y is a hopping amplitude and U is the Coulomb repulsion. n,; = dlidm; is the density
operator. Each site is connected to a bath described by a semi-circular density of states of bandwidth 4D.

In the following, D = 1 is our energy unit, and we have § = 10, tp,x = 20, p = 1.5 and v = 1.
We consider a quench of the Coulomb interaction U from 0 to 3 at initial time, which means the system is
half-filled in the long-time limit.

In Fig. 12.1 is plotted the evolution of the density as a function of time on the [0, 10] interval. Blue
circles result from the full Baym-Kadanoff calculation, and orange crosses are obtained in the Keldysh
formalism presented above, starting from the same value of R<(0, 0) as the triple-contour calculation. One
sees that both algorithms converge towards the same solution, n = 0.5, but following a different evolution
even if they share the same starting point. The green line is also a two-branch calculation, this time using as
starting point the value obtained at the end of the contour, R (fax, tmax )- This solution is found to already
be in the steady-state limit.

In order to verify that the triple-contour and double-contour of the NCA equations indeed yield the
same physical quantities at long times, we also plot in Fig. 12.2 the lesser and greater components of the
Green’s function G (tmax,t) for t € [12,%max]. As both sites are equivalent, Goo(t,t') = G11(t,t') and
Goi1(t,t") = Gyo(t,t’). Full blue and orange lines are obtained using the Keldysh contour formulation of
the equations, and lie on top of the green and red dashed lines that result from the full out-of-equilibrium
method on the Baym-Kadanoff contour.

12.2 Steady-state NCA

12.2.1 Formalism

If the local Hamiltonian is time-independent, it is possible for the system to reach a well-defined steady-
state. All quantities in Egs. (12.1) and (12.2) then only depend on the time difference ¢ — . In the Keldysh
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Figure 12.2 — Diagonal and off-diagonal components of the lesser and greater components of the Green’s
function G (tmax, t) for t € [12, x| after a quench in U from 0 to 3 at initial time.

formalism, this means pushing the starting point of the contour from 0 to —oo, so that the greater and lesser
components of the local states propagator write

i0; R (t) = Hioe R™ (t) + /0 t dtS> (t — t)R™ (%), (12.6a)
i0,R<(t) = Hioe R<(t) + / t diS™ (t — )R<(T) — / ' dES<(t — )R> (D). (12.6b)
The NCA equation becomes - h
SP(t) =iy (ng> (H)dy A, (t) — d R> (t)d;A,fa(—t)) : (12.7a)
ab
S<(t)y=—iy. (d;R<(t)dbA;b(t) — dR< (t)dZAfa(ft)) . (12.7b)
"

We are now interested in computing these different functions between —t,,.x and tpyax. The initial con-
dition of the greater component is R~ (0) = —41. For the lesser component, the initial condition would
correspond to the value at —oo in which the state is initially prepared, but this information is anyway lost
once the system has reached the steady state.

In many physical applications, a time evolution is not suited to solve Eq. (12.6) as functions expand
to large times while oscillating. We therefore move to frequency space. For the greater component, we
introduce R~ (t) = R~ (t)6(t), whose spectral function is ¢ R~ (w) /2, so that

+oo s
R>(2) = 1/ B2 4. (12.8)

2T Z—w

On the real frequency axis, this yields

+oo /
R>(w) 1/ IR (12.9)

T on oo W —wHin
The Volterra equation for R (t) is almost identical to that of R> () with an additional delta function and,
importantly, infinite bounds for the time integration

+oo
iR (t) = 6(t) + Hiee R™ (t) + / dt 5> (t — )R> (1), (12.10)

— 00
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where S (t) = S>(t)8(t). In frequency space, this equation writes
. . -1
B> (w) = [W—Hloc—5>(w)} , (12.11)
and the greater component of the local states propagator is then simply obtained as
R”(w) = 2iImR” (w). (12.12)

Eq. (12.6b) can also be rewritten in terms of convolutions in time

+oo
i0; R (t) = Hioe R<(t) + /

5> (t — DR () — / AES<(t — DR>(8), (12.13)
where R” (t) = R> (t)0(—t). Moving to Fourier space, one obtains
WRS (W) = Hioee RS (W) + 57 (w)R<(w) — S<(w)R” (w), (12.14)

which rewrites

RE(w) = — [1 — Hioe — 57 ()] 'SR (). (12.15)

Note that the function being inverted, w1l — Hjoe — S> (w), is the same as in Eq. (12.11). We detail in the
next Section how these steady-state NCA equations are solved in practice.

Green’s functions are then obtained as

G2, (t) = %H (R<(—t)daR> (t)dZ) , (12.16a)
G5 () = f%Tr (R>(7t)daR<(t)dZ) , (12.16b)

where the partition function is
Z = iTr [R<(0)] . (12.17)

12.2.2 Implementation
Greater component

The equations for the greater components are

R>(w) = [w — Hioe — S‘>(w)} B , (12.18a)
CHOEES (ng>(t)dbA;b(t) — AR (t)d,tA;a(—t)) . (12.18b)
ab

As these do not depend on R< and S<, they can be solved first, and we choose an iterating scheme going
back and forth in Fourier space. Starting from a guess for R~ (¢), we use Eq. (12.18b) to obtain S~ (¢)
from which we construct 5> () = S (t)6(t). Because this function is stored on a discrete time mesh and
has finite support, its discontinuity in time brings a non-negligible computational error when computing the
Fourier transform 5> (w). This problem can be handled by substracting a function which Fourier transform
is analytically known, for instance

Folt) = —ifol(t) |[e 1Pt _ 9= % —ieat| (12.19a)

fs(w) = fo - 2o

w—ea+iy w—e+

(12.19b)

fo, €1,€2 and ~y are determined in order to compensate for the discontiquities of S> and Oy S>. R> (w) is
obtained using Eq. (12.18a) and we recover R~ through R~ (w) = 2iImR~ (w). A new R~ (t) is determined
using a simple Fourier transform.
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Figure 12.3 — Diagonal and off-diagonal components of the lesser and greater components of the Green’s
function G(¢) in the steady-state regime for a half-filled two-orbital model.

Once R” (t) has been fully converged, we construct R~ (¢). To obtain its Fourier transform, we use

Fo(t) = —ifob(—1) [evt—iflt - 2e%t—i62f} : (12.20a)

2
frlw)=——d0 2o = (12.20b)
Ww—€ — vy Ww—€— 5

where fj, €1,62 and -y are determined in order to compensate for the discontinuities of R>and 0, R”.

Lesser component

The equations to solve for the greater components are

RE(w) =~ [l e~ 7)) S%(w) B> (@), (12.212)

S<(t) =iy (d3R<(t)d,,A§b(t) - daR<(t)dgA§a(—t)) . (12.21b)
ab

These are solved iteratively, using Fourier transforms to go back and forth between real and frequency
space. Note also that if R< is a solution to these equations, so is any function proportional to it. However,
because the partition function is proportional to this component of the propagator, both will yield the same
Green’s function. This is a manifestation of the initial condition problem addressed above, and the fact
that the physical solution is independent of it. We choose the solution that satisfies Z = 1 to guarantee its
unicity, as it is the value we expect in the Keldysh formalism.

12.2.3 Benchmark

Let us revisit the previous benchmark of Section 12.1.2 where we performed a quench in U in a multi-
orbital system. First, the density per spin obtained in the steady-state calculation is indeed found to be 0.5,
as expected in the half-filled case. We plot in Fig. 12.3 the greater and lesser components of the steady-state
Green'’s function G(t) for ¢ € [—5, 5]. Full blue and orange lines are extracted from the out-of-equilibrium
solver on the Keldysh contour, while the green and red dashed lines are the results of the steady-state
method. Both results lie on top of each other. In this example, the steady-state solver is more than 100
times faster than its out-of-equilibrium counterpart, as it only has to solve a single time evolution.
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12.3 Current through a quantum dot

The model used to benchmark the algorithms in Sections 12.1.2 and 12.2.3 reaches an equilibrium
state in the long-time limit, that could be studied simply by using the equilibrium NCA solver presented in
Section 11.1. In order to check the validity of our algorithms in an out-of-equilibrium steady-state, let us
now consider the current flowing through a quantum dot.

A single energy level is located between a left (L) and a right (R) lead, that are both considered infinite
and uncorrelated. The Hamiltonian of the system is

H= -y didy +Unanay+ Y 7 (chads + he.), (12.22)
o ok
a€{L,R}

where d}; (resp. d,) creates (resp. annhilates) an electron with spin ¢ on the dot, ng, = deU is the
density operator, and clka (resp. cokq) Creates (resp. annihilates) an electron with spin ¢ and momentum
k inthe a = L, R lead. p is the chemical potential of the system, U the Coulomb repulsion and vy a
momentum-dependent hopping term between the impurity level and the leads.

Att = —o0, Yk is considered to be null and the leads are both at equilibrium with respective chemical
potentials iy, and pgr. The hoppings are then turned on and we let the system evolve until it reaches a
steady-state. If iy, > pg, a current will flow from the left lead to the right lead. We assume that

\%

v
HL=p+ 5, HR=E— 5 (12.23)

so that the chemical potential difference is symmetric around the impurity level. The noninteracting Green’s
function of the a lead for particles with spin 0, momentum k is denoted gy, -
The current per spin is [106]

i
Io= 23 [@ o) = (dEcowr) + dfcowr) — (el pdo) ] - (12.24)
k
We introduce the Green’s functions

G oot —t) =ilc] 1, (D)do (1)), (12.25a)
Gigox(t —t') = i(d] () coxa(t)))- (12.25b)

These are related to the noninteracting Green’s functions of the leads through [106, 95]
G o) = M [0510 (WG (W) = 9510, (0G5 (W)] (12.26a)
Ga,o(@) = M (90 (0G5 (W) = g5 (W) G5~ (W)] - (12.26b)

Introducing the left and right hybridization functions A, = Zk 71% Joka, We finally obtain

1 dw

T =5 [ 5o [(A5) — A5() G5 () = (A7,(0) ~ AZw)) G5w)]. (1220
Let us now compute the current that flows through the quantum dot as a function of V' with all three

NCA algorithms presented in this Thesis. The retarded hybridization functions, Affa, are initialized to a

semicircular density of states of width 12D, where D = 1 is our energy unit. The Keldysh component is
obtained through the fluctuation-dissipation theorem, see Eq. (9.6),

AL, (w) = tanh (W) AR (@) - (A% )], (12.282)
AK (@) = tanh (W) [AZy(w) - ()] (12.28b)
The greater and lesser components are then
AZ (W) = % [AK,() + AR @)~ (AL @) ] (12.290)
A5 () = 3 [ () - AR (@) + (A% )] (12.29b)
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Figure 12.4 — Current flowing through a quantum to as a function of the chemical potential difference V'
between the leads.  =2,U =3, up = 1.5.

In the Baym-Kadanoff code, the left and right Matsubara hybridization function are also initialized to a
semicircular density of states of width 12D, and the mixed component is

AL (t7) = AF(OAZL(B — 7). (12.30)
In all cases, the full hybridization function is the sum of the left and right ones
Ay = Asp + Aor. (12.31)

We choose g = 2, U = 3, u = 1.5. The I'V-characteristics of the quantum dot is plotted in Fig. 12.4
using the steady-state solver (blue dots), the Keldysh contour formulation (dashed orange lines) and finally
the full triple contour calculation presented in the previous Chapter (black crosses). When the chemical
potential difference V' is 0, no current is flowing trough the system. As the bandwidth of the semicircular
density of states of the leads is 12, the current saturates for voltages V' > 12. All three methods perfectly
agree in their long-time limit.
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Electric-field-driven insulator-to-metal
transition in CasRuQ,

In a world relying more than ever on electronic devices, developing new materials to store and process
data has become of paramount importance. Among currently investigated materials, strongly correlated
systems are promising candidates as they display novel quantum phenomena, such as Mott transitions [74].
Applying pressure is a suitable tuning method to drive such transitions, however achieving high pressure
conditions outside a laboratory proves to be difficult. A natural alternative is to apply an electric field E to
the Mott insulator, resulting in a so-called “switching” to a metallic state.

Some transition metal oxides have already been proposed as candidates to build resistance RAM [105,
169], but they still require low temperature and/or high voltage (typically 1-100 kV/cm) [79, 75, 185, 156,
68]. To develop practical switching devices, recent experimental papers have focused on CagRuOy, as a
promising candidate. Its transition indeed appears to be driven at room temperature using a dry-battery
level voltage, resulting in a threshold field Ey, ~ 40 V/cm [115, 142, 122].

This Chapter first aims at summarizing CasRuQy4’s properties and presenting experimental results con-
cerning its electric-field induced insulator-to-metal transition. In a second part, we motivate a minimal
model and present preliminary results using the NCA approximation presented in the previous Chapters.

13.1 CasRuQy: basic properties and model Hamiltonian

CasRuOQy is a layered perovskite with RuOs planes forming a square lattice. The space group of this
material is Pbca [50, 23], which combines a rotation of the RuOg octahedra around the c-axis with a tilt
around the b-axis (see Fig. 13.1a). Ruthenium atoms are in a 4d* configuration. A structural transition
occurs at T's ~ 356K: above T's, RuOg octahedra have a long c-axis (L-Pbca structure), while below T's
they have a short c-axis (S-Pbca structure).

CayRuOQy is part of a family of Ruthenium-based compounds with chemical formulae St,,4+;Ru,, 03,11
and Ca,, 4+ 1Ru,, 03,41 [66], that exhibit remarkable properties: unconventional superconductivity [98], va-
riety of magnetic phases [118, 29], nematicity and metal-insulator transitions [2, 114, 154, 50, 116, 117].
We are specifically interested in the metal-insulator transition occurring at Th; ~ 357K (see Fig. 13.1b),
that has been shown to be caused by the structural transition between long and short RuOg octahedra [2, 58].

This material can be described by the following three-band Hubbard-Kanamori Hamiltonian for the ¢,
orbitals ' [78, 58, 155]

H=2 €amias = ) YaClagCias +J ) (CZaTCibTCIbJ,CWi + CLTCMCIWCM)
iao ag i,a7#b

(i) (13.1)
+ UanTniw + (U — 2J) Z NiatNibt + (U — 3J) Z NiaocNibo -

ia i,a7#b io,a<b

1. For a broad introduction to Hund’s metals, see Section 1.1.2.
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ones calcium atoms. [58] at Ty ~ 357K, that coincides with the structural tran-
sition between long and short octahedra. [2]
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Figure 13.2 — Sketch of the effect of the structural transition on the ¢34 orbitals in CagRuOy.

Here a = zy, x2, yz denotes one of the ¢, orbitals, c:-rag (resp. ciqo) creates (resp. destroys) an electron on

site ¢, orbital a, spin o, and n;,, = ch Ciao 18 the number operator. €, is the energy level of orbital a and
~, the hopping amplitude to neighbouring sites. > For both S-Pbca and L-Pbca structure, the zy-bandwidth
is twice as large as the zz/yz one: 4, ~ 2.6 eV and Ypzyyz ~ 1.3eV. U ~ 2.3 eV is the Coulomb
repulsion and J ~ 0.4 eV the Hund’s coupling.

Above T}y, the three o4 orbitals roughly have the same energy: €. /5./y. = €. Because Ru atoms
have a 4d* configuration, CagRuQy is in a metallic state. As Th; ~ Tg, the octahedra shorten and the zy
orbital is pushed to lower energy, which results is an effective crystal-field splitting A ~ 0.3 eV with the
rz/yz orbitals: €,./,. = € and €, = € — A. The xy orbital is completely filled, and the xz/yz ones are
half-filled. The Coulomb repulsion and the Hund’s coupling have been shown to open a gap and therefore
create a Mott insulator in the material [58, 155]. This mechanism is illustrated in Fig. 13.2.

Apart from temperature, CagRuQy’s insulator-to-metal transition can also be driven by a 0.5 GPa pres-
sure at room temperature [114, 66]. Sr substitution also shows that the ground state of Cas_,Sr,RuOy
varies from a Mott insulator (z < 0.2) to an unconventional superconductor (z = 2) [98]. However, none
of these techniques can be easily engineered in an electronic device.

13.2 Electric-field driven material

It has recently been discovered that the switching from an insulator to a metal can be driven by surpris-
ingly small electric fields, and can be stably repeated at least three thousand times, opening a new realm of
possible industrial applications for CagRuQOy,. The easiest way to create a metal from a Mott insulator using
an electric field is through Zener breakdown, i.e. by applying a voltage at least as big as the energy gap.
As the latter is 0.2 eV and the lattice spacing is 5.45 A, this would lead a threshold energy Ey, ~ 4MV/cm
[115].

Nakamura et al. [115] first explored the effet of an applied electric-field on CagRuO4 at T' = 295K <
Ts. The current-voltage (IV) characteristics they obtained is presented in Fig. 13.3a. Red (resp. blue)

2. Only hoppings between orbitals of the same type are allowed.
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Figure 13.3 — Out-of-equilibrium properties of electric-field- and current-driven CagRuQOy.

dots correspond to an increasing (resp. decreasing) voltage, showing a large hysteresis during the voltage
sweeps. At V' ~ 0.8V, the current jumps abruptly, signalling the switching. This corresponds to a sur-
prisingly low value of the threshold field Ey, ~ 40V/cm. X-ray diffraction measurements confirm that this
switching is accompanied by a bulk first-order structural transition.

Okazaki et al. [122] were able to follow the unstable region of the hysteresis by inducing current in-
stead of voltage in the material. Their results at 7' = 310K are presented in Fig. 13.3b, different symbols
corresponding to different samples. The ¥ — .J curve exhibits a peak at £y, ~ 30V/cm, which is very close
to the reported value in Ref. [115]. The non-monotonous behaviour confirms an intrinsic non-linearity in
CasRuOy4 and shows that the current is a more appropriate control parameter.

As the metal-insulator transition is also driven by temperature, one should be careful not to induce Joule
heating in the material. In Ref. [115], the authors compared the switching obtained using pulses of different
lengths (10 to 100 ms), showing that the latter, and therefore the heat induced, is not a decisive factor.
However, a recent study pointed out that localized heating can occur, caused by flowing currents, and lead
to a misinterpretation of the electric-field induced results [103].

In order to settle this discussion, it is therefore desirable to construct a theoretical model for Ca;RuOy4
and compute the value of the voltage one needs to apply in order to drive the insulator-to-metal transition.

13.3 Theoretical model

13.3.1 From a static electric field to a linear voltage drop

To keep notations simple, let us first consider the example of a simple 1D chain, that will naturally
extend to the 3D case. An electric field is applied along the axis of the chain, E = Euy with E > 0. In the
temporal gauge, the vector potential A and the scalar potential ¢ respectively write

A(t) = —Ftuyx, é(x,t)=0. (13.2)

The vector potential is then incorporated in the Hamiltonian as a Peierls term, a phase that modifies the
hopping amplitudes [49]. Labelling H;, the interaction part of Eq. (13.1), the system subject to an electric
field is thus described by the following time-dependent Hamiltonian

Himp(1) = D €attjar + Hine = D %a (V' el 100000 + hic), (13.3)

jao jao

where V' = E's > 0 with s the lattice spacing.

3. We add the subscript ‘temp’ to the Hamiltonian to specify that we work in the temporal gauge.
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Figure 13.4 — Voltage drop in a 3D material subject to an electric-field applied along the body-diagonal
direction. The central atom (red) is at voltage Vj. Its three neighbors depicted in darker blue are at V) + V/,
and its three neighbors in lighter blue at 1, — V. [102]

The corresponding action for the system writes

Stemp /ZCJQU *Zat C_]G.U /Hmt ]ao’ C]aa(t))

jaoc

(13.4)
/ Z 'ya CJHM (t)cjao(t) + h.c.) .
jao
We now introduce the following gauge transformation

Cjao = €7 Cjao, (13.5)

in order to rewrite the action of the system in the Coulomb gauge

SCoul - /chao' - Zat +.7V Cjao' /Hlnl Jag C]acr(t))

e (13.6)

/Z'}/a cj+1ao’ Cjaa( )+hC)

jao

When subject to a static electric field, the system is therefore equivalently described by the time-dependent
Hamiltonian of Eq. (13.3) or the following time-independent Hamiltonian

Heou = Z(ea + jv)njaa + Hint — Z'Vacj'agclaa- (13.7)

jaoc (31)
ao

This equation simply describes the material being subject to a linear voltage drop along the x direction,
where V is the voltage difference between two adjacent sites.

This construction naturally extends to the 3D case: if the electric field is applied along the body-diagonal
direction (111), it will create layers of atoms with a given voltage, as depicted in Fig. 13.4. Considering an
atom with voltage Vj, its (1,0,0), (0,1,0) and (0,0,1) neighbours will have voltage V;, +V, while the (-1,0,0),
(0,-1,0) and (0,0,-1) ones will bear voltage V, — V.

13.3.2 DMFT setup

The Hamiltonian from Eq. (13.6) describes the ¢5, orbitals of the Ru atoms on the full lattice, in the
presence of a static electric field. However, as we have already seen thoroughly through this Thesis, solving
exactly the fully interacting problem is beyond what is possible with modern algorithms. We therefore
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Figure 13.5 — DMFT embedding of a single Ru atom.

consider the Dynamical Mean-Field Theory (DMFT) approximation: * an isolated Ru atom, considered as
an impurity, is self-consistently embedded into the lattice. We can formally consider that we single out an
atom with voltage 0, so that the local Hamiltonian describing the energy levels and interactions of the ¢,
orbitals is

Hioe = — Z €aNoa +U Z NtaNya + (U — 2J) Z N1aNph
a a#b

F(U=30) Y noanoa+ I Y (], dnd]ydia + dlydnd],dy) -
o,a<b a#b

oa

(13.8)

Note that we write creation and annihilation operators for the orbital a, spin o, d}., and d,, as it is the usual

? oa

convention in the literature for impurities. The density operator is then ny,, = d:fmdga.

