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Abstract

This thesis is devoted to the development of numerical methods for correlated electrons
in realistic systems based on perturbation theories using Feynman diagrams. Electron cor-
relations in realistic systems give rise to a wide range of interesting physical properties.
Diagrammatic expansions and its low-order approximations are key building blocks of the-
oretical and numerical methods for studying correlated electrons. Recent developments of
the diagrammatic quantum Monte Carlo (DiagMC) methods enable efficient stochastic eval-
uations of diagrams and does not suffer from numerical sign problem which worsens with
increasing system size. It is therefore a promising direction to apply DiagMC techniques to
realistic electron systems in the pursuit of ab initio calculations of correlated materials.

This thesis starts by reviewing basic concepts and definitions of realistic electron systems,
the perturbation theory based on Feynman diagrams, Monte Carlo evaluations of the series,
as well as self-consistent diagrammatic methods. Low-order diagrammatic methods are ap-
plied to realistic calculations and benchmarked against large collections of state-of-the-art
many-body methods.

The thesis then proposes a diagrammatic Monte Carlo solver for realistic molecules and
impurities based on a recursive evaluation of diagrams, which is tested on realistic molecules
and impurities with varying temperature, system size, and interaction strength. We observe
that this method is ideal for problems with many orbitals with moderate correlations, but
may suffer from series divergence at strong correlations.

Next, we propose the inchworm Monte Carlo algorithm for interaction expansion, which
overcomes limitations of divergent diagrammatic series by replacing the standard perturba-
tion series with a sequence of incremental series expansions. A prototype implementation
is presented for system with on-site Hubbard interactions.

Finally, we discuss technical aspects of numerical representations of the Green’s function,
which has significant impact on the efficiency of diagrammatic methods. We review several

common numerical representations, and introduce our development of the sparse sampling

xvi



method, which provides compact representations of the Green’s function in both imaginary

time and frequency as well as fast transformation formula between the two.
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Chapter 1

Introduction

Electron interactions in realistic solids give rise to many fascinating physical phenomena,
such as metal-insulator transitions, high-temperature superconductors, colossal magnetore-
sistance, and so on. These phenomena are not only intellectually intriguing, but also impact-
ful in advancing broader science, technology, and human society. For example, supercon-
ductors with higher transition temperatures make better magnets, which allows high-energy
particle colliders to achieve higher collision energy; metal-insulator transitions lead to the
development of Mott field effective transistors; colossal magnetoresistance effects can be
applied to magnetic field sensors.

Due to the many-body nature of interacting electrons, explicit solution to the many-body
Schrodinger equation becomes prohibitively difficult as one increase the system size. Ap-
proximations to the full electronic Hamiltonian are therefore necessary. In ab initio methods,
such as the density functional theory (DFT) [1] and the Hartree—Fock approximation [2],
electrons are treated on a mean-field level based on the quasi-particle picture. This makes
numerical studies possible for realistic materials, but with limited capability of including

electron correlations. On the other end of the spectrum, methods developed for strongly



correlated systems such as high temperature superconductors often treat the electron inter-
actions explicitly, and therefore require approximating the system with model Hamiltonians.

Both types of approximations rely on physical “insights” to decide whether the systematic
error as a result of the approximation is acceptable. However, as one moves toward interme-
diate interaction strength, the level of complexity of the many-body problem may become
difficult to analyze intuitively. It is therefore beneficial to have controllable approximations,
which are theoretically guaranteed to approach the exact solution by tuning some control
parameters, and the systematic errors of the approximation can be estimated quantitatively.