The embedding of the impurity is sketched in Fig. 13.5. As there is a voltage drop in the system, we
introduce two functions F7 (w) and F, (w) that describe the hybridization of the Ru atom with layers
bearing voltages respectively positive and negative. As we only allow hoppings between orbitals of the
same type, see Eq. (13.1), these hybridization functions are diagonal in o and a. We also introduce a flat
heat bath f(w) for the system to thermalize, as the electric field brings energy to the material [11, 95, 102]

T2 (w) = —iT, (13.9a)
I'E (w) = —2il'tanh (62‘”) : (13.9b)

In the following, we consider I' = 0.1. The full hybridization of the system then takes the form
Asa(w) = Bl (w) + F, o (w) + Doa(w). (13.10)

In order to close the self-consistency equations, we choose to work on a Bethe lattice. Due to its tree-like
structure, we can easily assign a zero voltage to the central site, and set half of its neighbours at potential
+V and the other half at potential —V/, so that the above construction stays unchanged. The hybridization
functions to the positive and negative voltage layers write

FE () =72GE, (w), (13.11)

where G is the Green’s function of sites on the +V/ layers (neighbours of the impurity). Such an approx-
imation has been shown to yield physical results in Refs. [102, 126]. We also assume that the system is
uniform and has reached a well-defined steady-state in the presence of current [95, 102]

GE (W) = Goalw £ V). (13.12)

We therefore have derived a closed set of equations in order to obtain the local Green’s function of the
material in the long-time limit where a steady state has settled. Provided the steady-state impurity solver we
presented in Chapter 12, these equations can be solved self-consistently according to the following iterating
scheme:

4. For a complete introduction to DMFT, see Chapter 2.
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Ayp(w) =Tha(w) + F;l(w) + ﬁ‘(;a (w) ——  Impurity solver

| |

FF(0) = 72Goa(w£ V) e Goa(w)

The electronic current per spin is derived in Appendix E.1 and writes

dw
Jo = Ea:“@ 5 Goa@) [GZa(w+V) = GZ,(w = V)] (13.13)
Equilibrium limit

At equilibrium, there is no voltage drop in the system, and no heat bath is required for thermalization.
Eq. (13.10) therefore reduces to
Aga(iwn) = 292Gy iwn) (13.14)

The DMFT approximation is solved self-consistently according to the same iterating scheme as presented
above.

13.3.3 Determining the crystal field splitting across the transition

The local Hamiltonian H,. describing the ¢5, orbitals on a single Ru atom, Eq. (13.8), depends explic-
itly on the crystal-field A, as €,. = €,, = €, + A. The induction of voltage in CazRuOy is expected to
drive the insulator-to-metal transition and therefore reduce this splitting of the bands. In order to model this
effect, we introduce the Hamiltonian of the lattice as an elastic term

k
Hiwe = 5622, (13.15)

where @ is the structural mode amplitude and k its stiffness. Labelling Zf’g = Nozy — % (Rogs + Noyz) the
polarization operator, the coupling to the electrons takes the form

A N
Her =5 > PolQ). (13.16)

We can assume the crystal field to be linearly dependent on the structure mode )
A = gQ, 13.17)

where g is the electron-lattice coupling parameter. Such a linear relation has been checked using DFT
calculations in various complex oxide metals [124, 55]. At equilibrium, and in the long-time limit where a
steady state is established, () is obtained by minimizing the total energy

kQ = gZ(PU[Q]—PU[Q:O]). (13.18)

As PT = IADL, this equation can be equivalently rewritten for the crystal-field splitting as

. . k
PA] = PA = 0]+ S A. (13.19)
g
The constants k£ and g only depend on the structure of the material, and thus can be obtained from
varying ¢ in DFT calculations. We however choose in this work a heuristic determination of the k/g? ratio
at equilibrium (see below for more details). For an induced voltage V' # 0, the value of the effective crystal
field is then obtained by intersecting the polarization vs A curve with Eq. (13.19).
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Figure 13.6 — Equilibrium zero-frequency extrapolation of the spectral function A(w) as a function of A
for U = 7 (left), and as a function of U for A = 3.4 (right). 8 = 10.
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Figure 13.7 — Equilibrium evolution of the polarization for 1 spins as a function of A for different temper-
atures. The red dashed line is the linear fit condition from Eq. (13.19). U = 7.

13.4 Preliminary results

13.4.1 Equilibrium

First, we choose a set of parameters in order to address the physical regime of the electric-field driven
material. As emphasized in Section 13.1, the zy bandwidth is twice as large as the xz/yz ones, so that
we choose 7,/,, = 1 to be our energy unit, and v,, = 2. The ratio of the Hund’s coupling to the
Coulomb repulsion is considered to be J/U = 0.1, and we place the metal-insulator transition induced by
the structural change between long and short octahedra at 5 = 10.

At this temperature and U = 7, we plot in Fig. 13.6 (left) the evolution of spectral intensity at zero
frequency as a function of crystal-field splitting for the xz and yz orbitals (blue curve) and for the zy orbital
(orange curve). All three bands are metallic at A = 0 and become insulating as A reaches values higher
than 3. As explained in Section 13.1, the xy orbital becomes completely filled, while a Mott gap opens in
the other two orbitals. To justify the latter, we plot in Fig. 13.6 (right) the evolution of A, /,.(w = 0) as
a function of the Coulomb repulsion for A = 3.4. These bands have a metallic character at U = 0 and
undergo a Mott transition with U, ~ 6. Full Matsubara Green’s functions are presented in Appendix E.2
for completeness.

We fix U = 7 as it seems to be a reasonable choice to describe the insulating system at equilibrium.

We plot in Fig. 13.7 the polarization for 1 spins, Py = Mgy — % (N4gy + Npyz), as a function of crystal-
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Figure 13.8 — Evolution of the polarization for 1 spins as a function of A for the equilibrium and the
voltage-driven system. The red dashed line is the linear fit condition from Eq. (13.19).

field splitting for 8 = 5 (blue), 8 = 10 (orange) and 8 = 20 (green). As mentioned above, the structural
transition is considered to happen at 8 = 10. We therefore fit P+ (0) + (k/g*)A from Eq. (13.19) between
the 8 = 5 and 10 curves (red dashed line). It intersects the blue curve only at A = 0, so that the system is
in the long octahedra phase and is therefore a metal at 5 = 5. On the other hand, it intersects the orange
and green curves for A # 0, meaning the system has ordered in the short octahedra phase and is a metal for
/3 higher than 10. This fit yields k/g? ~ 0.29.

Note that the equilibrium solution of Eq. (13.19) for 5 = 10 is A ~ 1.6. For this value of the crystal
field, the system is actually a polarized metal and not an insulator according to Fig. 13.6 (leff). A higher
value of the Coulomb repulsion should therefore be used to correctly describe the metal-insulator transition,
but we keep this value for now as it has been used in the out-of-equilibrium calculations we present next.

13.4.2 Out-of-equilibrium

We now move to the study of CasRuQy4 subject to a voltage difference V. The inverse temperature is
set to 5 = 10 and the Coulomb repulsion to U = 7.

In Fig. 13.8 is plotted the evolution of Py as function of the crystal field for different values of the voltage
V (dotted lines), together with the equilibrium solution (green) and the P;(0) + (k/g*)A fit (red line).
The latter intersects all the voltage-driven curves at A = 0, which means the out-of-equilibrium system
is a metal. Applying an electric field to the insulating system drives the insulator-to-metal transition, as
expected from experiments. The values of V' studied are high and should be lowered. However, the steady-
state NCA equations used here are hard to converge as one lowers the voltage. The support of the local
states propagators R~ (¢) and R<(t) indeed becomes larger and, as these functions oscillate in time, this
requires good precision on both their time and frequency representations.

More efficients way of solving the steady-state NCA equations therefore have to be developed in order
to reach low voltages. Among the ideas under current development are a multiprocessor parallelization and
the use logarithmic grids for Fourier transforms.
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Conclusion

In this Thesis, we have considered two complementary approaches in the development of new algo-
rithms to study strongly correlated systems in and out of equilibrium. On the one hand, we started from ex-
periments in realistic materials and developed methods to reproduce their emerging properties. On the other
hand, we studied minimal models that we turned into pure algorithmic problems for which we searched the
most efficient and accurate algorithms.

Following the first approach, photoemission data on Sr3IrO, led us to identify the orbital characters of
the bands located near the Fermi surface and construct an effective tight-binding model to describe them.
We then used existing techniques to incorporate correlations, through a cellular extension of DMFT and a
hybridization-expansion impurity solver. This allowed us to justify a strong momentum-space differentia-
tion of the electronic structure at low doping level. The Fermi surface consists of pockets centered around
(w/2,7/2) while a pseudogap opens near (7, 0). We found an excellent qualitative agreement between our
results and the photoemission experiments that motivated this work. Further studies should be conducted
to gain more insight on the influence of electronic correlations, as well as the elusive superconductivity of
this material.

In a very different context, we got interested in the surprisingly low fields required to drive the insulator-
to-metal transition in the Hund’s metal CasRuO,4. Reexpressing the effects of the static electric field as a
linear voltage drop in the material, we presented a DMFT approximation for the nonequilibrium steady-
state that settles at long times. In order to solve the quantum impurity problem, we decided to use NCA, a
systematic approximation in the hybridization expansion that analytically sums a subset of diagrams. We
derived the infinite-time limit of these equations and designed a solver that directly works in the steady-
state regime. The preliminary results we presented for the electric-field driven metal-to-insulator transition
in CagRuOy are very promising. This project is still under current investigation.

The second approach led us to study new developments in determinant Monte Carlo algorithms for
fermionic systems. At equilibrium, we presented an algorithm that allows the computation of dynamical
quantities such as the self-energy of full lattice systems. We regrouped a factorial number of diagrams into
an exponential sum of determinants, hence drastically reducing the fermionic sign problem. By comparing
results for the two-dimensional Hubbard model with those obtained from diagrammatic Monte Carlo, we
showed that we can reach higher perturbation orders and greater accuracy for the same computational effort.

Similar ideas were explored in the out-of-equilibrium version of this algorithm. We revisited the real-
time diagrammatic quantum Monte Carlo algorithm in the LO basis, and showed that vacuum diagrams
automatically vanish in this formalism without the need of an exponential sum. In an importance sampling
procedure, we pointed out that this allows the algorithm to directly reach the steady-state limit as only
interaction times in the vicinity of the measurement time contribute. Massive cancellations between LO
configurations however bring a huge sign problem. We tried to reduce the overall error bar by regrouping
contributions in order to optimize the sign problem, both using heuristic patterns and machine learning
techniques. We were able to greatly reduce the variance, but not enough to compete with the original
algorithm formulated on the Keldysh contour.

In all these diagrammatic methods, we only computed contributions to the perturbation series. The
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latter tend to become divergent for large interactions as poles appear in the complex plane. An equally
difficult algorithmic challenge thus consists in using resummation techniques to evaluate the series beyond
its convergence radius and should be addressed next.

Despite these current limitations, new algorithms have changed the way theoreticians study strongly
correlated systems. The years to come will undoubtedly bring new exciting developments that will allow
us to gain a deeper understanding of the exciting phenomena taking place in these compounds. This paves
the way to design new materials, such as solar cells or batteries, that will efficiently store data or energy.
In a world relying more than ever on electronic devices but that should reinvent itself in the face of climate
change, these developments will thus bring inventive solutions that have to be engineered hand-in-hand
with the experimental teams.
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Appendix

Appendix to Chapter 4

A.1 Green’s functions and self-energy in the four doping regimes

In Fig. A.1, we show the Matsubara frequency Green’s functions and self-energies in the four doping
regimes discussed in the main text. These regimes are here associated with four different values of the
chemical potential corresponding to the four rows of the figure.

For 1 = 1 eV the system is a Mott insulator, as can be seen from the insulating character of the two
components of the Green’s function G1. Let us note that the real parts of the self-energies are very different,
which is responsible for the opening of the Mott gap (see main text). Increasing the doping, we enter a
pseudogap phase. At i = 1.2 eV, the even component of the Green’s function has an insulating behavior
while the odd one is metallic. At ;¢ = 1.34 eV, the system is in a differentiate regime. Both components
of the Green’s function are now metallic but the self-energies are still quite differentiated. Going to even
larger dopings we finally reach the uniform Fermi liquid state. Hence at 4 = 1.5 eV, we see that G and
G _ are both metallic and that the self-energies tend to be identical.

A.2 Absence of a Mott insulator with the standard periodization scheme

The usual periodization of the self-energy writes

—_— > Sap x f(k)
Slatt (o, k) = AA AB )’ A.l
(lw , ) <EAB % f*(k) Saa ( )
where
1 . . .
F0) = 7 (1 €7 g emiby g milheh)) (A.22)

= COS ? COSs —¢ 2

5 (A.2b)

k = (ks, ky) is expressed in the reduced Brillouin zone. We see from Fig. 3.4 that the degeneracy of the
(w/2,m/2) — (m,0) path in the full Brillouin zone has to be lifted in order to create a Mott insulating gap.
However f(k) = 0 along this path and the self-energy has the following expression

S (G, k) = Daa X 1oya. (A.3)

Hence the self-energy only renormalizes the chemical potential in the quasiparticle equation (Eq. (4.7)) at
w = 0, forbidding any lifting of the degeneracy between the quasiparticle bands and therefore any gap in
the band structure.
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Appendix to Chapter 7

B.1 Derivation of the equations of motion

Here we show that Eq. (7.3) can be obtained from the equations of motion of the Green’s function. For
concreteness, we consider the two-dimensional Hubbard model

H=—t Z c;rgcj(7 +U Z N1, = Hhop + Hint, (B.1)
(i.3)0 i
where cja creates a spin-o electron on the site 7 of a square lattice, ¢ > 0 is the nearest-neighbor hopping and

U the onsite interaction. Note that the derivation below yields the same result for an interacting impurity
coupled to a bath or for the Hubbard atom.

The equation of motion for the imaginary-time Green’s function of two operators A and B, G4 p(7) =
—(T-A(7)B(0)), is given by

0-Ga(1) = —0(T)({A(7), B(0)}) — (T+[H, Al(1)B(0)), (B.2)
which, in Matsubara frequencies, writes
iwnGA,B(iwn) = —G[H,A]yg(iwn) + <{A,B}> (B.3)

Let us note for later use that, by writing G4 g(7) = —(T-A(0)B(—7)), one obtains a similar expression
that involves a commutator between the Hamiltonian and B rather than A

iwnGa,B(iwn) = G 43,8 (iwn) + ({A, BY}). (B.4)

The equation of motion (Eq. (B.3)) for the one-particle Green’s function G¢; = — (TTcw(T)c}U(OD is

iwn G = ~Gpy o1+ ({cio,cly})- (B.5)

Using the expression for the commutators

[Hhopa Cio] =t Z Cbaéiaa (B.6a)
(a.b)
[Hint, Cio] = —Unis Cig, (B.6b)
we find that
iwn Gy = —t Y 8iaGY; + UG el T 0 (B.7a)
(a.b)
> (iwnbip +10:a) G5, = UG, 1 +6ij. (B.7b)

<a7b>
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Introducing the correlator F7, = UG + the above equation can be rewritten in matrix form as

NizCic,Cjy

F,=(g;' - G;1)G, = 2,G,. (B.8)

o o

Note that this definition of F,, is consistent with Eq. (7.10). We can now apply Eq. (B.4) to F;

iwnFG = UG, . oo +U{({niscio cly} ). (B.9)
Using the commutators
[Hhopv ja =—t Z Caa-éb]7 (BlOa)
(a,b)
Hint, cl,] = Unjoch,, (B.10b)
we find that
(iwndaj + ;) FY = UG i+ (nig)dij- (B.11)

NigCio M5 Cly
(a,b

<

Introducing the correlator F;; =U 2Gni<’7cia-,nj6-C;o. and the Hartree term Eg"’ = (niz)0;; the equation

above becomes

F,g;' = F, + 1. (B.12)
Using Eq. (B.8) for F,, and Dyson’s equation we obtain
Frg;' =5.Go (Gt +5,) = 56 + 825G S0, (B.13)
which yields the final result
Y =%+ F, - %,G,%,. (B.14)

This is the relation between the self-energy and the correlator F,, used in Eq. (7.3). The definitions of F,
and X are respectively consistent with Egs. (7.4) and (7.2).

B.2 Explicit cancellation of connected diagrams at order 3

Let us explicitly show the cancellation of non-self-energy diagrams in Eq. (7.9) for the specific case
V = {x1} at order 3 in U. We start by considering

Lin LTout — 8 (B.15)
ZTin

Tout

The first term F{}(moul, xin) in Eq. (7.9) corresponds to all connected diagrams with two external points x;,
and z,, and one internal interaction vertex x:

5;3“ 2 8318 553
él

Zout  Tin Lout  Tin Zout  Tin Lout

Zin Zout Zin Zout Lout Lin Lout
From this sum, we subtract the second and third terms of Eq. (7.9). The former gives

(B0 Go)o(ou, 1) 55 (21, 7in) 8,? (B.17)
L

Lout

(B.16)

Zout

while the latter’s contribution is the sum of

Tin
FZ (Zous Tin) (UG;E’II}(O—)) - (B.18)
Tin

Tout

128



B.2. EXPLICIT CANCELLATION OF CONNECTED DIAGRAMS AT ORDER 3

_ X1
Fiy (@ou, Tin) (UGH(07)) = 2 g + m + é E é (B.19)
Zin 1
Zin

and of

Tout Lin T1 Zout
Lout

We see that the remaining contributions to the self-energy are only those that are one-particle irreducible.
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Appendix

Appendix to Chapter 9

C.1 Benchmark against the + and CDet algorithms

The table below benchmarks the contributions to the density between the CDet algorithm of Chapter 6,
the £ algorithm of Chapter 8, and the LO and mixed algorithms introduced in Chapter 9. We consider an
energy level €4 coupled to a bath described by a semi-circular density of states of bandwidth 4D. We take
D as our energy unit, and parameters are 3 = 100, v? = 0.04, ¢ = —0.36, U = 1.2, as well as a uniform

a-shift o = 0.3. Computation effort is 240 CPU*hours for each perturbation order.

CDet +
Order 1 | —1.7013633 £5.2 x 107% | —1.7013355 £ 2.4 x 10~©
Order2 | 14.473091 +£4.5 x 10~° 14.472669 + 7.4 x 10~ °
Order 3 —33.35593 £ 0.00025 —33.3544 4+ 0.0022
Order 4 —431.3204 £+ 0.0097 —431.304 + 0.039
Order 5 5095.483 + 0.094 5094.46 + 0.82
Order 6 —16185.97 £ 0.30 —16166 + 11
Order 7 —164346 + 16 —164111 + 175
Order 8 2.22929 x 10% + 162 2.2319 x 105 +2.0 x 10°
Order 9 —7.87625 x 10° £ 782 —7.850 x 108 + 3.0 x 10*

LO mixed

Order 1 | —1.7013405+2.9 x 10~% | —1.7013402 +3.8 x 10~ °
Order 2 14.47295 + 0.00020 14.47278 £ 0.00012
Order 3 —33.3462 £+ 0.0077 —33.3534 £+ 0.0047
Order 4 —431.17+0.36 —431.271 £ 0.054
Order 5 5097 + 10 5094.4 +1.1
Order 6 —16337 + 364 —16170 + 22
Order 7 —158102 + 10331 —164949 + 253
Order 8 1.68 x 10% £ 5.0 x 10° 2.2207 x 105 £ 6.9 x 10*
Order 9 EB ~ result —812x 10°+1.6 x 10°
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Appendix

Appendix to Chapter 11

D.1 Path-integral representation of 1?2

Let H be the full Hamiltonian of the embedded system. We consider an initial coherent state of the
full system [¢;) with eigenvalues ¢, and a final coherent state (¢ | with eigenvalues ¢7, ;. Here ais a
composite index that denotes all the possible operators on the impurity and in the bath. The propagator

between these two states is defined at imaginary time 7 as

Upi(T) = —(drle | ¢s).

D.1)

We want to represent Uy; as a path integral and follow here the steps of Ref. [119]. We start by breaking

the integral between 0 and 7 into M time steps of size e = 7/M

Uyi(T) = (b5l (=)™ o).

— lim
M—o0
By inserting M — 1 times the closure relation

1= [[dordeae e "% 6)(g],

and labeling ¢ = ¢;, ¢pr = ¢y, we obtain
M

M—o0

M—-1
Upi(r) = — Tlim | [] []dondga; | e ==t 2a@aites TT(gle™ M| 1).
j=1

[eY j=1

The product of average values between two consecutive states is

M M
[T¢@sleH g1y =exp [ DD dhjbai1 — €H(Ghss baj1)
Jj=1 j=1L «
The set {¢a0, - - -, Pans } is now represented by a trajectory ¢, (7) and we introduce
* ¢oz - ¢o« j— *
djaj% = ¢a (7)87—(;5(1 (7)7

H(baj> Paj—1) = H(D4(T), 9a(7)).

The propagator U now takes the well-known form of a path-integral

PR ACEE R N N 650 &2 (T)da(r)
ufl(T) - D[QSQ(T )a¢0((7- )]6 &
¢a(0):¢ai

X exp (/OT dr’ [Z Ge ()07 Ga(7") = H (95,(7'), %(T’))D ,
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D.5)

(D.6a)
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where
ba(r) M-1
D(04 (), 00(r)) = Jim [ TT T] 6, do0s. 03
/m(o) Moo ]1;[1 1;[ e
In order to specify the local propagator for impurity states, we write explicitly H as
H= 7'[lnc + Z (Fkacir(ada + hC) + Z EkaCLaCkGJ (D9)
ka ka

where H. is the local Hamiltonian of the impurity, d! (resp. d,) the creation (resp. annihilation) operator
on the impurity, a being a composite index encoding the different degrees of freedom. cle (resp. Ckq)
creates (resp. annihilates) an electron in the bath with momentum k, and 'y, is a hopping amplitude

between the impurity and the bath. In this formalism, the hybridization function takes the form

Ag(iwn) =" Mal® (D.10)

iwn — €ka
K n ka

We can now rewrite Eq. (D.7) by separating the Grassmann variables for the ¢ and the d operators. We
are interested in the propagator Ry; between two coherent states of the impurity, that we label |®;), with
eigenvalues ®;, and (P |, with eigenvalues @ - Identifying Grassmann variables with the corresponding
operators, the propagator has the following path-integral representation

t )=
Rei(T) = — A q)afp A (). do (7] e dh(T)da ()
== [ D) )]«

X exp (/OT dr’ lz dl (11)0do (7") — Hioe (dl (7)), da(T/))‘|>
X /cka(O)—ck,,,(T) D [CLQ(T/), Cka] exp (/OT d+' % [CLG(T/)GT/cka(T/)

—(TaChy (F)da(7) + hec.) = exacl, (T cra(T ')D

(D.11)

Integrating out the c variables yields

df (r)=o,;
Rypi(1) == /d o D [df(7), da(7)] X Ha(7)e()

X exp (/OT dr’ [Z dl (7)0Ldo (7') — Hioe(dl (77), ca(T’))] (D.12)

- /0 “ar'ar Y dl () Al T)da(7)>

This path-integral expression for matrix elements motivates the expression of R as a time ordered-
exponential of operators, Eq. (11.4).
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Appendix to Chapter 13

E.1 Current computation

The electronic current per spin is defined as [106]

i
Jo = 9 Z’Ya {<d:rmc+<m> - <C:-aad<m> + <C]L—aad<m> - <d<];ac—0a>} )

(E.1)

where Cit(m (resp. c444) 1s the creation (resp. annihilation) operator on the layer with voltage +V. We

introduce the Green’s functions

Gt alt =) = ilch e (t)doa(t))),
Gi—)d,oa(t - t/) = i<dla(t)ci0a(tl)>'

These are related to the impurity and the nonzero voltage layers through [106, 95]

6o = |(62) @G W) - (62) @G5
= 0 [G5 0 £ VIGE () — G (0 £ V)G, ()]
G5 ioal@) =7 | (62) T @G5 W) - (62) @G5 )]

=7 [God (w £ V)T, (w) = G5, (w £ V)Goy (w)]
where we used Eq. (13.12). Replacing these expressions in Eq. (E.1), one finally obtains

Jo =D / %Gia(w) (G2 (w+V) =G (w—V)].

E.2 Equilibrium Green’s functions

(E.2a)
(E.2b)

(E.3)

(E-4)

(E.5)

We plot in Fig. E.1 equilibrium Green’s function at § = 10 and U = 7 for different values of the

crystal-field A. We see a clear metal-to-insulator transition as the latter is increased.
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Figure E.1 — CagRuOy equilibrium Green’s functions using DMFT approximation coupled to a NCA solver
for the zy orbital (leff) and the xz/yz orbitals (right). § = 10, U = 7.
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We present a theoretical investigation of the effects of correlations on the electronic structure of the Mott
insulator Sr,IrO, upon electron doping. A rapid collapse of the Mott gap upon doping is found, and the electronic
structure displays a strong momentum-space differentiation at low doping level: The Fermi surface consists of
pockets centered around (/2,7 /2), while a pseudogap opens near (;r,0). Its physical origin is shown to be
related to short-range spin correlations. The pseudogap closes upon increasing doping, but a differentiated regime
characterized by a modulation of the spectral intensity along the Fermi surface persists to higher doping levels.
These results, obtained within the cellular dynamical mean-field-theory framework, are discussed in comparison
to recent photoemission experiments and an overall good agreement is found.

DOI: 10.1103/PhysRevB.97.155109

I. INTRODUCTION

Understanding the physical mechanism responsible for the
pseudogap in cuprate superconductors, and its interplay with
superconductivity, is still a central and very debated question
in the field of strongly correlated materials. In this respect, the
S1,IrOy iridate is a very interesting playground as it closely
resembles these materials. It is indeed isostructural to La, CuQOy4
[1] and its low-energy electronic structure is well described
by a single half-filled band because of strong spin-orbit (SO)
coupling, as shown by electronic structure calculations in the
local density approximation (LDA) [2,3]. Angular resolved
photoemission spectroscopy (ARPES), optical spectroscopy,
and resonant inelastic x-ray scattering experiments [2,4—7] as
well as scanning tunneling microscopy [8] demonstrate that
the ground state of this material is a Mott insulator. This con-
clusion is also supported by electronic structure calculations
taking into account electronic correlations [3,9]. The similarity
between the low-energy electronic structure of Sr,IrO4 and
that of cuprates has led to the quest for superconductivity upon
doping in this material [10-13].

The electronic configuration of the Ir** ions is {Xe} f'45d°
and SrpIrOy crystallizes in the K, NiF, tetragonal structure, as
La,CuOy or Sr,RhOy4 [1]. The IrOg octahedra are rotated about
the ¢ axis by ~11 deg, generating a doubled unit cell [14]. The
5d3 electronic configuration would naively lead to a metallic
state in a band theory approach. Sr,RhO,, having an identical
atomic arrangement with nearly the same lattice constants and
bond angles, is indeed found to be a Fermi-liquid metal [15].
Sr,IrO4, however, has a very strong SO coupling, a property
which was shown to modify the electronic structure near the
Fermi level in 5d systems [3,9,16—18]. This compound then
effectively reduces to a half-filled jei = 1/2 single band near
the Fermi surface, a configuration which makes it prone to the
opening of a Mott gap as a result of repulsive interactions.

As the noninteracting Fermi surface of this material is
electronlike, the hole-doped regime of high-Tc cuprates is

2469-9950/2018/97(15)/155109(11)
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to be compared with the electron-doped one of SrpIrOj.
Several experimental groups performed ARPES measure-
ments on SrpIrOy4 to investigate the doped compound further
[5-7,19]. Spectral intensity at the Fermi surface exhibits a
strong momentum differentiation leading to the appearance
of pockets in the “nodal” region located around (7 /2,7 /2)
[5,19], while the ARPES spectra in the “antinodal” region
around (7,0) are suggestive of a pseudogap [5]. Note that
the nodal/antinodal terminology is inherited from the cuprate
context and does not refer to the nodes of a superconducting
gap—currently, no unambiguous evidence of superconductiv-
ity has been established.

In this paper, we construct a theoretical model of the
low-energy electronic structure of doped SrpIrOy, treating
electronic correlation effects in the framework of cellular
dynamical mean-field theory (CDMFT) [20,21]. The Fermi-
surface spectral intensity maps displayed in Fig. 1 sum-
marize key aspects of our results. Four successive doping
regimes are found: The Mott-insulating state (not displayed
in Fig. 1) evolves into a metal with strong nodal-antinodal
differentiation at low doping. In this regime, the Fermi surface
consists of pockets around (/2,7 /2) [Figs. 1(a) and 1(b)],
while the antinodal region displays a pseudogap, as shown
below. Increasing doping further, spectral intensity appears
near the antinodes, still with a pronounced differentiation
[Fig. 1(c)]. A full Fermi surface, close to the uniform non-
interacting one, is recovered at higher doping [Fig. 1(d)].

Previous theoretical studies addressed the issue of nodal-
antinodal differentiation in this material. Reference [22] dis-
cussed the formation of nodal pockets but could not study the
pseudogap due to the limitation of the slave-boson method.
Reference [23] described the formation of the pseudogap as
a phenomenon associated with long-range antiferromagnetic
fluctuations using the fluctuation exchange approximation. The
present work is able to capture both phenomena in a strongly-
correlated regime dominated by short-range correlations.

©2018 American Physical Society
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(a) p=124eV, 6, =1%  (b)

= 1.30eV, dper = 4%

7 N\

N\ /Z

p=1.50eV, dper = 15%

K>

FIG. 1. Spectral intensity at the Fermi surface illustrating the
evolution of the electronic structure upon increasing doping level, as
described in the text. At low doping, the Fermi surface only consists of
pockets near (/2,7 /2) and a pseudogap is found near the antinodes.
Results are obtained within CDMFT and a periodized self-energy for
U=2eVatT =58K.

O NWPE IO N O

C p=1.36eV, dper = 7%
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N\ /7

This paper is organized as follows. In Sec. II, we briefly
summarize the tight-binding (TB) model of the electronic
structure established in previous works and derive an effective
model for the je = 1/2 states. In Sec. III, we introduce
correlations in this model and explain how to deal with
these within the CDMFT scheme. We discuss results of
such CDMFT calculations in Sec. IV and particularly the
emergence of the four doping regimes sketched above. In order
to restore translational symmetry which is broken in CDMFT,
we introduce a periodization scheme for the self-energy in
Sec. V. This allows for a calculation of the spectral intensities,
which are found to be in good agreement with the existing
ARPES measurements. We also discuss the spectral signatures
of the antinodal pseudogap. In Sec. VI, we compute and discuss
the quasiparticle band structure. Section VII is devoted to a
discussion and concluding remarks.

II. TIGHT-BINDING MODEL

In this section, we describe the electronic band structure
of Sr,IrQy, derive an effective model for the jeir = 1/2 states,
and emphasize that the low-energy states can be described by
a single-band tight-binding model defined on a periodic lattice
with a single atom per unit cell.

Our starting point is the tight-binding (TB) model intro-
duced in Refs. [24,25] describing #,, bands in the presence of
spin-orbit coupling. Because of the rotation of the IrO¢ octahe-
dra around the c axis, the Sr,IrOy4 unit cell is composed of two
inequivalent sites A and B. The tight-binding Hamiltonian is
then written as

= Y Y HoK)yn, 8))
keRBZ

where the momentum sum is over the +/2 x +/2 reduced
Brillouin zone and the components of 1 are the electron anni-

hilation operators for all 12 orbitals in the unit cell, {ckrq0 [T =
A,B;a = dyy,dy;,d.x;0 = 1,]}. Itis convenient to order the
basis according to (ca4,,1,CAd,. | ,CAd.. |- [A < B]) followed by
their time-reversed partners ([1<>|]). There is no coupling
between these two blocks as the system is time-reversal
invariant and we can thus only consider the first half of the
basis, taking into account that all bands are twofold degenerate.
The remaining 6 x 6 tight-binding matrix Hy is written as

Ook) Pk

Hotk) = ( , @
Pi(k) O(k)

where P describes the hopping part of the Hamiltonian,
—411(k) 0 0
. kx +ky
Pk)=e¢ i3 0 —265(K) o |. 0
0 0 —213(k)

with  #©(K) = to cos & cos & ks ;k and

2 2>
(k) = 19 cos bk . Here, k = (ky,k,) is expressed in terms
of the remprocal vectors forming the reduced Brillouin zone.
O describes the on-site part of the Hamiltonian. It includes

the spin-orbit coupling A L; - S; and reads

t(K) =ty cos

A+ e(i(K)/6)?* A2 —ir/2
0k) = A2 0 —ir2], @
ir)2 ir/2 0

where A, is an on-site energy difference of the d,, orbital
relative to dy; and d,., and A is the spin-orbit coupling
parameter. The additional term eq(t;/ 10)? accounts for the
hybridization between d,, and d,>_,> [24]. In the following,
we consider A; = 0.15 eV, 1t =0.35eV, ¢ = —1.5 ¢V, and
A = 0.57 eV. It has been shown that these values yield a band
structure in good agreement with LDA+SO calculations [5,24].

We plot in Fig. 2 (upper panel) the six bands resulting from
the diagonalization of Hy(k) along the (0,0) — (7 /2,7/2) —
(r,0) — (0,0) path of the full Brillouin zone. When the eigen-
values are projected on the j.g = 1/2 states,

1

. 1 1 .
Jetr = 7. & §> = :F%deyv:t) + (ldy2), F) £ ildec, F))]

(&)

it can be seen that the low-energy bands essentially have
Jeft = 1/2 character, as highlighted in Refs. [2,5,24,25]. It
is therefore natural to look for an effective reduced 2 x 2
Hamiltonian describing these states.

To do so, we rewrite Hy in the following basis (|3,3)4,

1355 204 12,06, 12, 304, 13.F)8):
Hipk)  MK) )
Hy(k) = , 6
o (M*(k) Hs (k) ©

where the exact expressions of Hy/, M, and Hj, are given
in Appendix A. An effective Hamiltonian is then obtained by
projecting Hy onto the jer = 1/2 subspace,

H{3(K) = Hip(k) + MKIE X 1axs — Hzp (k)] M (K),

@)
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Projection of the ¢y, model on the j ;s = 1/2 states

0_

—— 9y model —— Effective j ;¢ = 1/2 model

~%0,0)

@2 @) (0,0)

FIG. 2. Upper panel: Projection of the tight-binding model for the
1, bands [Eq. (2)] on the j; = 1/2 states. The value of the projection
ranges from O (black) to 1 (yellow). Lower panel: Comparison
between the full #,, model (black lines) and the effective joy = 1/2
model from Eq. (7) (red lines) with E = 0. On both panels, bands
are plotted in reciprocal space, along the (0,0)-(7 /2,7 /2)-(7,0)-(0,0)
path of the full Brillouin zone. A; =0.15 eV, 1, =0.35 eV, ¢; =
—1.5eV,and A = 0.57 eV.

where 14,4 is the 4 x 4 unit matrix and E is an energy scale that
is adjusted in order to best match the original band structure.

While it is difficult to have a compact expression for
this reduced Hamiltonian, one can easily diagonalize Hf/ffz
numerically for every k point of interest. This is shown (red
lines) in Fig. 2 (lower panel) together with the complete 15,
band structure (black lines). The effective model appears to
be in excellent agreement with the two low-energy bands
exhibiting a j. = 1/2 character.

As mentioned earlier, the Sr,IrOy4 crystal has a two-atom
unit cell and we expressed the tight-binding models above
in the reduced Brillouin zone in order to make contact with
experiments. Let us, however, emphasize that all sites are
actually equivalent from a purely electronic point of view in
these models. An inspection of the band structure in the reduced
Brillouin zone indeed reveals that it results from the folding
of half as many bands defined over the full Brillouin zone.
This can be seen, e.g., from the degeneracy of the bands along
the (/2,7 /2) — (7r,0) path of the full Brillouin zone. As a
result, the effective model in Eq. (7) can be written as a simple
tight-binding model on a square lattice,

HiB = tycle;. ®)
ij

where the hopping amplitudes #;; are shown as a function of
the distance |i — j| in Fig. 3 (upper panel). We see that one
obtains a good approximation of the band structure by only
keeping the nearest- and next-nearest-neighbor hopping terms

\?2, 0.20

[0

T 0.15

2

o

£ 0.10

(¢}

&

‘s 0.05

o

2

0.00
0 1 2 3 4 5
Distance
00 //
> —
= —0.5
\
= —1.0 . Effective jﬁff = 1/2
. ¢t —t’ model
(0,0) (m/2,7/2) (m,0) (0,0)

FIG. 3. Upper panel: Real-space hopping amplitudes of the effec-
tive jer = 1/2 Hamiltonian with respect to the distance (the intersite
distance is normalized to 1). Lower panel: Comparison between
the effective jer = 1/2 bands (red) with E =0 and the folded
dispersion obtained by keeping only the nearest- and next-nearest-
neighbor hopping terms (r = —0.219 ¢V and ¢’ = —0.082 eV, re-
spectively). Bands are plotted in reciprocal space, along the (0,0)-
(/2,7 /2)-(r,0)-(0,0) path of the full Brillouin zone. A, = 0.15 eV,
to =0.35eV,e; = —1.5eV,and L = 0.57 eV.

(for an almost perfect agreement, it is necessary to keep eight
hopping parameters). This yields the simple energy dispersion:

e(k) = €9 + 2t(cos k; + cosky) + 4t’ cos k, cos ky, (9

where ¢ = —0.174 eV, t = —0.219 eV, t' = —0.082 eV, and
k = (k,,ky) is now expressed in the basis of the full Brillouin
zone. The folding of this band in the reduced Brillouin zone
is shown together with the effective j. = 1/2 band structure
previously derived in Fig. 3 (lower panel). Let us mention that
a similar tight-binding model was derived in Ref. [26] with the
difference that the d,>_,» admixture was not included in their
work.

In the following, we use the effective Hamiltonian derived
in Eq. (7) ’H?ifz =3\ Hf'/ffz(k) to describe the low-energy
excitations of the system.

III. INTRODUCING CORRELATIONS

We model the effect of electronic correlations in Sr,IrQOy4
with a Hubbard Hamiltonian that introduces an energy cost for
having two electrons on the same Ir atom,

H=HH+UD niniry. (10)

i,T
where n;;, is the occupation number on the j, = o orbital of
the Ir atom 7 = A, B in the unit cell i. In the following, we
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use U =2 eV [5,24] and a temperature 7 = 1/8 = 1/200 eV
=~ 58 K. This model is studied using cellular dynamical mean-
field theory [20,21]: The original lattice Hamiltonian (10)
is mapped on a two-site auxiliary cluster model embedded
in a self-consistent medium. The self-energy of the cluster
model X, . is used to construct an approximation of the
lattice self-energy where only intra-unit-cell components are
nonvanishing, i.e., £, = %, .. Note that the orbitals at
sites A and B are electronically equivalent and therefore
Yaa = Xpp and X5 = Xpas. We then have the following
expression for the lattice Green’s function:

G (i w, k) = {(iw, + 1 — Hifh (k) — SGiw)) ™', (1)

where K is defined in the reduced Brillouin zone and both Gt
and 3 are 2 x 2 matrices associated with the two Ir atoms in
the unit cell. The CDMFT self-consistency imposes that the
cluster Green’s function G be the same as the unit-cell Green’s
function of the lattice,

Gliw) = Y {lw, + w1 — Hifh (k) — S(iw)} . (12)

keRBZ

We use a continuous-time hybridization-expansion-based
quantum Monte Carlo impurity solver (CT-HYB) [27-30] to
find the solution of the two-site cluster model, and the self-
consistent equation (12) is solved iteratively [21]. More details
are given in Appendix C. Codes necessary for the numerical
calculations were developed using the TRIQS [31] library.

IV. THE FOUR DOPING REGIMES

We first investigate the cluster quantities G and ¥ obtained
by solving the CDMFT equations. These quantities can be ex-
pressed in the basis {|%,%)A,|%,%)B} of the jeir = 1/2 orbitals
on sites A and B. However, because A and B are electronically
equivalent, it is convenient to work in the basis {|+),|—)} of

even and odd combinations of the j.r = 1/2 orbitals, defined

by
UL LA S 13
| >_ﬁ<2’2>A 2’2>3>' (19

In this basis, both G and 3 are diagonal (see Appendix C),

. (G+ O W (Z+ 0
G_(O G_>,2_<0 2_>' (14)

As we will discuss later, G4 and X4 have a direct physical
interpretation. The physics close to the node (7/2,7/2) is
indeed essentially controlled by G_ and X_, while the physics
at the antinode (77,0) is controlled by G and X . The reason
for this, anticipating Sec. VI and Fig. 10, is that the nodal
Fermi-surface pocket at (7/2,7/2) is associated with the
upper band (which has an antibonding/odd character), while
the nodal states are associated with the lower bonding band
with even character. The analysis of these quantities will
reveal the existence of four distinct regimes upon doping: a
Mott-insulator phase, a pseudogap regime, a differentiation
region, and, finally, a uniform Fermi-liquid state.

The electronic density n is shown as a function of the
chemical potential w in Fig. 4 (blue curve). It displays a clear
plateau at n = 1 for u between 0.56 and 1.16 eV, confirming

v Cluster density

' Periodized density PG @ Diff

1.15
<
>
S0 | MI UM
c
[
o

1.05

1.00 :

/ 1 1 1 1 1
0.6 0.8 1.0 1.2 1.4 1.6

chemical potential p

FIG. 4. Density of states as a function of the chemical potential
. The cluster density is plotted in blue, while the periodized one
is plotted in orange. Dotted lines separate the four doping regimes:
below pu =1.16eV is the Mott-insulating phase (MI), between
= 1.16 and u = 1.32 eV is the pseudogap regime (PG), between
=132 and u = 1.45 eV is the differentiation region (Diff), and
above u = 1.45 eV is the uniform metal (UM). Results are obtained
with a two-site CDMFT calculation for U =2¢V, T = 58 K.

that the system is a Mott insulator at half filling [2,3,9]. The
width of the plateau, ~0.6 eV, is consistent with the recent
experiment of Ref. [6].