Perturbation theory based on Feynman diagrams [3] is the cornerstone of modern quan-
tum field theory in both high-energy physics and condensed matter physics. Diagrammatic
expansions of the electronic system in terms of the electron interactions have become the
foundation of a wide range of numerical applications. It is straightforward to construct con-
trolled approximations based on finite-order diagrammatic approximations, as the expan-
sion orders of the perturbation series naturally serve as a control parameter. For example,
self-consistent methods based on low-order diagrams, such as self-consistent second-order
Green’s function perturbation theory (GF2) [4-7] and the GW approximation [8], are able to
include electron correlation effects with relatively low computational cost. Continuous time
quantum Monte Carlo (CT-QMC) methods [9-14] solve quantum impurity problems with
unprecedented precision via stochastic sampling of the partition function diagrams, which
significantly boost the power of the dynamical mean-field theory (DMFT) [15, 16]. The
diagrammatic Monte Carlo (DiagMC) technique [17-21], formulated directly in the ther-
modynamic limit and stochastically samples individual Feynman diagrams, does not suffer
from the fermionic sign problem that worsens exponentially with increasing system size and
inverse temperature. Recent developments of DiagMC methods, such as the connected de-

terminant (CDet) approach [22-26] for fast diagram summations, the inchworm Monte Carlo



method [27-33], and analytic resummation techniques [24, 34], have greatly improved the
numerical efficiency of evaluating diagrams. Diagrammatic methods therefore show great
potential in solving realistic Hamiltonians, either as a standalone solver, or as an “impurity”
solver for quantum embedding methods, such as DMFT [15, 16] and self-energy embedding
theory (SEET) [35-37].

My PhD study mainly focuses on the development of controlled diagrammatic methods

which directly work with realistic Hamiltonians from first principles.

Structure of this thesis

The first few chapters summarizes basic concepts and notations for developing diagram-
matic methods for realistic systems. Chapter 2 reviews basic definitions of the electronic
Hamiltonian in realistic basis sets, and lays out notations that are used in later chapters.
Chapter 3 derives the perturbation expansions of physical quantities in thermal equilibrium,
which are often referred to as the “bare” diagrammatic expansion. Chapter 4 reviews the
Monte Carlo integration method, and provides a general framework for Monte Carlo calcu-
lations of diagrammatic series. Chapter 5 reviews the “bold” diagrammatic series based on
the Luttinger—Ward functional as well as the self-consistent approximations.

Chapter 6 summarizes two benchmark projects of many-body methods applied to realistic
systems. During these projects, I applied self-consistent diagrammatic approximations to
hydrogen chain systems as well as transition metal atoms and molecules, and the results are
comprehensively analyzed in comparison with large collections of state-of-the-art many-
body methods.

The next two chapters covers my contribution in developing two numerical algorithms
based on DiagMC. Chapter 7 introduces the development of a DiagMC solver for realistic

impurities with general interactions and hybridizations using recursive evaluations of Feyn-



man diagrams with determinants. The solver is tested on realistic molecules along various
aspects of complexities, such as temperature, system size, basis size, and types of molecules.
Chapter 8 introduces an “inchworm” algorithm for interaction expansion methods, which
performs a series of incremental perturbation expansions in order to achieve better series
convergence at each step. We show that the inchworm expansion converges in systems
where the bare diagrammatic series diverges, which provides a more robust approach in
evaluating diagrammatic expansions.

Finally, Chapter 9 focuses on a technical aspect when developing diagrammatic methods
for realistic systems: efficient numerical representations of the electron Green’s function.
Common representation schemes, such as the high-frequency tails, orthonormal polynomi-
als, and the intermediate representation (IR) basis are briefly reviewed. We then introduce
the sparse sampling method, a framework for compact Green'’s function representations in
both imaginary time and frequency with fast transformations, which I participated in the

development and optimization.



Chapter 2

Realistic Electron Hamiltonian and Basis

Sets

This chapter introduces the definition of the general electronic Hamiltonian in realistic ma-
terials as the main subject of study of this thesis, as well as the electronic basis sets which
projects the continuous space into the discrete orbital space, allowing linear algebraic treat-
ment of the Hamiltonian. Notations introduced in this chapter will serve as a foundation of

most derivations in subsequent chapters of this thesis.