Figures 5 and 6 display the spectral intensities AL (w = 0)
at the Fermi level as well as the zero-frequency self-energies
¥+ (w = 0) as a function of the chemical potential . These
quantities are obtained by extrapolating to zero Matsubara
frequency results obtained by Monte Carlo:

1
AL (0) = —— _limo ImG.(iw,), (15)
T lw,—
T4(0) = lim Ts(ion). (16)
14 | e Al
192 b A PG Diff
:v:m - M uM
2
8038 /
g
=06 F
*§ 04
&
02 F
0.0 —

0.9 1.0 1.1 1.2 1.3 1.4 1.
chemical potential

1.6

[

FIG. 5. Spectral intensity at the Fermi level A(0) as a function
of the chemical potential . The even (odd) contribution is plotted
in blue (orange). Dotted lines separate the four doping regimes (see
Fig. 4). Results are obtained with a two-site CDMFT calculation for
U=2eV, T =58K.
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FIG. 6. Extrapolation at zero frequency of the real part (upper
panel) and imaginary part (lower panel) of the self-energy X(iw,) as
a function of the chemical potential p. The even (odd) contribution is
plotted in blue (orange). Dotted lines separate the four doping regimes
(see Fig. 4). Results are obtained with a two-site CDMFT calculation
forU=2¢eV, T =58 K.

For completeness, we have included plots of the Matsubara
frequency Green’s functions and self-energies for several
chemical potentials in Appendix B.

These results allow one to identify four distinct doping
regimes. For chemical potentials smaller than u = 1.16 eV,
the system is in a Mott-insulating regime and both the even
(+) and odd (—) components of the spectral intensity at
the Fermi level are zero, A.(0) = 0 (also both Matsubara
Green'’s functions G 1 (i w, ) have clear insulating character; see
Appendix B). This is compatible with the location of the Mott
plateau in Fig. 4. Correlation effects are especially visible in
the very different values of the real parts of the self-energies,
while both imaginary parts vanish. As a result, the effective
low-energy band structure is split by the real parts of the
self-energy in Eq. (12) and no excitations exist at @ = 0. More
precisely, the quasiparticle equation

det {(& + )1 — Hf (k) — E(@)} =0 (17)

has no solutions at w = 0 for all values of k.

When u lies between 1.16 and 1.32 eV, we enter a pseu-
dogap regime. The even component of the Green’s function,
which provides a coarse-grained picture of the physics close
to the antinode k = (7,0), maintains its insulating character
(A+(0) = 0), while the odd component, describing the nodal
regionclosetok = (/2,7 /2), becomes metallic (A_(0) # 0).
This describes a metal that only has coherent quasiparticles
close to the node. Antinodal particles are suppressed by life-
time effects, as can be seen from the more negative imaginary

—— Singlet

0.8 N

0.6 — Full
= ' = Triplet
.e0
204

0.2 F

00— :

1.1 1.2 1.3 1.4 1.5 1.6

chemical potential p

FIG. 7. Statistical weights of states dominating the Monte Carlo
sampling on the dimer cluster of the CDMFT approach, as a function
of the chemical potential . The dominant state is found to be the
two-electron intersite singlet (blue). As doping level is increased,
the three-electron odd-parity state catches up, denoted here as
3— (orange), as well as the fully occupied state (green), while the two-
electron triplet state (red) has a smaller weight. Other contributions
are negligible.

part of the even self-energy ImX,(0) reaching —0.1 eV in
Fig. 6, while ImX_(0) remains very small. We show below
that the spectral function exhibits a pseudogap at k = (7,0) in
this region. This regime is very reminiscent of the pseudogap
region of cuprate superconductors.

As the electron doping is further increased, for 1.32 <
u < 1.45 eV, spectral weight starts appearing in A, (0), an
indication that quasiparticles start forming at the antinode
as well. However, there are still visible differences between
the even and odd components of the self-energies (see also
Appendix B). The regime is therefore characterized by a visible
k-space differentiation where lifetime effects are stronger at the
antinode than at the node [ImX, (0) < ImX_(0)], but do not
completely destroy quasiparticles.

Eventually, for u above 1.45 eV, a uniform metallic regime
settles where both self-energies are identical and k-space
differentiation has disappeared. This regime would be well de-
scribed by a single-site dynamical mean-field theory (DMFT)
calculation.

It should be emphasized that boundaries delimiting these
different regimes correspond to crossovers and hence are
defined here in a qualitative manner.

The physical mechanism responsible for the formation
of the pseudogap and the strong nodal-antinodal dichotomy
observed at low doping can be revealed by studying the many-
body states associated with the two-site cluster. Calculating
these states’ histogram, we identify those that contribute
most to the stochastic sampling within the CT-HYB quantum
impurity solver. This is shown in Fig. 7, from which it is
clear that the system is dominated by the intradimer singlet
state at low-doping levels. This is a strong indication that
physics in this regime is governed by the formation of short-
range antiferromagnetic correlations between neighboring
sites.
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V. FERMI SURFACE AND PSEUDOGAP

We now turn to the study of the fermiology of the system.
Within CDMFT, the lattice Green’s function given by Eq. (11)
breaks translational symmetry [20], hence making a direct
comparison to momentum-resolved ARPES experiments dif-
ficult. The reason for the symmetry breaking is that the lattice
self-energy in CDMFT only has components inside a unit cell,
but not between different unit cells. A natural way to restore
the translational symmetry is to periodize the self-energy by
propagating the intersite contribution X 4 g over all links on the
lattice. However, an artifact of this periodization scheme is that
it prevents the formation of a Mott insulator and gives a wrong
description of the low-doping physics (see Appendix D for
more details). We therefore design a different periodization that
yields much more physical results and preserves the existence
of the Mott insulator. In this scheme, the lattice self-energy is
given by

Slatt Yaa Sap x e
2w, k) = byt , (18)

EABxe’ 7 EAA

where k = (k;,k;) is expressed in the reduced Brillouin zone.
With this self-energy, we then define a periodized lattice
Green'’s function G according to

Glatt(ia)n,k) — {la)n + " — Hle/fg(k) — ilan(ia),,,k)}_l'
(19)

This Green’s function preserves all the symmetries of the lattice
and will be the basis of our analysis below.

As a consistency check, we first compute in Fig. 4 the
electronic density n as a function of u obtained from G
(orange curve). Comparing it to the cluster density (blue curve)
discussed in Sec. IV, we see that plateaus at » = 1 match
well, confirming the existence of a Mott insulator within
our periodization scheme. However, the periodized density
generally has slightly lower values compared to the cluster
density for a given chemical potential. In the following, we
discuss our results for specific values of p and thus indicate
two corresponding values of the electron doping: the cluster
and the periodized one (S¢juster and per, respectively).

We plot in Fig. 1 the spectral intensity at the Fermi
surface for four values of the chemical potential. At small
doping levels, for u < 1.30 eV, nodal pockets with coher-
ent quasiparticles develop, while the antinodal intensity is
completely suppressed. For these values of u, we are in the
pseudogap regime discussed above. A closer inspection of
the spectral function at k = (7,0) for © = 1.30 eV indeed
confirms the presence of a clear pseudogap: Fig. 8 shows
the leading edge of the spectrum being shifted away from
zero energy. As discussed above, we attribute its formation
to short-range antiferromagnetic correlations (manifested here
as the dominance of intersite singlet dimer formation in our
cluster, as revealed by the histogram of states).

As the electron doping is increased, the (;r /2,7 /2) pockets
grow and spectral intensity starts to appear around (i,0)
[see Fig. 1(c)], leading to an extension of the Fermi surface
over the Brillouin zone. Quasiparticles are, however, far more
incoherent and broader at the antinode, as can be seen from

p=1.30eV, per = 4%, Sctuster = 7%
3.0
. 9
z / \ 8
290 7
o] 6
E 1.5 5
s 4
g1o / ;
wm
0.5 2
1
0.0 L L 0
~02 —01 00 01 02
E - Ej (eV)

FIG. 8. Left panel: Spectral intensity TrA(w,kan) [energy distri-
bution curve (EDC)] at the antinode kany = (77,0) for u = 1.3 eV.
Right panel: Spectral intensity at the Fermi surface with a periodized
self-energy for the same u. U =2 eV, T = 58 K.

momentum cuts across the node or the antinode (Fig. 9). While
sharp coherent quasiparticles are found at the node, those at the
antinode display a lower spectral intensity that is broadened
over a greater region of k space. This corresponds to the
momentum-differentiation regime introduced above.

At larger doping, the self-energy finally becomes uniform
and the resulting Fermi surface displays coherent quasiparti-
cles both at the node and the antinode, as shown in Fig. 1(d).

VI. ELECTRONIC BAND STRUCTURE

‘We now turn to an analysis of the dispersion of quasiparticle
bands in Sr;IrO4. This requires one to analytically continue
the imaginary-frequency data to the real axis. We use Padé
approximants [32] to find £"™(w,k) from the knowledge of
the periodized lattice self-energy %''(iw,,k). The resulting
band structure is shown in Fig. 10 where we compare the
insulating state at u = 0.8 eV [Figs. 10(a) and 10(c)] and the
electron doped state at 4t = 1.36 €V, 8per = 7%, Scluster = 10%
[Figs. 10(b) and 10(d)]. In Figs. 10(a) and 10(b), we show the
noninteracting bands obtained by diagonalizing the TB+4-SO
Hamiltonian HJ, (dashed lines) and the quasiparticle bands

p=1.36eV, dper = 7%, Octuster = 10%

8
9
AN, :
g 6 / Q 7
3 6
=y 5
i 4
w2 2
1
0 1 1 1 0

(;L“H (r\fl)

FIG. 9. Left panel: Spectral intensity at the Fermi surface
TrA(w = 0,k) [momentum distribution curve (MDC)] for u =
1.36 eV taken along the nodal (blue) and the antinodal (green)
directions. Corresponding cuts are shown with the same color code
on the right panel. Right panel: Spectral intensity at the Fermi surface
with a periodized self-energy for the same u. U =2eV, T = 58 K.
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FIG. 10. Band dispersion of the (a),(c) insulating (u = 0.8 eV) and (b),(d) doped (u = 1.36 eV) Sr,IrO,. Periodized self-energies are
analytically continued from Padé€ approximants. Upper panels: Comparison between the noninteracting bands obtained from the TB+SO
Hamiltonian Hle/‘g (dashed lines) and the quasiparticle bands. Lower panels: Spectral intensities, generalizing Fig. 1 away from the Fermi
surface. All panels follow the (;r,7)-(7 /2,7 /2)-(0,0)-(7r,0)-(27,0) path in the full Brillouin zone. U =2 eV, T = 58 K.

obtained from the solutions of
det {(& + )1 — Hfjy(k) — £ k)} =0.  (20)

Bands are plotted along the (7, 77)-(7r /2,7 /2)-(0,0)-(7r,0)-(27,0)
path of the full Brillouin zone. Figures 10(c) and 10(d) display
the corresponding total spectral intensity, TrA(w,K).

In the insulating region, the Mott gap is clearly visible.
The band structure indicates that correlation effects have split
the original noninteracting bands. This is compatible with the
observation that at u = 0.8 eV, the cluster self-energies take
very different values, ReX,(0) # ReX_(0). Lifetime effects
are also not very strong and the bands are fairly coherent,
consistent with the fact that Im¥ (0) =~ 0. The top of the lower
band is located at ~ —0.4 eV at the node and at ~ —0.2 eV
at the antinode. There is a direct gap to the unoccupied states
of the order of 0.8 eV at k = (r/2,7/2), while the smallest
overall gap is indirect and of the order of 0.6 eV. Note that the
latter value is consistent with the width of the Mott plateau in
Fig. 4.

As we move to the doped region, the Mott gap first closes
at the nodal point k = (/2,77 /2) and the quasiparticle bands
merge. The crossing of the upper band at two points close to
(7t /2,7 /2)is asignature of the pocket seen in the previous spec-
tral intensities. Around these points, a clear renormalization of
the Fermi velocities by a factor 1/4 is visible as compared to
the noninteracting bands. For 4 = 1.36 eV, there is still a gap
between the bands atk = (77,0), but the lower band just reaches
the Fermi level yielding some antinodal spectral weight. It is
interesting to note that the correlation effects are much stronger

on the lower band than on the upper band. Quasiparticles are
then better defined at (w/2,7/2) (where they correspond to
a crossing of the upper band) than at (7r,0) (where they are
associated with the lower band). This is explained by the fact
that the physics of the lower band is mainly controlled by
the cluster self-energy X, while the upper band is controlled
by X_. As a result, the larger negative imaginary part of X
(see Fig. 6) induces stronger lifetime effects at the antinode,

f1 = 1366V, Gper = 7%, Setuster = 10%

0.2
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FIG. 11. Spectral intensity of the doped compound (u =
1.36 eV) along the degenerate path (0,0)-(7r /2,7 /2)-(7r,0)-(0,0) in the
full Brillouin zone. Periodized self-energies are analytically continued
from Padé approximants. U =2eV, T = 58 K.
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while the smaller imaginary part of X£_ maintains coherent
quasiparticles at the node.

We finally display in Fig. 11 a spectral intensity map along
the (/2,7 /2) — (7r,0) Brillouin zone path, which corresponds
to the path along which the noninteracting bands are degener-
ate. ARPES data along this path have not appeared in print to
our knowledge, and our results could be useful in the context
of future analysis of ARPES experiments.

VII. DISCUSSION AND CONCLUSIONS

Finally, we discuss the comparison of our results with
ARPES and other experiments on doped Sr,IrOy4.

Overall, there is excellent qualitative agreement. Compar-
ing Figs. 10(a) and 10(b), a clear “collapse” of the Mott gap is
found upon doping the insulator (i.e., the two bands become
much closer to each other). This effect was reported in ARPES
experiments [5,6]: It is clearly apparent, for example, in
Figs. 2(g) and 2(h) of Ref. [5] in which the top of the band
at (w/2,7/2) moves from about —0.4 eV to about —0.1 eV
(band crossing) upon doping. In fact, the location of the top of
the band at the “node” (—0.4 eV) and “antinode” (—0.2 eV)
is in good quantitative agreement with the values reported in
Ref. [5]. The rather round and spread behavior of the band at
the node quite agrees with the experiments even if the nodal
part does not appear to be as narrow as it is observed.

The nodal-antinodal differentiation and formation of a pseu-
dogap near the antinode is also consistent with the experimental
observations [5,19]. Here, we have shown that the physical
origin of the pseudogap is indeed the same as in cuprate
superconductors, namely, short-range spin correlations (see,
e.g., Refs. [33,34] for recent theoretical studies).

The value of the interaction parameter U = 2 eV for which
we chose to perform our calculations should also be discussed
in the context of experimental measurements, especially of
experimental determinations of the Mott gap. With this value,
we find a Mott gap which is indirect and of the order of
~0.6 eV—corresponding to the transition between the top
of the lower Hubbard band at (;7,0) and the bottom of the

|

upper Hubbard band at (w/2,7/2) in Fig. 10(a), and also
to the width of the Mott plateau in Fig. 4. The value of
the optical gap would be slightly larger. In Ref. [6], SrIrO4
was studied under both hole (Rh) and electron (La) doping,
allowing for a determination of a Mott gap of the order of
0.7 eV, inrather good agreement with the present work. Optical
spectroscopy measurements (see, e.g., Fig. 4 in Ref. [2]) do
reveal a sharp increase of absorption in that frequency range,
but a rather slow onset of the optical conductivity is observed
with spectral weight below this scale, possibly suggesting a
significantly smaller value of the actual gap (although a precise
determination is difficult). This suggests that the value of U
used in the present work may be a bit too large. Accordingly, we
note that the Fermi-surface renormalizations obtained above
appear to be somewhat larger than the values reported in
Ref. [5].

An ab initio determination of the screened U appropriate for
the low-energy model used here, as well as a more systematic
study of this model as a function of U, would be desirable
in future work. In connection with the latter, a study of the
possible superconducting instability as a function of U can
be performed within cluster extensions of DMFT [CDMFT or
dynamical cluster approximation (DCA)] for the present model
and would shed light on the elusive superconductivity of doped
Sr21r04.
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APPENDIX A: EXPRESSION OF H, IN THE j BASIS

- kx+ky

Labeling /(k) = e™' "2 , we have

o+ (4] +»

=3®)1 (k)

i) = 8 7t 1 102 (AD)
— 371y, (k) A+ e (M) 4+
—Z[A 4 e (1)) 221(k)1 (K)
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APPENDIX B: GREEN’S FUNCTIONS AND SELF-ENERGY
IN THE FOUR DOPING REGIMES

In Fig. 12, we show the Matsubara frequency Green’s func-
tions and self-energies in the four doping regimes discussed
in the main text. Here these regimes are associated with four
different values of the chemical potential corresponding to the
four rows of the figure.

For u =1 eV, the system is a Mott insulator, as can be
seen from the insulating character of the two components of
the Green’s function Gy. Let us note that the real parts of
the self-energies are very different, which is responsible for
the opening of the Mott gap (see main text). Increasing the
doping, we enter a pseudogap phase. At u = 1.2 eV, the even
component of the Green’s function has an insulating behavior,
while the odd one is metallic. At u = 1.34 eV, the system is
in a differentiated regime. Both components of the Green’s
function are now metallic, but the self-energies are still quite
differentiated. Going to even larger dopings, we finally reach
the uniform Fermi-liquid state. Hence, at u = 1.5 eV, we see
that G} and G_ are both metallic and that the self-energies
tend to be identical.

APPENDIX C: SOLVING CDMFT EQUATIONS

In order to solve the CDMFT equations, it is convenient to
work in the + basis introduced in Eq. (13). In this basis, the

(@) — Im G (iw,) Im G_(iw,) (b) — Im X, (iwy)

(

lattice Green’s function is

G (iw, k) = {(iw, + w1 — HS(K) — Si(iwy)) ",
(C1)

where Hiff(k) is the effective je.r = 1/2 Hamiltonian ex-
pressed in the &£ basis and the cluster self-energy is diagonal
because the A and B sites are electronically equivalent,

Yy (iwn) 0 )

0 Y_(iwy,) €2

Silio,) = (
Note that for a given k point, G (iw, k) is not diagonal.

One can, however, show that for a generic 2 x 2 diagonal
matrix M,

> HS ) + M)

keRBZ

(C3)

is a diagonal matrix too. As a result, the CDMFT self-
consistency given by Eq. (12) becomes diagonal and reads

Gilio) = Y {lioy + w1 — HS (k) — lion)) ™",
keRBZ

(C4

Im X_(iw,) o — Re 3 (iw,) Re ¥_(iw,)

nw=1eV, 6 = 0%

T o p=1eV, § = 0% a
. —05 »\_/_’
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FIG. 12. Evolution in the even-odd basis of (a) the imaginary part of the Green’s function G +(iw, ), (b) the imaginary part of the self-energy
¥4 (iw,), and (c) the real part of ¥, (iw,) as a function of the Matsubara frequency w,. On all plots, the even (odd) contribution is plotted in
blue (orange). All quantities are depicted for different values of the chemical potential, from top to bottom panels, respectively: u = 1 eV and
an electron doping § = 0%; u =1.2eV,§ =1%; u =1.34eV,§ =9%; and u = 1.5 eV, § = 1.6%. Results were obtained for U =2 eV,
T =54 K.
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where both cluster quantities G, and S, are diagonal. This
equation is solved iteratively in the following way: At the
iteration step 7, the quantum impurity model is described by
a noninteracting Green’s function Gg”l and a local interaction
Hamiltonian that has the following expression in the &£ basis:

: U
it :7 Z(nanW + ng4Ng,
s==+

+ CITCjic.fLC}T + c}Tchwch). (€5

This cluster model is solved using the CT-HYB quantum
impurity solver. This solver directly works in the + basis. It
yields both the cluster Green’s functions G(ﬁ) and self-energies

E(i" ). The self-consistency condition is used to construct a local
diagonal lattice Green’s function,

Gl o) = Y (o + w1 — Hi" (k) — £ (w,)) "
keRBZ

(Co)

This allows one to get a new expression for the noninteracting
cluster Green’s function, via a modified Dyson equation:

[Goi"] " =[Gia] ™ + =8

This procedure is iterated until convergence.

(o))

APPENDIX D: ABSENCE OF A MOTT INSULATOR
WITH THE STANDARD PERIODIZATION SCHEME

The usual periodization of the self-energy is written as

Xaa Yap X f(k)>, D1

ilm(ia)n,k) — (
Yap X fH(K) Xaa

where

1 . . .
fk) = 4_1(1 + ek 47 4 o7 HR) - (D2a)

ky ky il
= COS — COS —¢

2 2
k = (k;,k») is expressed in the reduced Brillouin zone. We see
from Fig. 2 that the degeneracy of the (/2,7 /2) — (7,0) path
in the full Brillouin zone has to be lifted in order to create a
Mott-insulating gap. However, f(k) = 0 along this path and
the self-energy has the following expression:

(D2b)

S w,, k) = Taa X Loxo. (D3)

Hence, the self-energy only renormalizes the chemical poten-
tial in the quasiparticle equation [Eq. (20)] at w = 0, forbidding
any lifting of the degeneracy between the quasiparticle bands
and therefore any gap in the band structure.
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We introduce and compare three different Monte Carlo determinantal algorithms that allow one to compute
dynamical quantities, such as the self-energy, of fermionic systems in their thermodynamic limit. We show
that the most efficient approach expresses the sum of a factorial number of one-particle-irreducible diagrams

as a recursive sum of determinants with exponential complexity. By comparing results for the two-dimensional
Hubbard model with those obtained from state-of-the-art diagrammatic Monte Carlo, we show that we can reach
higher perturbation orders and greater accuracy for the same computational effort.

DOI: 10.1103/PhysRevB.97.085117

I. INTRODUCTION

Perturbation expansions are at the heart of many important
developments in many-body physics. They appear both in the
construction of new theoretical frameworks and in the design
of numerical algorithms that have greatly contributed to push
further our understanding of interacting quantum systems.

Continuous-time quantum Monte Carlo algorithms [1] such
as CT-INT [2,3], CT-AUX [4], or CT-HYB [5,6] are examples
of such algorithms. They have been a breakthrough in finding
solutions of quantum impurity problems and have opened a
new realm for the development of extensions of dynamical
mean-field theory [7-12].

One of the reasons for the success of these algorithms
is that they are based on a perturbation expansion of the
partition function Z. The contributions to Z can be reorganized
into determinants that effectively sum a factorial number of
perturbation diagrams. As a result, large perturbation orders
can be computed and, for smaller clusters, the strong-coupling,
low-temperature regime can be addressed. These methods
are, however, limited by the number of sites that can be
treated in the auxiliary quantum impurity cluster. For large
clusters the fermionic sign problem [13] becomes very severe
as temperature is decreased or interaction increased [14], and
it is very difficult to extrapolate the solution of the infinite size
system from a limited number of small clusters.

An alternative and complementary approach is to investi-
gate quantum systems directly in their thermodynamic limit, as
in the DiagMC [15-19] algorithm that has also benefited from
great advances. With this approach, controlled results were
obtained, e.g., for the normal phase of the unitary Fermi gas
[20,21], the ground-state phase diagram of the Hubbard model
in the weak-coupling regime away from half-filling [22-25],
and even in parts of its phase diagram where a pseudogap has
already formed [26].

In this method, the perturbation series is written directly for
the physical quantity of interest, for example, the self-energy.
Contributions to the series are given by individual perturbation
Feynman diagrams (one-particle-irreducible ones for the self-
energy) that are sampled stochastically. While the sign alter-
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nation between individual diagrams is a necessary condition
for the convergence of the series, it introduces a fermionic sign
problem that makes it difficult to precisely compute high-order
coefficients of the series. Another difficulty of the DiagMC
approach is that it can be challenging to resum the perturbation
series and obtain converged results even if many coefficients
are known with great accuracy.

In order to reduce the sign problem of the DiagMC, a
connected determinant algorithm (CDet) has been recently in-
troduced in Ref. [27]. The key idea of the approach is to express
the sum of a factorial number of connected perturbation dia-
grams as a sum of determinants (a similar strategy is used in an
algorithm for correlated out-of-equilibrium systems) [28]. The
physical quantity of interest is then obtained by stochastically
sampling these contributions. This algorithm has been shown
to scale as 3" with the perturbation order n. It has proven to give
quantitative improvements in the computation of static prop-
erties such as pressure [27]. However, no computation of dy-
namical quantities with the CDet approach has been attempted
so far.

In this article, we introduce and compare three different
Monte Carlo determinantal algorithms that allow one to
compute dynamical quantities of a fermionic system. Two
of them are directly based on the CDet approach, while the
third algorithm, which we will show is the most efficient, is a
generalization of the CDet approach to one-particle-irreducible
(1PI) diagrams. It directly samples the contributions to the
self-energy with a recursive algorithm scaling as n23". By
comparing results for the two-dimensional Hubbard model
with those obtained from DiagMC, we will show that this new
approach leads to much smaller error bars for the same numer-
ical effort. It therefore represents an important alternative to
compute dynamical quantities.

The article is organized as follows. In Sec. II, we briefly
summarize the CDet approach introduced in Ref. [27], as it
will be one of the building blocks of our proposal. In Sec. III,
we present three algorithms that allow one to derive dynamical
quantities. We discuss their practical implementation as a
Monte Carlo method in Sec. IV. We then compare and discuss
the results of these algorithms and of the DiagMC for the

©2018 American Physical Society
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two-dimensional Hubbard model in Sec. V. We finally con-
clude in Sec. VI.

II. CONNECTED DETERMINANT APPROACH

First, we briefly summarize the CDet approach introduced
inRef. [27] asitis one of the building blocks of our proposed al-
gorithms. This approach provides a general scheme to compute
connected correlators. For concreteness, we consider in this
article models described by a noninteracting Green’s function
Gy and a local interaction vertex Un4n . This is the case, for
example, in the Hubbard model, in some quantum impurity
problems, or in the simple case of an isolated Hubbard atom
(that we will later use for benchmark purposes).

In a diagrammatic approach, a perturbation series in the
interaction U is constructed. Correlation functions C of two
operators A and B, defined as

C(Xout, Xin) = —(Tr B(Xou) A(Xin)), (D

where T is the time-ordering operator and x denotes a vertex,
are then expressed as a sum of connected diagrams. In real
space and imaginary time, x writes (i,7) for the Hubbard
model, where i describes the lattice position and T € [0, 8] the
imaginary time (8 = 1/7 being the inverse temperature). At a
given order n in the perturbation series, a diagram contributing
to C(xout,Xin) is characterized by the set of its internal vertices
V = {x1,...,x,}, where x; is associated with the /th interaction
vertex. The topology of such a diagram is given by two
adjacency matrices describing the way the interaction vertices
and the external vertices x;, and x,,, are connected.

In the standard DiagMC [15-19] technique, individual
connected diagrams are stochastically sampled in a way that
preserves their connectivity, with a probability given by the
absolute value of their contribution to C(xqu,Xin). Note that
even if some diagrams share the same vertices, they may have
alternating signs from one topology to another, which is one
of the ingredients leading to a significant sign problem in this
approach. The idea of the CDet algorithm is to regroup all
diagrams sharing the same internal vertices V in a contribution
Cy (Xout,Xin) and then stochastically sample the sets V. The
stochastic weight of this group of diagrams in the Monte Carlo
sampling of C(Xou,Xin) is the absolute value of their sum, which
is only a function of V.

One could naturally expect that summing this factorial
number of diagrams would come with a factorial cost, but it was
shown [27] that it can actually be achieved exponentially. The
sum of connected diagrams entering Cy (xoy, Xin) is expressed
as the sum of all diagrams (connected and disconnected
ones) from which the disconnected components are recursively
subtracted. This can be formalized as follows:

Cv (XoutXin) = Dy (Xout-Xin) = ¥ Cs(outs Xin) Dy (),

SGV
Tin Tin Lin
C \ c

N
All vert. in V\ S

All vert. in V'
= > (incl. disc) » @
o’

(incl. disc.) —

sev || S

Tout Tout Tout

where Dy (xou,Xin) denotes the sum of all diagrams (including
disconnected ones) with internal vertices V, external vertices
Xin and Xy Dy () is the sum of all diagrams with vertices
V and no external vertices. The cancellation of disconnected
diagrams is illustrated in the second line of Eq. (2). A key
feature of this recursive sum is that Dy terms can be expressed
as determinants (and hence with a polynomial computational
cost) [29].

Algorithmically, the evaluation of Cy (xu,Xin) at order n is
done in two steps. First, determinants Dy are computed for all
subsets S of V, with a total effort 2"n>. The leading complexity,
however, comes from the progressive computation, from low
to high orders, of Cs. More precisely, if all Cg: are known for
subsets S’ with less than p < n vertices, one can compute a
given p-order Cg using Eq. (2) with V = §, in 2” operations
[see right-hand side (rhs) of Eq. (2)]. This has to be done for all
the (';) subsets S at order p before computing contributions at

the next order p + 1. The final result is obtained when this has
been done for all p < n and the leading complexity of the al-
gorithm to compute Cy (Xoy,Xin) is therefore Z’;:O(Z)Zl’ = 3"

Note that a similar cancellation of disconnected diagrams
had been introduced in a quantum Monte Carlo algorithm for
correlated out-of-equilibrium systems [28] where connected
correlators are expressed as a sum of 2" determinants thanks
to Keldysh diagrammatic techniques.

The CDet approach leads to an important reduction of
statistical error with respect to the DiagMC and has allowed
for great progress in the computation of static properties, such
as pressure in the Hubbard model [27]. This method, however,
has not yet been used to compute dynamical quantities.

In the following, we will investigate how this can be done.
We could examine, e.g., the Green’s function but choose
instead to focus on the self-energy X that is a more irreducible
object where signatures of numerical noise are clearer. Other
single-particle quantities can then be computed from X. A
straightforward way to obtain ¥ is to compute the Green’s
function G with the CDet approach and derive the self-energy
through Dyson’s equation. However, even if one can compute
G with great accuracy, its inversion in Dyson’s equation leads
to an amplification of the statistical noise and, as we will show
below, the resulting ¥ can only be accurately obtained for low
orders. It is therefore desirable to look for other techniques to
compute the self-energy. This is the purpose of the following
section.

III. SELF-ENERGY COMPUTATION

We introduce three different techniques to compute dy-
namical quantities. In order to compare their efficiencies, we
focus on the self-energy ¢ (here o denotes the spin) that
they yield, because numerical noise is particularly visible in
this quantity. First, we use Dyson’s equation to obtain the
self-energy from a computation of the Green’s function using
the CDet technique. We then present a diagrammatic method
that allows us to compute the self-energy recursively from
the knowledge of a different correlator F that can still be
computed using the CDet. We finally introduce an extension
of the CDet algorithm that efficiently computes the sum of
all one-particle-irreducible diagrams of a perturbation series
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and therefore allows us to directly stochastically sample the
contributions to the self-energy. As we discuss in Sec. V, the
latter allows for a much better determination of dynamical
quantities.

A. Dyson’s equation

The most straightforward way to compute the self-energy
37 is to first compute the Green’s function G using the CDet
algorithm and then use Dyson’s equation,

= (G5)”

We show in Sec. V that it is very difficult to obtain precise
data with this method because of the inversion of G that
dramatically increases the noise.

— (G 3

B. Equations of motion

We present a diagrammatic approach to compute the self-
energy based on the computation of a different correlator with
the CDet algorithm. Let us first write the self-energy as the sum
of a constant Hartree term and a frequency-dependent part

27 (XoutsXin) = e 5x,n,xoul + ig(xoutaxin) “)

We recall that x is a combined index, e.g., (7, 7) for the Hubbard
model, where i is the lattice site and t the imaginary time. The
Hartree term contribution is given by

] CC?G”(O‘)
»He =UGon7) = ) 5)

It can be directly computed from the knowledge of the
Green’s function G?, which is a connected correlator that can
be obtained from Eq. (2). The self-energy X can then be
obtained recursively using the following expression:

ZUZEH’U—FFU—

G7 Al vertices 1nV
. ? (connected) - J|G7,  (6b)

where the correlation function F° is defined by
F? (XouXin) = =U*(Teng ¢ (ounz g (xin)). - (1)

Equation (6) can be derived from the equations of motion
(EOM) of the Green’s function, as detailed in Appendix A, and
we will use this terminology in the following to unambiguously
refer to this method. It has a simple diagrammatic interpretation
[see the second line of Eq. (6)] that illustrates how 1PI diagrams
are isolated. Indeed, according to Eq. (4), the self-energy is the
sum of contributions with a single external vertex (Hartree term
> #.7) and contributions with two external vertices (£°). The
former is easy to compute, and the latter is the sum of all 1PI
diagrams with two external vertices. The term F° on the rhs
of Eq. (6) represents the sum of all connected diagrams with
the same external vertices as 7. From this, one then has to

2’G°X°, (6a)

subtract all non-1PI diagrams, which can always be expressed
in the form X7 G7 X7.

We now reorganize the equation above in order to be able
to compute the contributions to the self-energy at a given
perturbation order just from the knowledge of the contributions
to F° and 7. We first multiply Eq. (6) by G§ on the right
and we obtain

X°G) = 27G + FG} — 2°G°2°Gj. )

Reorganizing the terms,

F°Gy 4+ "Gy = £7[G] + G'£°G]]| =27G". (9)

Substituting this expression for £° G’ in Eq. (6), we find

27 =327+ F° — [F°G] + ="°G]]=°. (10)
This equation allows us to recursively compute the contri-
butions to the self-energy at all perturbation orders. Indeed,
because F is at least of order 2 in U and % is at least
of order 1 in U, the computation of the contribution to the
self-energy at order n on the left-hand side can be obtained from
the knowledge of the contributions to F and the contributions
to the self-energy at strictly lower orders < n on the rhs.
As a result, the left-hand side contributions can be computed
without any inversion, and there is no noise amplification as
in Dyson’s equation. We can therefore expect this approach to
be more efficient.

The algorithm is implemented by computing the Green’s
function G° and the correlator F° using the CDet algorithm.
Then, Eq. (10) is used to recursively compute the contributions
to X7 at a given order. As we use the CDet algorithm to
obtain two correlators and the self-energy is only computed in a
postprocessing part, the complexity of this algorithm naturally
scales as 3".

C. Determinantal approach to sum all 1PI diagrams

We now introduce an extension of the CDet algorithm to
efficiently compute the sum of all one-particle irreducible
diagrams of a perturbation series. At a given perturbation order
n in the interaction U, a self-energy diagram is characterized
bY Xin, Xout, its internal interaction vertices V. = {xi, ... ,x,_2},
and the adjacency matrices that connect the vertices. Note that
we choose n — 2 points in the set of internal vertices V because
Xin and xqy both carry an interaction vertex as well. We wish
to group all diagrams that share the same internal vertices V
into a contribution XY, (Xoyt,Xin) SO that

2:U(Xout»xin) = Z z:{‘/(xout,xin)
=D (20 Supton + E7ows i) (1D

The contribution X7 (xou,Xin) is theoretically a sum of a
factorial number of diagrams, but we will express it with the
help of a recursion, very much in the spirit of Ref. [27], that
only involves connected correlators that can be computed with
exponential effort using Eq. (2). The numerical effort to obtain
29 (Xout, Xin) Will then turn out to also be exponential.
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The frequency-dependent part of the self-energy f)f,(xom,xm) can be expressed via the following recursive formula

SY FounXin) = FY GownXin) = Y FglrawXVESE xin) = D Fg(rousXin) (UG(07)), (12a)
x'evV Scv
S C V\{x'} S’ =V\S
5 =V\(SUx'})
Tin Tin
Tin
All vertices in V' ;
= (connected) - Z z G”} - Z (12b)
‘ev Fg, SEV
Lout W ngve\{x/} @ §'=V\s
Tout §'=v\(su{z'}) ot

where the correlation function F7 is given by [30]
Fa(xouta-xin) = 2:(TGG(xout,xin) (13)
= —U(TensCo(o)cl (i), (14)

and F° by Eq. (7). The starting point of the recursion is the
order-2 diagram

Tin Tout — . (15)

Lin Lout

The second line of Eq. (12) illustrates the cancellation of
non-1PI diagrams. The self-energy contributions f)i’, that are
calculated recursively are indicated as red circles, while blue
diagrams correspond to the correlation function F? = X7 G°.
An explicit example of this formula at third order is shown
in Appendix C. Let us note that, in this formula, the starting
point of the recursion is already an order-2 diagram, while it
is an order-0 diagram in Eq. (2), justifying a set V with n — 2
vertices.

The first term F{,’(xout,xin) on the rhs of Eq. (12) is the
contribution to the correlation function F (xoy,Xin) for the set
of internal vertices V. It is the sum of all connected diagrams
that have interaction vertices at xj,, Xoy and all x € V as
interaction vertices. In order to obtain the contributions to
the self-energy i“’,(x(,m,xm), one has to subtract from this
term all diagrams that are not 1PI. These can be expressed
in the form LG X% = FoX° = Fo(XH¢ 4+ £9), and there
are therefore two families of diagrams to subtract for a given
set of vertices V: first all terms F g,(xoua,xm)E §1 % such that
SuS =V, then all terms F (xou,x )27 (x’,xin) such that
Su{x'}u S = V. In the latter family, note that S & V is a
proper subset of V/, so that the calculation of f){‘, involves only
some X§ that have been previously computed in the recursion.

We have therefore derived a recursive formula for the con-
tributions i‘{,(xoul,xm) that involves the computation of only
connected correlation functions. The recursion is completed
in two steps. First, all correlators F°, F°, and G° have to
be enumerated, the main effort coming from the Fg that
have to be computed for all pairs of external vertices [as a
consequence of the explicit use of an intermediate vertex point
x"in Eq. (12)]. The computational cost for the precomputation
is therefore dominated by n23". Second, the recursion has to be

implemented, as in the CDet, by computing the contributions
$¢ starting from low to higher orders. At a given order p, it
takes an effort p27 to get a given £§(x’,xi,). This has to be
done for all subsets S at order p and all x” before computing
contributions at the next order p + 1 and requires a total effort

(;)p22p. All in all the recursion will take Z";:O(Z)pzﬂ with

a complexity n23". The leading complexity of the algorithm is
therefore n23".

We will show in Sec. V that despite this additional n>
factor, this method leads to smaller error bars compared to
the approaches above. It also gives more accurate results
than the state-of-the-art DiagMC calculations for the same
computational effort.

IV. MONTE CARLO IMPLEMENTATION

In this section, we describe how to compute the different
quantities that appear in the algorithms above using a Monte
Carlo (MC) method. We generically denote these quantities
as M°?. The quantities that need to be computed depend on
the algorithm considered. The Green’s function G° has to be
computed for all three approaches. In addition, F° must be
computed for the equations of motion algorithm and £ for the
direct sampling of the self-energy. We write M? as a sum over
all contributions described by a set V,, with m internal vertices:

M o Xin) = D > M, (XouXin)- (16)

m=0 V,

Note that a configuration with m internal vertices contributes,
in the perturbation series in U, to the coefficient of order
n =m for the Green’s function, n =m + 1 for F° and
n=m+2for £°.

In order to compute M (xou, Xin), We stochastically gener-
ate Monte Carlo configurations that sample the rhs terms of the
sum. A configuration € is described by the number of internal
vertices m, the spin o, and the set of all vertices,

€ = {m; 0 Xin, Xout; X1, - - - s Xm}» amn
and its weight in the Monte Carlo sampling is
We = ’M(\’/m(xoutsxin)" (13)

We use a standard Metropolis [31] algorithm to generate a
Markov chain distributed according to w.. For concreteness,
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we consider the case of the Hubbard model where x = (i, 7).
Starting from a given €, a new configuration €’ is proposed by
applying one of the following Monte Carlo updates:

(i) Pick one of the interaction vertices in € and change its
position and imaginary time. One can increase the probability
of the move being accepted by choosing a new position either
among the neighbors of the chosen vertex or from a Gaussian
distribution. The imaginary time can be chosen uniformly.

(i) Flip the spino — &.

(iii) Remove a randomly chosen internal interaction vertex
from €.

(iv) Add a new internal interaction vertex in €. The new
lattice site can be chosen from a Gaussian distribution around
the center of gravity of the vertices in €. The imaginary time
can be chosen with uniform probability.

The new configuration € is accepted or rejected with the
usual Metropolis ratio

Tor o Wesr
P — min (1LW¢> (19)
¢e' We

where Tg¢ is the probability to propose € after €.

This algorithm will sample the configurations according
to the weights we; however, it is necessary to normalize the
result. To do so, it is convenient to restrict the Monte Carlo
simulation to only two consecutive orders, m and m + 1. A
vertex can be added (resp. removed) only if the current € is
at order m (resp. m + 1). In the lowest order m the following
normalization quantity is measured

Nm: Z Z|M(\7/m(xoulvxin)

XinsXout: & Vi

, (20)

while at order m + 1, both N,,,; and the contribution to
M? are measured. The knowledge of the expected value for
N, allows us to find the normalization factor and obtain
a normalized value for the contribution to M and N,
at order m + 1. The latter can then be used to normalize a
further simulation at orders m + 1 and m + 2, and so on. The
contribution at m = 0, for instance, the pair-bubble diagram
for the self-energy, can be computed analytically, allowing for
a precise determination of Nj.

We performed several calculations for the special case of a
single correlated site (especially for benchmarking purposes).
In that situation, it is possible to restrict the simulation to a fixed
order m and propose updates that change only the spin o and
the imaginary time of a randomly chosen interaction vertex.
The normalization is obtained by computing an integral whose
value is known. The simple choice

B
Tn=)_ /0 dtndTondT: . .. dTy, = 28"

turns out to provide a good normalization.

Let us note that statistical errors in the normalization factor
propagate from one order to the other. One must therefore be
careful in the computation of error bars using, e.g., a binning
or jackknife analysis.

V. RESULTS

In this section, we present actual computations of the self-
energy according to the implementations described in Sec. III.

For clarity, we respectively denote by Dyson, EOM, and X Det
the use of Dyson’s equation, the equations of motion, and
the direct calculation of the self-energy from the sum of 1PI
diagrams.

We consider two models in the following. The firstis a single
correlated electronic level, that we will refer to as a Hubbard
atom, described by the Hamiltonian

Halom = UI’ZTI’Q + €, (21)

where n,, is the number of the spin-o fermion, U is the onsite
repulsion, and € the energy of the electronic level. This model
has an analytical solution and allows us to both benchmark and
compare the different methods introduced above. The second
model is the prototypical two-dimensional Hubbard model
given by

HHubbard = —1 Z C,Tg-cja +U annu, (22)
(i.j)o i

where cja creates a spin-o electron on site i of a square lattice,
t > 0 is the nearest-neighbor hopping, and U is the onsite
interaction. This is the model that we eventually aim to solve
in its thermodynamic limit (infinite lattice). In our results,
t = 1 will be our energy unit. Note that in the computations
of the Hubbard model, we use an « shift that redefines the
noninteracting propagator [3,26,28,32].

We first benchmark our results against both analytical and
standard DiagMC [15-19] solutions and verify the theoretical
complexity of our models in Appendix B. We then compare
the three different methods between them, showing that X Det
performs better both on the isolated atom and on the lattice.
This method is finally shown to also improve state-of-the-art
results from recent DiagMC calculations.

A. Comparison with Dyson’s equation

Until now, no dynamical quantities have been computed
with the CDet algorithm and it is therefore instructive to see
how the use of Dyson’s equation compares to the calculation
of the self-energy from the EOM and X Det methods.