2.1 Many-body Hamiltonian of electrons

We study the quantum many-body problem of N, electrons in the potential field of a realistic
lattice or cluster of nuclei. Under the Born—-Oppenheimer approximation, we separate the

electronic motion from the nuclear degrees of freedom, and describe the electrons using the



following Hamiltonian [38]:

A 1
H= ) h(r;)+ Z Z ,
i=1 i=1 j=it1 Ir; — 1]
(2.1)
2 N, Z
h(r) = ——— - :
l 2me IZ‘; |RI rl|

where r; (i = 1,..., N,) are spatial coordinates of electrons, R; (I = 1,..., N,)) coordinates of
N, nuclei, Z; the atomic numbers of the nuclei, and m, the electronic mass. The one-particle
Hamiltonian h contains the kinetic energy and the potential energy from the Coulomb po-
tential of the nuclei. The existence of electron-electron Coulomb interactions in H prevents
us from reducing the Hamiltonian to a single-particle problem, and requires many-body
treatment of the system.

An electronic basis set is a set of functions in real space ¢,(r) which forms a basis for
the single-particle electronic wave function. Common choices include plane wave, atomic
orbitals (AOs), or combinations of the two. For some types of basis sets such as the AOs
(usually represented either as Gaussian or Slater functions), it is possible that the basis func-
tions are not orthogonal. The non-orthogonality is characterized by the overlap matrix S,

such that [38]
(], = Sy = jd3r¢;(r>¢v<r>. (2.2

Projected onto the basis functions [38, 39], the one-particle Hamiltonian becomes a matrix
h:
(Al = hyy = Jd3r¢;(r)il(r)¢v(r), (2.3)



and the electron-electron interaction becomes a rank-4 tensor 7":

[P 1 wap = Viwap = J drd’r’ Fu(mpy(r) ,|¢A(rI)¢p(r,) (2.4)

Here we have used bold italic symbols for matrices, bold calligraphic symbols for tensors,
and regular italic symbols for matrix/tensor elements. These conventions will be assumed
throughout this thesis unless otherwise stated. In quantum chemistry, h and 7" are termed
one- and two-electron integrals, respectively, and the following notations are commonly
used [38]:

(plhlv) = hyy.  (vldp) = Vip- (2.5)

Introducing the electron creation operator ¢,; and the annihilation operator Cuo for an
electron in orbital ¢, and spin o, the many-body Hamiltonian (2.1) can be rewritten in the

second-quantized form [39]:

H = Z Zh VC,UGCVU Z Z wlpc,uo'c,hy/ 0" Cyor- (2.6)

woo ,uwlp oo’

This effectively switched to a Fock space in which the electron number is variable, from the
Hilbert space where Eq. (2.1) is defined. Note that since the basis can be non-orthogonal, the

anti-commutation relations of the electronic operators are given by

{éZG» Cor} = 500’5111/- (2.7)

In (2.6), we do not assume any periodicity of the basis function ¢, and each orbital index
U, v, ... represent a single AO at a specific nucleus location. In periodic systems such as lattice

systems, different unit cells contain exactly the same atoms, and the orbital indices y may



be split into the lattice indices n = (n,, ny, ...) and the orbital indices within the unit cell, i.e.

u — (u,n). The basis function at lattice site n and orbital y is then

¢,un(r) = ¢p(r —Ry). (2.8)

2.2 Orthogonalization of the basis set

The most commonly used basis sets in quantum chemistry are constructed based on AOs,
such as Slater-type orbitals (STOs) [40] and Gaussian-type orbitals (GTOs) [41, 42]. AOs are
atom-centered functions motivated by the eigenstates of Schrodinger equation for hydrogen-
like atoms, which provides an intuitive picture for interpreting calculation results. Different
basis sets are optimized for each element with finite number of AOs. By systematically
choosing larger basis sets, the system can be extrapolated to the continuous basis set (CBS)
limit, where the basis is considered complete [43, 44]. See e.g. Ref. [45] for a review of atomic
basis sets.