We first consider the Hubbard atom. Figure 1 shows the
contribution to the imaginary part of the Matsubara frequency
self-energy ¥°(iw,) from perturbation order 8. The direct
measurement of the self-energy and the EOM method yield
results that have very small error bars (smaller than the symbol
size) and that are in perfect agreement (both curves lie on top of
one another). In contrast, starting from the Green’s function as
obtained by Eq. (2), the results for the self-energy display large
statistical errors that increase with the Matsubara frequency in-
dex. The reason is simple and expected: when Dyson’s equation
is used to compute the self-energy, there is an amplification of
the numerical noise because of the inversion of the Green’s
function. In practice, it becomes quickly impossible to obtain
accurate data. This is problematic, because large error bars
make it very difficult, e.g., to analytically continue the results
to the real axis.

Figure 2 shows results for the two-dimensional Hubbard
model on a 32 x 32 lattice (for 8t = 2 the Hubbard model
is in its thermodynamic limit on this lattice). At order 3, the
contribution to the self-energy taken at the first Matsubara
frequency iwp obtained from XDet on a chosen path in the
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—F— Dyson ¢ EOM —— ¥Det

100
Order 8
0 -
=100 F
£

—200

1 1 1

2 4 6

FIG. 1. Imaginary part of the Hubbard atom self-energy at order
8 in U as obtained from Dyson’s equation (green), the equations of
motion approach (orange), and the direct self-energy measurement
(blue). Weuse B = 10, U = 1, e = —0.2. All simulations lasted 120
CPU hours.

Brillouin zone is in perfect agreement with the EOM method,
and error bars for both methods are very small (smaller than
symbol size, both curves being on top). The computation of
3¢ from the Green’s function is noisier. Error bars actually
increase with the Matsubara frequency index when using
Dyson’s equation, resulting in reasonable results only for the
first few frequencies even for small perturbation orders. Again,
the reason for this large noise is the amplification due to
the inversion of the Green’s function. Also, on the lattice, a
direct measurement of the self-energy has the advantage of
mainly sampling fairly local diagrams. Indeed, at a temperature
T =t/2, the self-energy very quickly vanishes for nonlocal
components. The same is not true for the Green’s function that
has a slower decay; its stochastic sampling is therefore less
efficient.

—— EOM
EOM

—— SDet

>.Det

Order 3
000 F
10,05 f
R
x‘kﬂ.
N
—0.10 “""’x::;x-xxxxx»"-‘“
(0,0) EX
k

FIG. 2. Hubbard model self-energy at the first Matsubara fre-
quency i‘,;(ia)o) alongthel_é = (0,0) = (,0) — (r,7m) — (0,0) path
at order 3 in U, as obtained from Dyson’s equation (green), the
equations of motion approach (orange), and the direct self-energy
measurement (blue). We use a 32 x 32 lattice with 8t =2, U = 4¢,
# = 0 and a uniform « shift ¢y = o) = 1.53¢. All simulations lasted
120 CPU hours.

-F- EOM —— SDet
2000
Order 12
§= 1000 F
»qu N
£l =
—1000 L L L
2 4 6
wll

FIG. 3. Imaginary part of the Hubbard atom self-energy at order
12 in U as obtained from the equations of motion approach (orange)
and the direct self-energy measurement (blue). We use 8 = 10, U =
1, e = —0.2. All simulations lasted 120 CPU hours.

B. Comparison between the equations of motion
and the direct sampling of the self-energy

We now compare the use of equations of motion to the direct
sampling of the self-energy expressed as a sum of 1PI diagrams
(XDet). It is not clear which method is more efficient, as the
Y. Det allows for a precise cancellation of diagrams and directly
samples the quantity of interest but scales as n>3", while the
EOM method cancels diagrams on average but has a better
scaling as 3".

We first consider the Hubbard atom. In Fig. 3 we show the
contribution to the imaginary part of the Matsubara frequency
$%(iw,) at order 12 for both methods. The equations of
motion method has error bars that are seen to be about 1
order of magnitude greater than the X Det ones. In order to
quantify the efficiency more accurately, we plot in Fig. 4 the
variance at the first Matsubara frequency wy as a function of
the perturbation order for both methods. We see from this plot
that ¥ Det performs better at low perturbation order, and that
both methods tend to become equivalent at higher orders.

The comparison of the resulting self-energies on the lattice
Hubbard model (Fig. 5) shows an even more pronounced

Variance of Im (iwy)

2 4 6 8 10 12
Perturbation order n

FIG. 4. Variance of the imaginary part of the Hubbard atom self-
energy at the first Matsubara frequency. Orange lines with stars is
the result of the equations of motion. Blue line with dots corresponds
to the direct self-energy measurement. We use 8 =10, U =1, € =
—0.2.
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Impart =0 EOM —— ¥Det
Re part % EOM Y Det
Order 6
0.010 . i .
’ix 25 xxx,‘ e .,avxkx xx xxx’?"x

0005 | ™)

3 ¢ Nk
= X
= 0000 F P -

~0.005 £ \
—0.010 £
(0,0) (m,0) i (7, m) (0,0)
Impart  —[— EOM —— SDet
Re part EOM Y Det
0.006
0.004 F Order 6

v_ﬁ 0.002 |

\:;_/

“0.000 F

—0.002

FIG. 5. Hubbard model self-energy at order 6 in U on a 32 x 32
lattice with Bt =2, U = 4¢t, © =0 and with a uniform o shift
ay =« = 1.53¢. Blue symbols are results for the direct self-energy
measurement; orange symbols are results from the equations of
motion approach. Upper panel: Self-energy at the first Matsubara
frequency i,;(iwo) along the k= 0,0) > (7,0) = (7r,m) — (0,0)
path. Lower panel: Self-energy as a function of iw, at k= (r,7/2).
All simulations lasted 120 CPU hours.

difference between the two approaches. At order 6, the contri-
bution to the self-energy taken at the first Matsubara frequency
(upper panel) obtained from XDet on a chosen path in the
Brillouin zone is very well converged and the error bars
for this method are very small (smaller than symbol size).
The computation of £ from the equations of motion is less
accurate, even if it agrees with the X Det within its error bars.
We then look at the Matsubara frequency evolution for a given
reciprocal lattice vector k = (7,7 /2). The error bar for the
EOM method is seen to be large for all Matsubara frequencies.
To be quantitative, we plot in Fig. 6 the variance at the first
Matsubara frequency wy for this same value of k = (r,7/2) as
function a of the perturbation order. We see from this plot that
¥ Det always performs better than the EOM method, by about
1 order of magnitude.

We believe the explanation for this behavior comes from
two ingredients. First, the cancellation of non-one-particle-
irreducible diagrams is done on average in the EOM approach,
while it is exact in the X Det algorithm and therefore more
efficient to measure the self-energy. This is particularly visible
on the lattice that has more degrees of freedom. Second, the
self-energy X7 is more local on the lattice than the correlator F.
Hence the direct MC sampling of the self-energy still performs
better, even though its numerical complexity is greater by a
factor n?. Let us note here that the EOM approach could be

Variance of Im i(ﬁﬂ/g)(iwo)

2 4 6 8 10
Perturbation order n

FIG. 6. Variance of the imaginary part of the Hubbard model self-
energy Im ; /2 (iwp). Orange lines with stars is the result equations
of motion. Blue line with dots corresponds to the direct self-energy
measurement. We use a 32 x 32 lattice with gt =2, U =4t,u =0
and with a uniform o shift oy = oy = 1.53¢.

useful in the context of the real-time algorithm of Ref. [28].
There the complexity of the EOM approach would be 2" while
a direct self-energy approach would scale as n23". It may well
be that the EOM approach is more efficient in that case.

C. Comparison between X Det and DiagMC algorithms

As the direct calculation of the self-energy X Det proves to
be a very accurate method to get the self-energy, it is natural
to compare it to the state-of-the-art DiagMC results on the
two-dimensional Hubbard model. To this end, we compute
in Fig. 7 the contribution to the first Matsubara frequency
wyp of the self-energy at perturbation order 7 for both XDet
and DiagMC methods. Error bars at this perturbation order,
the highest currently reachable with DiagMC techniques, are
much smaller with the X Det algorithm than with the standard
DiagMC approach for simulations of the same length. This
algorithm canceling directly non-1PI diagrams in the MC
sampling is therefore an interesting alternative to the current
diagrammatic Monte Carlo approach.

Im part ~ —4— YDet ¥ DiagMC
Re part Y.Det * DiagMC

0.004 Order 7

0.002

0.000

r(iw)

N

AN
~0.002 k

—0.004

(0,0) (0,0)

Ea

FIG. 7. Hubbard model self-energy at the first Matsubara fre-
quency f),;(ia)o) alongthel_é =(0,0) = (,0) > (r,7) — (0,0) path
at order 7 in U, as obtained from DiagMC (red) and the direct self-
energy measurement (blue). We use a 32 x 32 lattice with gt = 2,
U = 4t, p = 0 and a uniform « shift oy = oy = 1.53¢. Simulations
lasted 1440 CPU hours for the XDet and 4000 CPU hours for the
DiagMC.
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—o010F ™ DQMC
—}— Order 2
Order 3
015k —— Order 4
—}— Order 5
—}— Order 6
_020k —— Order 7
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0.30 0310 \
o35k 1.6 1.7
1 1 1 1 1 1
0 5 10 15 20 25 30
wll

FIG. 8. Imaginary part of the local lattice self-energy X7 (iw,)
as a function of Matsubara frequency, as computed using k orders,
with k =2, ...,9. The red squares are results obtained from DQMC
(error bars are smaller than the symbol size). Inset: Zoom on the
first Matsubara frequency. It is seen that the results are converged
with an error bar smaller than 1%. We use a 32 x 32 lattice with
Bt =2,U = 4t,u = 0 and with a uniform o shift oy = o) = 1.53¢.
The discrete time interval in DQMC is At = 1/32.

As a final illustration of the method, we compute contribu-
tions up to order 9. The resummed local self-energy is shown in
Fig. 8. We observe that with a reasonable choice for the « shift,
one can completely converge the results with an uncertainty
below 1%.

VI. CONCLUSION

We have introduced and compared three methods to com-
pute the self-energy of fermionic systems. Two of them rely
on the computation of correlators using the CDet technique,
while the third one is an extension of the CDet that allows one
to sum all diagrams that share the same interaction vertices and
are one-particle irreducible. This allows us to design a Monte
Carlo scheme that directly samples the contributions to the self-
energy. This X Det algorithm has an exponential complexity
n?3" where n is the perturbation order. We have shown that
even if it has higher complexity, an approach that computes
the self-energy directly leads to much smaller error bars with
respect to the use of Dyson’s equation or more sophisticated
equations of motion (nevertheless, the latter could be useful in
the context of real-time quantum Monte Carlo algorithms) [28].

With the parameters that we have discussed above, 8 =
2/t, U = 4¢t, and u =0 (corresponding to a total density
n = 0.66), the direct self-energy measurement also leads to
much smaller error bars than the usual DiagMC algorithm
on the two-dimensional Hubbard model and sets the cur-
rent state of the art of these approaches. In practice, one
can completely converge the results for 9 orders with an
uncertainty below 1%. Note that for these parameters, other
approaches, such as determinant quantum Monte Carlo

(DQMC) [33], also converge (see Fig. 8). It is therefore
important to more systematically compare the ¥ Det approach,
the DiagMC, and other algorithms in different regimes of
parameters in order to determine in what regions of the
Hubbard model solutions can be converged. Work is in progress
along these lines. (See also the recent article of Simkovic and
Kozik [34].)

Finally, further progress is still needed to be able to reach
stronger coupling regimes and lower temperatures. While
the summation over all topologies certainly reduces the sign
problem, the stochastic integration over imaginary times still
yields large error bars at high orders. It is therefore necessary
to investigate how this sign problem could be reduced.
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APPENDIX A: EQUATIONS OF MOTION

Here we show that Eq. (6) can be obtained from the
equations of motion of the Green’s function. For concreteness,
we consider the two-dimensional Hubbard model

H=—t Z cjacja +U Z”iTnii (Ala)
(i.j)o i
= Hhup + Hintv (Alb)

where cl.TG creates a spin-o electron on the site i of a square

lattice, t > 0 is the nearest-neighbor hopping, and U the onsite
interaction. Note that the derivation below yields the same
result for an interacting impurity coupled to a bath or for
the Hubbard atom. These models are used in the article to
benchmark and compare results from the different methods
introduced in Sec. III.

We define the imaginary-time Green’s function of two op-
erators A and B as G4 g(t) = —(T; A(7)B(0)). The equation
of motion for G is given by

0:G 4, (7) = —8(0){{A(7), B(0)}) — (T:[H,Al(x)B(0)),
(A2)
which, in Matsubara frequencies, is written

iwnGAﬁB(iwn) = _G[HA,A],B(iwn) + <{A,B})

Let us note for later use that by writing G4 p(r) =
—(T; A(0)B(—1)), one obtains a similar expression that in-
volves a commutator between the Hamiltonian and B rather
than A,

iw,Gapliw,) = Gap piow,) + ({A,B}).

(A3)

(A4)
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The equation of motion [Eq. (A3)] for the one-particle Green’s

function G% = —(Trcio(v)cl, (0)) is
i0,GY = =Gy, + ({cio-clo}). (A5)
Using the expression for the commutators
[Hhop7cia] =1 Z defsiav (A6a)
(a,b)
[Him’Cia] = —Unjsciq, (A6b)
we find that
G = 1 YOG UG, s (AT
(a,b)
> (iondi + 182Gy = UG, . 1 +8j. (A7b)
. i6CioCly

{a,b)

ij
above can be rewritten in matrix form as

Introducing the correlator F; = UG, . ., the equation
i5Cio +Cly

F°=(Gy' -G HG" =x7G". (A8)

Note that this definition of F? is consistent with Eq. (13). We
can now apply Eq. (A4) to F}7,

i0,Ff = UG, . i)+ Ulfniscio.clyl).  (A9)
Using the commutators
[Hhop-Chyl = =1 Yl (A10a)
(a,b)
[Hini.cly] = Unjscl,, (A10b)
we find that
D (iwubey +18,)FG = UG, o+ (nig)8yy. (AL
(a,b)
Introducing the correlator Fl‘j’ =U 2Gn,;,c;,,,njg,cj-a and the

Hartree term Eilj 7 = (niz)6; ; the equation above becomes

F°Gy ' = F° + xfe, (A12)

Using Eq. (A8) for F° and Dyson’s equation we have that
FGG871 — ZO’GU’(GG—I + Ea) — EO’ + EJGGEG,
(A13)
which yields the final result

s =3xfo 4 fo_x°Goxe. (Al14)

This is the relation between the self-energy and the correlator
F° used in Eq. (6). The definitions of F° and % are
respectively consistent with Egs. (7) and (5).

APPENDIX B: BENCHMARKS

Here, we present benchmarks for the three methods in-
troduced in the main text and we check their theoretical

®  Exact—f— Dyson—— EOM—}— XDet

4k Order 5

Im X(iw,)
w

FIG. 9. Benchmark of the contribution to the Matsubara fre-
quency self-energy 3 (iw,) for the Hubbard atom at order 5 in the
perturbation series in U. Red squares are the analytical solution.
Green lines are obtained from a calculation of the Green’s function
with Eq. (2). Orange line is the result of the equations of motion and
lies on top of the blue curve corresponding to the direct self-energy
measurement. We use 8 =10, U =1, € = —0.2. All simulations
lasted 1200 CPU hours.

complexity. We first consider the simple problem of a Hubbard
atom. The self-energy is given by

E(iwy) = (ns)U + - ) (BD)
and the contributions to E(iw,) at different orders in U
can be computed analytically. In Fig. 9, we show results
for the contributions to £(iw,) at order 5 as obtained from
the proposed algorithms. The results clearly agree with the
analytical values within the error bars.

Next we consider the Hubbard model on a 32 x 32
square lattice. In Fig. 10 we plot the momentum-dependent

Im part 5] Dyson=—— EOM=—— SDet ® DiagMC
X EOM YDet ¥ DiagMC

(0,0) (,0) (m,7) (0,0)

)

FIG. 10. Hubbard model self-energy at the first Matsubara fre-
quency $;(iwp) along the k = (0,0) — (,0) — (7,7) — (0,0) path
at order 4 in U, as obtained from DiagMC (red), Dyson’s equation
(green), the equations of motion approach (orange), and the direct self-
energy measurement (blue). We use a 32 x 32 lattice with gt = 2,
U = 4t, n = 0 and a uniform « shift oy = oy = 1.53¢. The DiagMC
simulation lasted 400 CPU hours, while all other simulations lasted
1440 CPU hours.
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—»— Dyson - EOM
105 o ,}/Ggﬂ

106 -

Time for one MC cycle [microseconds]

Perturbation order n

FIG. 11. Comparison of the time for one Monte Carlo cycle (in
microseconds) between the direct accumulation of the self-energy
(blue curve with dots) and the computation of the Green’s function
using CDet (green curve with dots), on a semilog scale, as a function
of the perturbation order n. Each curve is fitted by its expected
high-n behavior: ysn?3" for the ZDet (dotted red line) and y53"
for Dyson (dashed red line), where y; = 0.0464 and ys = 0.0012
are implementation-dependent constants. Inset: Ratio of the time of
one MC cycle for £Det (¢x) and for the CDet (#5), as a function of
the perturbation order 7.

self-energy p(iwp) at its first Matsubara frequency along
thek = (0,0) = (r,0) — (r,m) — (0,0) path of the Brillouin
zone. Results from the three approaches are are shown at order
4 and compared to results obtained using the standard DiagMC
[15-19] algorithm. (This implementation of the algorithm
has been benchmarked and used in earlier calculations, see,
e.g., Ref. [26].) Results agree with the benchmark DiagMC
calculation within error bars.

A measurement of the time to perform one MC step allows
us to study the complexity of the algorithms. This is shown
in Fig. 11, where the time for a single step is shown both for
the direct measurement of the self-energy using the X Det and
for the measurement of G using the CDet, that is then used
in Dyson’s equation. We know that the EOM method takes
twice the CDet complexity, so we consider these two methods
together in this study. The expected high-order behavior in
n23" for the self-energy measurement and 3" for the CDet is
found. At smaller perturbation orders, the asymptotic behavior
is not yet settled. At orders smaller than 5, the self-energy
measurement takes less time mainly because the algorithm
starts at order 2. [The recursion starts with the pair-bubble
diagram, see Eq. (15) with V = &.] On the contrary, the CDet
algorithm for the Green’s function starts at order 0. As a
consequence, the direct measurement of the self-energy is only
about a factor 3 slower than the CDet approach at order 10 (see
inset of Fig. 11), which is the order that is currently accessible
with reasonable error bars.

APPENDIX C: CANCELLATION
OF NON-SELF-ENERGY DIAGRAMS

Let us explicitly show the cancellation of non-self-energy
diagrams in Eq. (12) for the specific case V = {x;} at order 3
in U. We start by considering

Lout

(ChH

The first term FY (Xou,Xin) in Eq. (12) corresponds to all
connected diagrams with two external points xj, and xo,; and

one internal interaction vertex xj:
F‘(; (xOUU :Ein) - @ @
Tin T

Lout  Lin Lout
Ny 8.? N (2.8 ‘Z.?.?
Lin x1 Zout Lin Lout Lin T Lout

T T1
- +
Lout
Tin Zout Tin Lout
Tout Tin Tout . (C2)

From this sum, we subtract the second and third terms of
Eq. (12). The former gives

(279G o (Touts 1) X% (21, Tin) = . (C3)
Tin T Zout
while the latter’s contribution is the sum of
— 1
FE(@ousn) (UG, (07)) = (C4)
Lin Tout
and of
_ z1
FY 4 (@ou, Tin) (UGZ(07)) =
Tin Zout
28 -
Tin €1 Tout Tin T Zout (CS)

We see that the remaining contributions to the self-energy
that remain are only those diagrams that are one-particle
irreducible.
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We express the recently introduced real-time diagrammatic quantum Monte Carlo [Phys. Rev. B 91, 245154
(2015)] in the Larkin-Ovchinnikov basis in Keldysh space. Based on a perturbation expansion in the local
interaction U, the special form of the interaction vertex allows us to write diagrammatic rules in which vacuum
Feynman diagrams directly vanish: This reproduces the main property of the previous algorithm, without the
cost of the exponential sum over Keldysh indices. In an importance sampling procedure, this implies that only
interaction times in the vicinity of the measurement time contribute, and such an algorithm can directly address
the long-time limit needed in the study of steady states in out-of-equilibrium systems. We then implement and
discuss different variants of Monte Carlo algorithms in the Larkin-Ovchinnikov basis. A sign problem reappears,
showing that the cancellation of vacuum diagrams has no direct impact on it.

DOI: 10.1103/PhysRevB.100.085125

I. INTRODUCTION

The development of high-precision and controlled com-
putational methods for nonequilibrium models in strongly-
correlated regimes is a subject of growing interest in theoreti-
cal condensed-matter physics. Recent years have seen signif-
icant experimental progress with quantum transport through
mesoscopic systems [1], metal-insulator transitions driven by
an electric field [2], or light-induced superconductivity [3-7].

Powerful tools have been designed for the study of
quantum systems at equilibrium. Notably, the combination
of dynamical mean-field theory [8-10] and state-of-the-art
continuous-time quantum Monte Carlo (QMC) algorithms
such as CT-INT [11,12], CT-AUX [13], or CT-HYB [14,15]
have allowed for great advances. When considering out-of-
equilibrium systems, however, early attempts to construct
similar perturbation-expansion-based real-time QMC algo-
rithms encountered an exponential sign problem that pre-
vented them from reaching long times and large interactions
[16-20]. Other approaches such as the density matrix renor-
malization group (DMRG) [21-23] also struggle in the long-
time limit due to entanglement growth. There is therefore
still a great need for high-precision numerical methods that
would be able to access the nonequilibrium steady states of
strongly-interacting quantum systems.

Current efforts to build real-time quantum Monte Carlo
methods mainly explore two routes: the inchworm algorithm
[24-30] and the so-called “diagrammatic” QMC [31-33]
which is the subject of this paper. Using an expansion of phys-
ical quantities in powers of the interaction U, this algorithm
has been shown to directly address the infinite-time steady
states. The name “diagrammatic” refers to its imaginary-time
counterparts that were historically constructing a Markov
chain in the space of Feynman diagrams [34-37].

2469-9950/2019/100(8)/085125(11)
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First introduced in Ref. [31], the real-time diagrammatic
QMC algorithm stochastically samples physical quantities
using an importance sampling. At a given perturbation order
n, its key idea is to regroup a factorial number of Feynman
diagrams in a sum over Keldysh indices of 2" determinants.
This exponential sum has been shown to cancel vacuum
diagrams, a property also used in recent diagrammatic QMC
methods in imaginary time [38—40]. As a direct consequence,
the Monte Carlo sampling only involves interaction times in
a neighborhood around the measurement time fy,,x: We talk
about the clusterization of times. The computation of the
Monte Carlo weight is exponential in the perturbation order
but uniform in time, at any temperature. The algorithm can
therefore address long, even infinite, times in the computation
of contributions to the perturbation theory. This method was
recently generalized to compute the Green’s function and
tested in quantum impurity models [32,33]. The current form
of the algorithm is able to compute the Kondo resonance at
low temperature in the strongly-correlated Kondo regime.

Coefficients of the expansion being written in terms of
high-dimensional integrals of the sum of determinants, its ex-
ponential scaling limits our capability to compute high orders
with great precision (we typically are limited to 10 of them).
Even though nonperturbative information and Bayesian tech-
niques can overcome noise amplification occurring in the
resummation of the series [33], this can prevent the algorithm
from reaching very large U.

In this paper, we show that we can obtain the cancellation
of diagrams and the long time clusterization property without
summing an exponential number of terms. Using the Larkin-
Ovchinnikov (LO) basis in Keldysh space, we rewrite the
integrand as a sum of 4" determinants, but we show that
diagrammatic rules in this basis are such that every diagram
has the clusterization property. In other words, the elimination

©2019 American Physical Society
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of vacuum diagrams is directly achieved in the diagrammatics
without the need of an exponential sum. We then implement
and compare two Monte Carlo algorithms based on this
mathematical property. Both sample single determinants at
a polynomial cost, but then one measures in the LO basis
(LO algorithm) while the other measures in the original basis
(mixed algorithm). We obtain that a simple implementation of
the real-time diagrammatic QMC in the Larkin-Ovchinnikov
basis leads to a severe sign problem, which is reduced in
the mixed algorithm. This shows that the main effect of the
exponential sum of determinants, beyond the cancellation of
vacuum disconnected diagrams, is to reduce the sign problem
of this class of algorithms.

This paper is organized as follows. First, we present in
Sec. II the usual Keldysh formalism in the {£} basis, briefly
summarize the diagrammatic rules, and then derive the can-
cellation of vacuum diagrams and the clusterization of the
density when summing over Keldysh indices. We follow the
same structure in Sec. III where we introduce the Larkin-
Ovchinnikov basis, showing that all vacuum diagrams are
equal to zero, so that density contributions directly clusterize
around the measurement time. We then detail in Sec. IV
the Monte Carlo implementation of the original algorithm
presented in Ref. [31] (% algorithm) and two algorithms based
on the Larkin-Ovchinnikov formalism (LO and mixed algo-
rithms). In Sec. V we compute the density of an impurity level
coupled to a bath, present the results of all three algorithms,
and explain the origin of the observed error bars. We finally
conclude in Sec. VI.

II. KELDYSH FORMALISM

We work in the Keldysh formalism [41-44]. In this frame-
work, operators act on the Keldysh contour C consisting of a
forward branch, from an initial time #, (that we take equal to 0
in the following) to a given time #,,,x, and a backward branch,
from ..« to #p. The system is initially prepared at equilibrium
without interactions. A Keldysh point k£ on C is defined as a
pair k = (¢, o) with a time ¢ € [0, f,,x] and a Keldysh index
o € {%} indicating which branch is to be considered. The +
(resp. —) index denotes the forward (resp. backward) branch,
as depicted below.

Aly

-
-

" AY
. J
0 - tmax

Note that both branches are along the real axis and are
displaced only for graphical purposes. In the following, Greek
letters refer to &+ indices unless otherwise stated. We define
a contour operator 7; that follows the arrows on the above
picture: T coincides with the usual time-ordering operator T
on the + branch, with the anti-time ordered operator T on the
— branch, and considers all Keldysh points on the backward
branch to be later than points on the forward branch.

The formalism we develop in this section is valid for any
general model described by a noninteracting Green’s function
g and a density-density interaction. However, for the sake of
simplicity, we consider interacting electrons on a single en-
ergy level. The operator ¢, (resp. cZ) destroys (resp. creates)
an electron with spin o =1, |. The interaction term, turned

on at t = 0, is given by the interaction vertex Unyn , where
ne = ¢ ¢, is the density operator.
We define the time-dependent Green’s function

Gy (t, 1) = —i{Teco (t)c) (1)), (1

where ¢{1(¢) is the Heisenberg representation of ¢{” and the
average is taken with respect to the initial noninteracting state.
The Green’s function takes the form of a 2 x 2 matrix in the

<

{£) basis: G, = (%: C(;;i>, where

G5 (t,1') = i{c) (t)eo (1)), (2a)
G (t,1") = —ilco (t)c) (1), (2b)
Git(r,1') = —i(Te, (1)) (1)), (2¢)
G, (t,1") = —i(Te, (t)cl (1)) (2d)

Throughout the paper, noninteracting Green’s functions
will be denoted by lower case letters, interacting ones by
upper case letters, and a © denotes a matrix.

A. Diagrammatic rules

In this paper, we construct perturbation series in the in-
teraction U for physical observables of interest. Computing
contributions at different perturbation orders relies on the
evaluation of Feynman diagrams obeying rules that we briefly
summarize.

A straight line represents a noninteracting Green’s function

t/.,ﬁ _O—>_ t.,a :i(gg)aﬁ (fatl> (3)

Because the interaction has the form Un;n, an interaction
vertex is characterized by a single Keldysh point {¢, o}, and
the indices of the four legs all have to be equal to the Keldysh
index o

a, T a,
>'@ a} = —ial. )
a, T a, |

Hence, for every interaction time 7, there are two possible
vertices. The sum of the different {4} configurations can be
written in the H4 ® H, space, in the form

—iU(my @ my —m_ Q@ m_), (5)

0

1 . .
where m, = (o o) and m_ = are matrices in the

0

0 1
{£} basis, and H, is the Hilbert space for spin o. Further-
more, an interaction of the form hc;ca in the Hamiltonian

would give rise to two-leg vertices of the form

o e o — _jq}. (6)

These do not appear directly in the diagrammatics but will be
formally useful when deriving the expression of the fermionic
bubble. The sum over Keldysh indices reads —ih(m — m_)
in both H4 and H spaces.
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With the expression of the four-leg interaction vertex, the
following fermionic bubble reads

= aUgg“(t,1).
o o )

{t,a}
Because of the form of the interaction term, we have
gt 1) =g (t,1). (®)

Hence, the above diagram reduces to U gz (¢, t), which can
be formulated as a two-leg vertex with a iU g5 (¢, t) field

-
@ {t, ) @
If M is the quantity we want to compute (later on the den-

sity), its perturbation expansion is given by M =" M, U".
Because of the form of the interaction vertex, we have

iUgs (1)
O ——fe—pp—
g {t,a} ©)

M, = | dky...dk, ME(ky, ..., k,) (10)
C

tm'dx
:/ de; ...dt, Z Mf({ti,ai}lgign), (11)
0

o0

where ./\/lff({ti, oi}i<i<n) can be expressed as a product of
determinants, their precise form depending on the measured
quantity. Throughout this paper, the & superscript will denote
quantities expressed in the {4} basis. Moreover times inte-
grated over are always considered ordered.

B. Cancellation of vacuum diagrams when summing over
Keldysh indices

Due to the forward-backward nature of the contour C, the
partition function Z is exactly equal to 1 in the real-time
Keldysh formalism. Expressing Z as a series in U (Z =
>, Z,U™), this property implies that all Z, are vanishing for
n > 1. Because of the form of Eq. (10), this cancellation
involves both the integral over times and the sum over Keldysh
indices. However, it was proven by Profumo and co-workers

J

D%t({ti, Aitici<n) =

(gT )Ootl (tmax» 51 )

and
Dyt eihi<icn) = [@V e, 1)) i e (AT

Using the cancellation of vacuum diagrams when summing
over Keldysh indices, we reproduce in Appendix A the argu-
ment of Ref. [31] showing that the computation of d,, only
involves the sampling of interaction times close to f,x. As
a direct consequence, Monte Carlo algorithms implementing
this sum in the calculation of the weight can address any

(@ s 1] < s

in Ref. [31] that only the latter is needed. For all n > 1,
{tl, ey tn} € [07 tmax]n,

Z Z; ({ti, aihi<i<n) = 0, 12)

oy...0p

where
ZE({t, aihicicn) = (—iay) ... (—iety) x i"i"

x [ Tdet [@o ), i 1], s (13)

Each (—iay) comes from Eq. (4), and the two " factors from
the fact that a straight line actually represents an ig [Eq. (3)].
For every configuration of times {#, ..., t,}, vacuum dia-
grams therefore cancel when performing the explicit 2" sum
over Keldysh indices. Recent developments in imaginary-
time diagrammatic QMC also achieved, through an iterative
procedure, the cancellation of vacuum (and, later on, non-one-
particle irreducible) diagrams at every Monte Carlo step at an
exponential cost in the perturbation order [38—40].

C. Density computation and clusterization

In the following, we compute the density d of electrons
with spin 1 on the impurity level at the end point of the
Keldysh contour, d = (n;(fmax)). In the {%} basis, let us
note that d = (G¢)01(tmax, fmax)/i. Hence we can represent
the measurement vertex as a “special” vertex bearing time
max> such that the ingoing and outgoing Keldysh indices are
O and 1:

0 1
el 72k (14)
tmax
Note that the surrounding lines are dashed because they

should bear a g propagator (instead of an ig one as in the rest
of the formalism). The order-n contribution to d reads

tmax
dn=/ dt; ... dt, Z(—ia,)...(—ian)
0

oy...0,
l-n+1in N
x —— [ ] det DI (tt, aihi<ica), (15)

where

(gT)(xll(tl s tmax)

: (16)
(gT)otnl(tm tmax)

(gT)Oan (tmax» tn) (gT)Ol(tmaXv tmax)

(

measurement time 7., when earlier methods were limited
to short-term measurements [16-20]. We talk about the clus-
terization of interaction times in the computation of the
density.

III. LARKIN-OVCHINNIKOV FORMALISM

Starting from the expression of the Green’s function in the
{£} basis, we define its counterpart in the LO basis, GO,
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through the following transformation [42,45]
G0(t.1) = L't3Go (1, 1)L, (18)

where L = \%(_11 {) and 13 = ((1)

tion now takes the 2 x 2 form GL° =

_01). The Green’s func-
(%’ fz), where R, K,

and A are, respectively, the retarded, Keldysh, and advanced
Green'’s functions defined as

Ry (t, 1) = —i0(t — ) {{co (1), cL(t))), (19a)
Ayt 1) =i — )({c, (1), el (t))), (19b)
K (t,1') = —i{lcy (t), e (). (19¢)

In this basis, the Keldysh index « € {£} is replaced by an
LO index O or 1. In the following, / will always denote such
an index unless otherwise stated.

A. Diagrammatic rules

To expose the diagrammatic rules in this formalism, let
us first determine from Eq. (5) the form of the four-leg
interaction vertex in the LO basis. The m, and m_ matrices
transform as

/1 1 1
f = =—
L 'C3m+L— 2<1 1) = ZTT’

/-1 1 1
T — = _
LT3WZ_L—2< 1 _1)_2t¢

Hence the sum of different LO contributions can be written

(20a)

(20b)

iU iU
_T(TT Ty —1,Q17)) = —7(1 T+ ®1), (2

where 1 is the 2 x 2 identity matrix. Note that this is consis-
tent with the symmetric form —%(1 ® T+t ®1) noted in

Ref. [46], where T = ((1) é) The rhs form of Eq. (21) is the

one we will retain in the rest of this paper. We show in Secs.
[IIB and IIIC that the identity part of the vertex is essential
in the proof of the cancellation of vacuum diagrams and the
clusterization of times in the computation of observables.
The key point of this expression of the vertex is that we can
reduce the number of indices involved in the diagrammatics
using the fact that 74 and 7 are rank-1 matrices: 74 = v4 vTT

with v¢—(>and T, =v(— v¢)w1th vy =(_,). We can

therefore absorb the 7, part of the vertex in a redefinition of
the noninteracting propagator (see below).

An LO vertex can then be characterized by a tuple {¢, i;, [},
where t € [0, fmax], i € {—1,1} and [ € {0, 1}. i; =1 (resp.
—1) indicates that the 1 (resp. |) spin is carrying the 74
(resp. 7)) side, and [ is the LO index entering the identity part
of the vertex. We store the information about both the bare
propagator -0 = z" and the nature of the vertices it is

connected to in the form of a 3 x 3 matrix g,. The two first
indices corresponds to a connection to the identity (with / =
0 or 1), and the third one to the connection to a 7, :

@0)11/ = (gLO)lz”

(30)12 (ga UU)I’

(22a)
(22b)

(22¢)
(22d)

(80)y = (005 8°),.

(80)0 = 00, 8"va

with the convention that o =1 should be understood as +1
and o =] as —1.
We obtain

Iy ky Ty +0ky
8o = 0 ay oay . 23)
ory oky+a, olre+as]+ks

To simplify upcoming equations, we express the indices of
g+ and g, at a vertex {t, ir, [} in the form of two composite
indices L' and LV:

o )2
oo

Note that this 3 x 3 form of the Green’s function comes from
the absorption of the t, part of the vertex and has nothing to
do with the Baym-Kadanoff L-shaped contour used in thermal
real-time computations.

With this notation, a straight line represents a noninteract-
ing (modified) Green’s function

if i, =0

otherwise (24)

t.t). (25

LoL’e

VLT — e L7 (i)

As discussed previously, the interaction vertex, proportional to
the identity in the {%} basis, is now proportional to w
in the H4 ® H, space

LTt L+

. U
%Zwl} = *% (6i,102120L4 (26)

L't LY +6; _10719017) -

As my —m_ transforms into the 2 x 2 identity matrix in
the LO basis, a two-leg vertex is simply characterized by an
interaction time ¢ and an LO index [. A term hcc, in the
Hamiltonian would therefore give rise to the following vertex

”O;b—*—b—L”

{t.1}

With this expression of the interaction vertex, the following

fermionic bubble evaluates to
Le Le

{t,ir, 1}

= —ihS L. 27)

%SM[”&(IJ) +as(t,0)]

U
-|-ESva[éra(f,t)-l-&aa(t,t)+ka(t,t)]~ (28)

For the equal-time limit of the retarded, Keldysh, and ad-
vanced Green’s function, we choose a convention which
ensures the consistency between the {£} and LO basis. We
consider

ko (t,1) = 2g5(t, 1),
r(f(tyt) :a(f(tat):Oa

(29a)
(29b)
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and we show that this is consistent with Eq. (8). Using
Eq. (29), the above fermionic bubble reduces to U g5 (¢, 1)81;.
It can be rewritten as a two-leg vertex with a iUgz(t,t)

field
=
g

L7 4,0 L7

iUgs (t,t)
—
oLt} (30)

This equation is, up to a change of basis, the same as Eq. (9).
The choice of equal time limit described in Eq. (29) is
therefore consistent with the {#} basis formalism.

The order-n contribution to the quantity M we want to
measure in an expansion in U is similar to Eq. (10) but has
to take account of the new form of the vertex

lmax
diy...dt, Y MO, i, Lhicica),  BD)

ey iy

L.,

M, =
0

where the MEO({#;, ir,, l;}1<i<n) can once again be expressed
as a product of determinants, their precise form depending
on the computed quantity. This formalism leads to 4" LO
configurations for a given set of n interaction times, to be
compared with 2" possible configurations in the =+ basis.
However, we show in the next section that vacuum diagrams
now directly cancel in this formalism, without the actual need
to perform an explicit sum over all configurations.

B. Cancellation of vacuum diagrams
In this section, we show the main result of this paper:
Contributions to the partition function are directly equal to
zero in the LO basis. For all n > 1, {t1, ..., t,} € [0, tmax]”,
{il’la ctc i‘[,,} € {_17 l}n’ {lla ctc ln} € {05 1}”7

Za (A li}lgign) =0, (32)

where the contributions to the partition function are

Zbo({tis i'[i’ li}lgign)
_ <_%> i”i”l_[det [(g’g)L;’L;’(thtj)]lgi,jén' (33)

Each —% comes from Eq. (26) and the two i" factors from the
fact that a straight line actually represents an ig [Eq. (25)].
Let us consider an order n > 1 diagram contributing to Z.
The interaction times are denoted ¢4, . . ., ¢,. We introduce f =
max;t; and 7 such that t; = f. We label o the spin on the identity
side of the (1 ® 7, + 74 ® 1)/2 interaction vertex at 7 and [
the corresponding LO index. We consider the diagrammatic
line following spin o. If  is surrounded by no other interaction

J

D]fo({ti’ifi’li} =

1<i<n)
@1)z) (tmaxs 11)

and

[(gT )LlTLjT (ti, 1 )] 1<i, j<n

vertex, the diagram is then proportional to
&)@, 1) = Sworo (7. ) + 8p1a, (. 1) = 0. (34)

In the case where 7 is surrounded by at least one other inter-
action vertex, we label its surrounding interaction times (that
canbe equal) #; and ¢}, i, j # 1, with corresponding composite
indices L7, L‘j’. ‘We then obtain

(&o)eg1t), 1) = 815281 [0ks (1), ) + ao (2, )]
+ 851840 (1, )+ 8ro0811kg (1), ), (35)

and
(@i (£, 1) = 8100810lro (£ 1;) + o ko (7, 17)]
+ 8171810ko (7, 1) + 817081075 (£, 1;). (36)

The full diagram is then proportional to 8;08;; = 0. Hence
every diagram contributing to Z in the LO basis is exactly
equal to 0. This formalism directly cancels vacuum diagrams.

Finally, we note that this proof relies only on having the
identity on one side of the interaction vertex and not on the
explicit contraction with 74, ;. Had we kept the diagrammat-
ics with g lines instead of § ones, we would also obtain the
cancellation of vacuum diagrams.

C. Density computation and clusterization

In order to understand how to write the density of 1
electrons on the energy level in the LO basis, we use the
following property of the Keldysh formalism: The average
value of an operator does not depend on the branch of C where
it is computed. Considering d on the 4 branch of the contour,
the computation of the density can be understood as the action
of the m, matrix in the {4} basis, which transforms in the %TT
matrix in the LO basis according to Eq. (20a). Hence we can
represent the measurement vertex as a “special” interaction
vertex at time t,x with i; = 1:

Tt
-—Q > (37

tmax

As previously, surrounding lines are dashed because they bear
a g (and not an ig). Hence the order-n contribution to d reads

Tmax l' l'l’l+ll'}’l
d, = df; ... dt, —= -
[Tanan 3 (43) 5

ir) ...l

Iy

X 1_[ det D(];O({ti’ iT," li}]gign). (38)

The DLO matrices are defined as

(§T )er(tl s tmax)

. : (39)
(gT )L/Tz(t’“ Imax)

(é? )2141 (Tmax tn) (§¢ )22 (tmax tmax)

Dto({ti’ i, li } 1<i<n) = [@i)L#L} (i, tj)] 1<i,j<n’ (40)
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Before considering the clusterization of interaction times,
we note that half of the contributions to the density vanish. Let
us consider a given set {t;, i, ; }1<,<n of LO vertices at order
n, and let us label / = max; ; and i such that = £ Ifi i, =1,
then the | spin is carrying the identity side of the vertex. As
we measure the density on the 1 spin, the argument used in
the cancellation vacuum diagrams (see III B) applies again
and D]IO({ti, iz, lih<ica) is the n x n null matrix. If i, = —1,
the contribution does not vanish. Hence, when computing the
density, at every order n and for every set of n interaction
times, 4" /2 LO configurations (out of 4") are exactly zero.

The clusterization of interaction times around fn, in the
calculation of the density is then a direct consequence of the
cancellation of vacuum diagrams and is very similar to the
proof in the {£} basis (now without the exponential sum).
Let n be a given perturbation order and | <f, <--- <t,
n interaction times. Let us assume that the first j times are
located far away from the measurement time #,,x and that the
last n — j times are located in the vicinity of f,x. We can

formally consider
A2 < i < ja |ti _tmax| — 00. (41)

Because the Green’s function is a local quantity in time, this
means that forall t € {t;, ..., ¢}, € {tj31,...,

185, )] — 0. (42)

tl’l 5 tmax}

185, )] — 0,

We therefore have
ndet D(I;O({t,», i, | 1<1<
o

with

]_[ det A, ]_[ detB,, (43)

= [(§)L;'Lg (ti. 17)] 1<i <) (44a)

By = [®)y (i t)] 41 cive (44b)

matrix where a last
+1<i,i'<n

line and column correspondlng to tmax are added, similar to
Eq. (39). However, ]_[(r det A, is a contribution to Z at order j,
and it vanishes according to (32). Therefore [ [, det D, ~ 0,
and this proves the clusterization of times around 7, in the
computation of the density. In the next section, we present
different algorithms to stochastically sample Eqs. (15) and
(38).

and B; is the [(g)L¢L¢ (i, ty )]

IV. MONTE CARLO IMPLEMENTATION

In this section, we describe how to compute the density
d introduced above using quantum Monte Carlo (MC) tech-
niques. We present three different algorithms to compute this
quantity, one using the £ algorithm presented in Ref. [31] and
the other two based on the LO formalism presented above.