In molecular or lattice systems, AO basis sets usually yield non-orthogonal basis functions
as a result of overlapping orbitals from different atoms, i.e. the overlap matrix S is not diag-
onal. However, many numerical methods, such as most diagrammatic methods studied in
this thesis, are formulated in orthonormal basis sets. Is is therefore convenient to perform a

linear transformation of the AO basis
¢/ (r) = Z $u(0) X (2.9)
7

via some transformation matrix X, such that the resulting basis {¢/} is orthonormal. This



implies

4= | Prg @Hm = XXX | Srgoa = 1XTsxl. @
v

or in matrix form

Xxtsx =1, (2.11)

where S is the overlap matrix and I the identity matrix.

In order to find such a transformation X, we perform an eigenvalue decomposition of S:
S=UsUT, (2.12)

where U is unitary and s is the diagonal matrix of the eigenvalues. Equation 2.11 is reorga-
nized as

xtus'/?)sV2utx)=1. (2.13)

Defining Y = sl/ZUTX, we have

Yy=1 (2.14)

i.e. Y is a unitary matrix. Solving for X yields
X =Us V2. (2.15)

The choice of the unitary matrix Y is arbitrary, as the final basis sets ¢” from different choices
are only different by a unitary transformation.
In quantum chemistry, there are two common choices [38] for Y. The canonical orthog-

onalization chooses Y = I, such that

X =Us/2, (2.16)



which is useful when § is ill-conditioned and truncations of the eigenvalues are needed?. Al-
ternatively, the symmetric orthogonalization chooses Y = U™, such that the transformation
matrix

X =Us Yyt (2.17)

is symmetric. Once X is fixed, one can transform electronic integrals to the orthogonal basis:
*
Z h:uv V]’ l}kl Z V).p ﬂl X/lkXpl (218)
pvAp

In the remainder of this thesis, we use latin indices i, j, ... for orthogonal orbitals, greek indices
U, V, ... for non-orthogonal AOs, and omit the “primes” when there is no conflict of notation.

The electronic Hamiltonian (2.6) can be rewritten using the orthogonalized basis as

H Z Z hl] Alj;'é]O' + - Z Z Vl]kl Cko-’clcf’c]o', (219)

i ]kl oo’

where the creation and annihilation operators now follow the canonical anti-commutation

relation

G Cior} = 83050 (2.20)

2.3 Spin-orbitals and anti-symmetrized interaction

Some applications benefit from combining the spin and orbital degrees of freedom together,

which forms the so-called “spin-orbitals” [38]. We introduce the compound notation {a, b, ...}

IThis yields a smaller basis after the transformation.

10



such that

hab = h(i)(jor) = hijdoor (2.21)

Vabed = Viio)(joYk)1) = VijkiOsorOan- (2.22)

The fermionic anti-symmetry can be explicitly encoded in the anti-symmetrized interaction

tensor % as

Uabed = Vabed = Vadcbs (2.23)
such that Eq. (2.19) becomes
A a1 AT AT A &
H = Z habCJCb + 1 Z Uabch;CCTCdCb- (2.24)
ab abcd

2.4 Thermal dynamic quantities

This section defines notations of the finite-temperature properties of electrons, the main
physical quantities studied in this thesis. The grand partition function [39] of the Hamilto-
nian (2.19) writes

7 = Tre PH-1N), (2.25)

where = (kgT) ™! is the inverse temperature, ;i is the chemical potential, and N = Yio é;;éig
is the number operator. Grand canonical ensemble is necessary here as the electron number
is not fixed in the Fock space. It is common to absorb the yN term into the Hamiltonian by

shifting the one-electron Hamiltonian h:

W =h-l, (2.26)