A. Monte Carlo algorithms

We first describe how to stochastically generate MC con-
figurations to sample the order-n contribution, d,, as expressed
in Egs. (15) and (38). The + algorithm works directly on the
Keldysh contour. A configuration ¢ is determined by a given
perturbation order n and a set of n interaction times (and not

Keldysh points): ¢ = {n;1, ...,
a given configuration is

—i”+1 E ap...

ay...0p

t,}. The contribution to d,, of

oy | [det DF ({61, aihicica)-  (45)

In the Monte Carlo, configurations are sampled stochastically
according to their weight, which we choose to be |wE|. We
then have

Tmax
d, = / dy
0

Note that it was shown in Ref. [31] that w¥ € R.

In the LO algorithm, a configuration ¢ is now determined
by a given perturbation order »n and a set of n interaction LO
vertices: ¢ = {n;y1,...,yn}, Where y; = {t;, i, [;}. Because
the density is a real quantity, the contributions to d, of a
configuration ¢ can be written as

1
Lo __ n+1 LO
w® = _2n+1Re<l | |detDa (C)>- (47)
o

It |w1c‘0| is the statistical weight of ¢ in the Monte Carlo
process, then

lm.xx
dn /
0

The third algorithm that we study is a mixed algorithm
that samples the configurations according to their LO weight
|wk©| but computes d, in the original {%} basis, from the
contributions w¥ at the sampled times. A configuration ¢ is
then determined by a given perturbation order n and a set
of n interaction LO vertices: ¢ = {n;y1, ..., y,} and the MC
weight is |wmlxed| |wI;O|, so that

1 Imax
dy, = — dt
n N /é 1

MC mixed
w:t

ocj%/_ > = (49)

c

MC £+
dr, wE o Z sign w?. (46)
(o

MCLO

Z w 0 x Z 51gnwO (48)

[ .

I.

+
Z w0 w;
2 g

...,

where A is the number of nonzero LO configurations. When
computing the density, A" = 4"/2 at order n (see Sec. 11 C).

In all three techniques, we use a standard Metropolis algo-
rithm [47] to generate Markov chains distributed according to
the weights |w,|. Starting from a given configuration ¢, a new
configuration ¢’ is proposed according to one of the following
two Monte Carlo updates:

(1) Remove a randomly chosen interaction time (for the
=+ algorithm) or interaction LO vertex (for the LO and mixed
algorithms) from c.

(2) Add a new interaction time (for the + algorithm) or
an interaction LO vertex (for the LO and mixed algorithms).
In all three techniques, because of the clusterization of times
around t,,x, we choose the new interaction time according to
a Cauchy law (see below). We randomly choose the i; and [
indices.
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The new configuration ¢’ is accepted or rejected with the
usual Metropolis ratio

To ,
pest = min (1, ), (50)
Teolwe|

where T is the probability to propose ¢’ after c.

B. Proposition of times

We have shown previously that times clusterize around
fmax- It is therefore more efficient to propose times located
around it compared to uniformly distributed between 0 and
fmax- We consider a Cauchy law determined by two parameters
to and a

p(t) ! :
= —.

i (22)
C is a normalization factor such that the integral of p between
0 and #,,x gives 1, defined as C = a[C, — C;], where C| =
arctan (—2) and C, = arctan (‘o).

To obtain a new time that follows this probability law, one
can perform these three steps:

(1) Choose a random number u uniformly distributed be-
tween 0 and 1.

(2) Construct

(1)

1 1
x ==+ —[(1 —uw)C + uG,], (52)
2 7w

uniformly distributed between % + %Cl and % + %Cz.
(3) Compute

t=t0+atan(rr( —%)) (53)

distributed between 0 and f,,,x according to p.

The parameters #p and a are then fitted to the 1D projection
of times visited by the Monte Carlo, accumulated during the
first part of the computation.

C. Redefinition of noninteracting propagators

As shown in previous works [12,31,48,49], there is some
freedom in the choice of the noninteracting propagator used
to construct the perturbation expansion, since the interaction
can be redefined as

Unyny =U@my —a)(ny —a)+Ua(ny +ny) + const.
(54

Note that in this subsection o does not denote a Keldysh
index but a scalar, in order to be consistent with the existing
literature. In particular, it was shown that o can strongly
modify the radius of convergence of the perturbation series
[31,48]. This redefinition of the interaction term in Eq. (54)
is taken into account by subtracting « on the diagonal of
the determinants as explained and proved in Ref. [31]. The
second term in Eq. (54) acts as a shift in the chemical potential
and can be absorbed in a redefinition of the noninteracting
propagators.

Let us first consider the LO basis. This shift acts a diagonal
term in the self-energy and hence in
Ton—1 = —k,/|rs|?
@ =(% ). (55)

as

« therefore modifies r, and a, into

Fo (@) = [r(@)™" = Ua]™", (56)
dy(w) = [a(@) ' —Ua]™". (57)

As k, /|7, |? is not impacted by the shift, the modified Keldysh
Green’s function is then
2

LACH R (58)

o (w)

From these expressions, we can then deduce the modified
Green'’s functions in the {£} basis through a change of basis
transformation.

]Eo (w) =

D. Normalization procedure

All Monte Carlo algorithms presented above compute the
order-n contribution to the density d, however the MC results
need to be normalized. Hence we restrict our calculation to
two consecutive orders, n and n + 1, and a time or vertex can
be added (resp. removed) only if the current configuration ¢
is at order n (resp. n + 1). We measure both the density (d,
and d,41) and a normalization factor (1, and 7,+1). In all
algorithms, the normalization factor is chosen to be the sum
of the absolute value of the contributions to the density:

MC
o Y wel, (59)

where the proportionality constant is the same as in the
calculation of d,,. If d, and 7, are the unrenormalized sums of
the contributions accumulated in the Monte Carlo procedure,
then the normalized values for d,, and 7, are obtained as

N ~ M
dpp1 = —dui1s g1 = —Tint1s (60)

N Mn
and 7, is then used to normalize the following simulation
between orders n + 1 and n 4 2. The lowest order is computed
analytically to close the equations.

V. RESULTS
A. Density

In this section, we present actual computations of the
density according to the algorithms described in the previous
section and compare their efficiency. In the following, we con-
sider an energy level €; coupled to a bath described by a semi-
circular density of states of bandwidth 4¢. The Green’s func-
tion describing this bath is defined on the complex plane as [8]

¢ —sgn(Img)/¢? — 412
212 ’

The noninteracting retarded Green’s function of the impurity
level is

(61)

gbath(;) =

1

w — €4 — Y2 gran(®)’

ro(®) = (62)
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FIG. 1. Comparison of the error bar divided by the mean value in
a density computation, for the three different MC algorithms consid-
ered: the one working in the Keldysh =+ basis (blue dots), the one in
the LO basis (orange stars), and the mixed algorithm (green dots,
see text). t =1, Bt = 100, y? = 0.04¢%, ¢, = —0.36¢, U = 1.2¢,
o = 0.3. Computational effort is 240 CPU*hours for every order.

where y is a coupling term between the energy level and the
bath. The Keldysh Green’s function is then deduced using the
fluctuation-dissipation theorem

ko (w) = tanh <'37w>[ra (@) — ry()]. (63)

In the following, r = 1 is our energy unit. We consider
Bt =100, y* = 0.04¢2, ¢, = —0.36¢. Electrons on the im-
purity experience a local Coulomb interaction U = 1.2¢. We
choose the o shift to be o = 0.3 (see Sec. IV C), such that
Ua = —¢,. The bath being particle-hole symmetric, this cre-
ates a shifted retarded Green’s function 7(w) that is itself
particle-hole symmetric [see Eq. (56)]. However, we have
checked that this particular choice of o does not influence our
conclusions. We provide in Appendix B a table benchmarking
the LO and mixed algorithms against the original =+ algorithm.
This shows in particular that the LO and mixed algorithms
yield correct results and that we can indeed reach long times in
the LO algorithm without an exponential sum of determinants.

Our main result is shown in Fig. 1 where we compare the
relative error bar in the density computation as a function
of the perturbation order. Blue dots denote the + algorithm,
orange stars the LO algorithm, and green dots the mixed
algorithm. The order-9 relative error is not shown for the
LO algorithm as it exceeds 1 and is therefore meaningless.
In all three cases, dotted lines are guides to the eye. The
computational time is 240 CPU*hours for each order.

We see that all three relative error bars increase with
perturbation order. This can either come from the increasing
difficulty of computing the series coefficients, or an error
propagation coming from the normalization factor r. We plot
in Appendix C the relative error bar on 1, which is much
smaller than the final relative error on the density, showing
that the latter mainly comes from the increasing difficulty to
compute higher order coefficients. Moreover, the LO relative

—— Sum over all LO indices

10 /

LO weights

1.0

0.0

1.0 F — Partial sum —— Partial sum

-1.0

FIG. 2. Upper panel: Sorted array of the LO weights according
to their absolute value (blue dots) and their sum (red line), nor-
malized to 1. Lower panel: Partial sum of the above LO weights,
from left to right, the red dot being the last point, by defini-
tion 1. Left panels correspond to the 7; = {273.2,277.8, 280.9,
331.7, 366.4, 390.5} time configuration, and the right panels to 7, =
{338.3, 343.2,366.9, 369.7, 393.9, 394.5}. Order 7, tmax = 400.

error bars very quickly become much larger than the & ones,
their difference nearly reaching two orders of magnitude at
order 8. The mixed algorithm is found to perform better than
the LO algorithm but its error bars slowly grow larger than
the £ ones. This is surprising, as one could have expected
to at least gain the decorrelation time over the algorithm of
Ref. [31]. We discuss the origin of the error bars in both
algorithms in the next section.

B. The return of the sign problem

In this section, we discuss the origin of the large variance
in the computation of the density in the LO algorithm in terms
of a sign problem in the Monte Carlo sampling and we show
how this impacts the error bars of the mixed algorithm.

In the upper panel of Fig. 2, we plot as blue dots the
nonzero LO weights for two different time configurations,
sorted according to their absolute value. The left and right
panel correspond to two different time configurations (Cf
caption). In both cases, the red line indicates the full sum
over all LO indices, normalized to 1 (which coincides with
the £ weight). The lower panel shows the partial sum, from
left to right, of the LO weights plotted above. The last point,
equal to 1 by construction, is emphasized as a red dot. As
roughly half of the weights are positive and half negative, we
see that the sum of the LO weights over the indices at fixed
time configuration is characterized by a massive cancellation.
This is the origin of the large error bar in the Monte-Carlo,
i.e., another manifestation of the sign problem. Furthermore,
the partial sum shows that there is no clear feature or cutoff
from which one could extract the value of the full sum.

Let us now turn to the mixed algorithm. In both the left
and right panels of Fig. 2, the sum over all LO indices, which
coincides with the £ weight, is normalized to 1. However, in
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t

FIG. 3. Histograms of the times visited by the Monte Carlo
algorithms, projected in one dimension. Order 9, f,,x = 400.

the left panel, the weights of the different LO configurations
are small compared to the final result, reaching at most 20%
of it. In the right panel, those same weights are much bigger,
reaching up to 1700% of the full sum. Hence the Monte Carlo
implemented in the LO basis does not sample the same time
configurations as the algorithm in the {+£} basis. This is illus-
trated in Fig. 3 where the histograms of the times visited by the
Monte Carlo, projected in one dimension, are plotted for both
the £ algorithm (blue line) and LO one (orange line). First, we
observe the clusterization of times proved at the beginning of
this paper: Interaction times contributing to the density tend
to be in the vicinity of fy,x. Then, we see that some times
located far away from the measurement but still contributing
significantly to the &£ algorithm are almost never visited in the
LO algorithm. On the other hand, times close to #;,,,x are more
sampled in the latter. As times visited by the mixed algorithm
coincide with the LO ones, this explains the difference in error
bars between the mixed and =+ algorithms observed in Fig. 1.

VI. CONCLUSION

In conclusion, the explicit sum over the Keldysh indices of
the original £ algorithm of Ref. [31] has two functions: (i)
it allows us to reach the very long times due to the clusteri-
zation of the integrand caused by the cancellation of vacuum
diagrams; (ii) it strongly reduces the error bar by performing
a massive cancellation of terms. In this paper, we have shown
that one can obtain the first properties for each determinant
using the Larkin-Ovchinnikov basis, hence without the expo-
nentially large sum of determinants. A direct implementation
of the algorithm in the LO basis indeed reaches the steady
state but also has an error bar growing quickly with the order
n due to a sign problem. An interesting possibility would be
the existence of an optimum between the LO and original +
algorithms, using partial groupings of terms in the LO basis
with less than 2" terms that would reduce the sign problem
and yields a better scaling than the original algorithm in the
{£} basis. Work is in progress in this direction.

ACKNOWLEDGMENTS

We are grateful to Xavier Waintal and Antoine Georges for
useful discussions. This work was partly supported by the Eu-
ropean Research Council Grant No. ERC-278472-MottMetals
(P.S., O.P.). The Flatiron Institute is a division of the Simons
Foundation. Part of this work was performed using HPC
resources from GENCI (Grant No. A0050510609).

APPENDIX A: CLUSTERIZATION OF THE DENSITY
IN THE {+)} BASIS

We reproduce here the argument of Ref. [31] showing that
the cancellation of vacuum diagrams when summing over
Keldysh indices implies the clusterization of interaction times
near fnx. Let n be a given perturbation order, and #; < #, <

- < t, ninteraction times. Let’s assume that the first j times
are located far away from the measurement time 7,,x and that
the last n — j times are located in the vicinity of #,,x. We can
formally consider

VISi< ], (AD)

|ti - tmax| — OQ.

Because the Green’s function is a local quantity, this means
thatforallz € {#,...,t;},t" € {tjs1, ..

1185 (¢, Ol = 0, [1&- (", )| — 0.

. t}’l; tmax}
(A2)

We therefore have

> i [ [det DF ({6 in, I}, ic)

oy...0p
~ Zal...ajl_[detAg Z osz...oz,,HdetB(,,
oy...005 o Qjt1...0p o
(A3)
@ + LO @®: mixed

(2 1 -3 =
=10 e
S Lo
st e o
L LT L
= Y S o
~ 107" F o
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FIG. 4. Comparison of the error bar divided by the mean value of
the normalization coefficient, for the three different MC algorithms
considered: the one working in the Keldysh =+ basis (blue dots), the
one in the LO basis (orange stars) and the mixed algorithm (green
dots). t =1, Bt = 100, y? = 0.04¢2, ¢ = —0.36t, U = 1.2t, a« =
0.3. Computational effort is 240 CPU*hours for every order.
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with

AU = [(gﬂ' )O{,’D{l{(tﬁ ti,)]lgi,i/gj’ (A4a)

By = [@Vae i 1)) 141 i e (A4b)

and By is the [(&1)ge (i, 1))
Eq. (16). However, >
Zm iy 01Oy ]_[(7 det Df =~ 0, and this proves the clusterization of times in around #,,, in the computation of the density.

iti<ii<n matrix where a last line and column corresponding to fy,,x are added, similar to

o, 01 [ 1, detA, is a contribution to Z at order j, and it vanishes according to (12). Therefore

APPENDIX B: BENCHMARK

The table below benchmarks the contributions to the density between the 4, LO, and mixed algorithms. We take t = 1 as our
energy unit, and parameters are ft = 100, y2 = 0.04t%, ¢, = —0.361, U = 1.2¢t,a = 0.3. Computation effort is 240 CPU*hours
for each perturbation order.

+ LO mixed
Order 1 —1.7013454 £+ 0.00014% —1.7013431 £ 0.00026% —1.7013466 £ 0.00073%
Order 2 14.47243 £0.0015% 14.47252 +0.0015% 14.47214 £0.0022%
Order 3 —33.3479 £0.014% —33.3610£0.030% —33.3583 £0.022%
Order 4 —431.09 +0.041% —431.514+0.071% —431.30+0.028%
Order 5 5094.7 £0.025% 5100.6 =0.18% 5092.6 +0.039%
Order 6 —16173£0.12% —15802+1.8% —161714+0.21%
Order 7 —1.6411 x 10° £0.13% —1.6595 x 10° +3.9% —1.6554 x 10° +0.26%
Order 8 2.2332 x 107 +£0.18% 2.1071 x 107 +9.0% 2.2316 x 107 £0.42%
Order 9 —7.865 x 107 +0.66% 2.852 x 107 +240% —8.079 x 10" £2.1%

APPENDIX C: ORIGIN OF ERROR BAR

We have seen in Sec. IV D that the contributions to the density have to be normalized by a factor 7, see Eq. (60). To verify that
the error bars on the density are not due to this normalization factor, we plot its relative error bars in Fig. 4. Blue dots denote the
= algorithm, orange stars the LO algorithm, and green dots the mixed algorithm. Comparing it to Fig. 1, we see that the relative

error bars on n are much smaller than the ones on the density.
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Titre : Nouveaux algorithmes pour I'étude des propriétés d’équilibre et hors d’équilibre des systéemes quan-

tiques fortement corrélés
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Résumé : Quel est le point commun entre les étoiles
formant une galaxie, les gouttes d'eau s’écoulant
dans une riviére, et les électrons d’'une céramique su-
perconductrice lévitant au-dessus d’un aimant ? Tous
ces systémes ne peuvent étre décrits par le mouve-
ment isolé d’'une seule de leurs composantes. C’est
'ensemble des particules et de leurs interactions qui
fait émerger leurs singuliéres propriétés : on parle du
probleme a N corps. Dans cette Thése, nous nous
intéressons aux propriétés des systemes d’électrons
fortement corrélés, dont la physique est gouvernée
par les principes de la mécanique quantique. Les mé-
thodes analytiques étant rapidement limitées, nous
développons de nouvelles approches numériques afin
de quantifier précisément les propriétés de matériaux
dans lesquels les interactions entre particules de-
viennent importantes.

Nous nous intéressons tout d’abord aux proprié-
tés d’équilibre de la pérovskite SrylrO4, un matériau
structurellement équivalent au cuprate supraconduc-
teur La;CuO4. Nous mettons en évidence I'existence
d’un pseudogap et décrivons la structure électronique

de ce matériau en fonction du dopage. Nous déve-
loppons ensuite des extensions aux algorithmes de
Monte Carlo déterminantaux pour I'étude de quantités
dynamiques comme I'énergie propre, et nous mon-
trons qu'il est possible de regrouper un nombre facto-
riel de diagrammes en une somme de déterminants,
réduisant ainsi fortement le probleme de signe fermio-
nique.

Dans un deuxiéme temps, nous décrivons les sys-
témes fortement corrélés hors d’équilibre. Nous com-
mengons par revisiter le Monte Carlo diagrammatique
en temps réel dans une nouvelle base qui permet
aux diagrammes du vide de s’annuler directement.
Au cours d’un échantillonnage statistique, ceci permet
d’atteindre la limite de long temps nécessaire a I'étude
des états stationnaires des systéemes hors d’équi-
libre. Pour terminer, nous étudions la transition métal-
isolant induite par un champ électrique de Ca;RuQy,
qui coexiste avec une transition structurelle. Un al-
gorithme basé sur I'approximation sans croisement
nous permettent de calculer le courant en fonction du
champ crystallin dans ce matériau.

Title: Novel algorithms for strongly correlated quantum systems in and out of equilibrium

Keywords: Physics - Condensed matter - Many-body problem - Strongly correlated systems - Algorithms

Abstract: What do stars in a galaxy, drops in a river,
and electrons in a superconducting cuprate levitating
above a magnet all have in common? All of these sys-
tems cannot be described by the isolated motion of
one of their parts. These singular properties emerge
from particles and their interactions as a whole: we
talk about the many-body problem. In this Thesis,
we focus on properties of strongly-correlated systems,
that obey quantum mechanics. Analytical methods
being rapidly limited in their understanding of these
materials, we develop novel numerical techniques to
precisely quantify their properties when interactions
between particles become strong.

First, we focus on the equilibrium properties of the
layered perovskite Sr»lrO4, a compound isostructural
to the superconducting cuprate La;CuQy4, where we
prove the existence of a pseudogap and describe
the electronic structure of this material upon doping.
Then, in order to address the thermodynamic limit of
lattice problems, we develop extensions of determi-

nant Monte Carlo algorithms to compute dynamical
quantities such as the self-energy. We show how a
factorial number of diagrams can be regrouped in a
sum of determinants, hence drastically reducing the
fermionic sign problem.

In the second part, we turn to the description of
nonequilibrium phenomena in correlated systems.
We start by revisiting the real-time diagrammatic
Monte Carlo recent advances in a new basis where
all vacuum diagrams directly vanish. In an impor-
tance sampling procedure, such an algorithm can di-
rectly address the long-time limit needed in the study
of steady states in out-of-equilibrium systems. Finally,
we study the insulator-to-metal transition induced by
an electric field in Ca;RuQ,4, which coexists with a
structural transition. An algorithm based on the non-
crossing approximation allows us to compute the cur-
rent as a function of crystal-field splitting in this mate-
rial.
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