11



such that Z = Tre PH ", and the primes can be dropped in the absence of confusion. The

thermal expected value of an electronic operator O is given by

Tr[e_ﬁ(ﬁ_ﬂN)O]

(©0) = ——

(2.27)

The central quantity for studying correlations of electrons is the many-body Green’s func-
tion. An m-particle Green’s function is defined as a correlation function of m creation oper-

ators and m annihilation operators in imaginary time [39]
G(m)(xl, X1y Xy Xy e s Xy X)) = (—1)’”(9}6(x1)6T(x1’)é(x2)éT(x§) é(xm)éT(x,’n)>, (2.28)
where 7 is the time-ordering operator, and x = (z,i,0) is the compound index such that
D) = () = e H-#NED =t (H-pN), (2.29)
At m = 1, we obtain the single-particle Green’s function
G, ') = G jor (1,7') = ~( T (D) (7)) (2:30)
If H conserves spin, we have
Gigjo(7,7") = Gjj o (7, 7'). (2.31)
Further simplification can be made due to the cyclic property of the trace:

Gijo(7,7") = Gyjo(r — 7'). (2.32)

12



Gij (1) is anti-periodic [39] in imaginary time, i.e. Gj; ;(t+ f) = —Gj; 5(7). AtT — 07, Gj; 5(7)

gives the density matrix in one-particle basis

Pijo = (GgCio) = Gjig(07). (2.33)

2.5 Coherent state path integral

Many derivations covered in this thesis work in the coherent state path integral formalism.
This section briefly introduces the formalism and summarizes the notations closely following
Ref. [39].

The Feynman path integral [3] provides an alternative formulation for quantum mechan-
ics. For a single particle problem, it transforms the problem of solving the Schrédinger equa-
tion of a Hamiltonian, defined in terms of the quantum mechanical operators x and p, to
calculating a “path integral”, i.e. summing up an infinite number of probability amplitudes
over all possible paths in the configuration space of the canonical coordinates (x, p), which
are exactly the eigenvalues of the operators x and p. In analog, to apply path integral to
our electronic Hamiltonian (2.19), we need to find the “coordinates” corresponding to the
conjugate pair of operators ¢ and ¢é'.

The coherent states are defined as the eigenstates of the electron annihilation operator:

Ca Im) =10 1), (2.34)

where @ = (i,0) is the compound index for the single particle state. The eigenvalues 7,

should maintain the anti-commutation properties of ¢:
CaCp ) = —Cplq M) = nanp In) = —npna In)»

13



therefore

{na-npgt = 0. (2.35)

This indicates that the eigenvalues are not common complex numbers, but rather the anti-

commuting Grassmann numbers®. A Grassmann number 7 has the following properties:

« Anti-commutation

4 —

m’ =-n'n, n*=0. (2.36)

Functions of analytic functions (“Taylor expansion”)

fm) = fo+ fin, fm2) = fo+ fim + fana + fiomna, (2.37)
o Derivatives
d 0
2120 Zp=1. 2.38
pw aq” (2.38)
« Integrals
Jdnl =0, J dpn=1. (2.39)

For proper mixing with the creation and annihilation operators, each one-particle state « is
associated with two Grassmann numbers 7, and 7,, which are defined to be conjugates of

each other:

Na = Na> ﬁaﬁﬂ = ﬁﬂﬁa' (2.40)

The electronic operators are anti-commuting with the Grassmann numbers:

{n,éMy =0, (2.41)

20r more precisely, generators of the Grassmann algebra.

14



and the conjugation works on both the operators and the Grassmann numbers, e.g.
i)t = &l (2.42)
It can be shown that the fermionic coherent state takes the form
i) = e~ Tt o), (2.43)

where |0) is the vacuum state in the Fock space. Note that |7) no longer lives in the fermion
Fock space, but rather an extended space for linear combinations of states in the Fock space
with Grassmann coefficients. The coherent states form an over-complete basis of the ex-

tended Fock space, with internal products
(nly’) = e el (2.44)
and completeness relation

J(TTanan.)eZenrey = 1. @.45)

Using the completeness relation (2.45) to compute the trace in the fermionic partition

function (2.25), we have
Z =Tr e_ﬁ(H_,UN) = I H dﬁadr]ae_ Za Nalla <_;7| e_ﬂ(ﬁ_llN) |’7> , (246)
o

where the minus sign in (—7| occurs when it is moved across |5j) for the right. We now break

15



f up into M small intervals € = /M, such that

(| e PHHNY |py = (—p| = Me(H—pN) |py

M-1
- J( [111 dﬁgzk)df?g(k))e‘ Tier e e H (0] g=eCH=n) | =1},
k=1

(2.47)

Here we have taken the boundary condition |17(0)> = ‘—U(M)> = |n). The “sandwich” factors

can be evaluated to coherent state eigenvalues by writing the exponential in normal order:

e—c(H=—pN) . o=e(H=pN) . 4 5(e2), (2.48)

and taking the M — oo limit, such that

lim (7®)] e=eC=kR) k=D = Jim Zeilene " emelHGE ) -uTaiin ™) (.49
M—oo M—oo
where H(7,7) is the Grassmann function obtained by replacing the ¢, ¢ operators from H

with the Grassmann numbers 7, 7. Now we have

2.
(k) -(k=1) (2.50)

M -_—
con| el - DI o) )|
o

At the M — oo limit, the imaginary time axis [0, f] is split into an infinitely dense grid
{rr = ke}, which allows us to formally introduce a “path” of the coherent state eigenvalues

14(7), such that

(k)m(x)—ﬁc(z_) N ®) (k=1 i
T 7 ’70{(7)5770((7) H@e " ,ne ) = H(fjo(7), n,(7)). (2.51)

16



The exponent in (2.50) can now be formally written as

a (%) ﬁ((zk) —figz_ ) %) (k=1) ) (k-1)
Z [ Z H(#e ", nex )"‘,UZ’Ya Na
k:

S L | = 3 1a(0) 2o0(6) = HO@ 1) + 1 3 1o 0)|
B
—— | el 3 ()0~ )+ H @)1 = Sl

where we have defined the Euclidean action S.
In later chapters of this thesis, the Grassmann fields are usually written using the same
letters as the corresponding operators but without the “hat”, e.g. (,n7) — (¢,c) for ()

With this convention, the partition function is formulated as a coherent state path integral

Z = J D[, clesleel, (2.52)
c(0)==c(B)

where the integration measure is shorthand for

M
Dle,cl = lim TTTT deac. (2.53)
k=1 «

By switching to the path integral formulation, one no longer deals with the Hamiltonian
and operators in the Fock space, but rather a “scalar” functional of Grassmann fields ¢(z), ¢(r)
— the Euclidean action. For example, the action corresponding to the electronic Hamiltonian

(2.19) writes

J dr] Z Z Go(O10: = 16y + higle (D) + 5 Y > UiiiGir (") (D1 (D)o ()}

l]kl oo’
(2.54)

17



This simplifies mathematical operations with a simpler commutation relations from the
Grassmann numbers, and enables powerful mathematical techniques such as change of inte-
gration variables, Guassian integrals, the Legendre transformation, the Hubbard-Stratonovic
transformation, and so on. Although a path integral such as (2.52) is formally written as an
“integral’, it is not a continuous integral and should be understood only as a limit of infinite
slicing of the time axis (2.50).

The partition function (2.52) formally defines a “probability distribution”

olee] = ol J@[e, cple el = 1, (2.55)

V4

for all functionals of the Grassmann fields ¢,(7), ¢, (r). We now overload the notation (-) to

also represent the expectation values under this “distribution”:

(fle.cl) = j Ple.clfleclplecl = - j Ple.clfle.cleSteel, (2.56)

which is implicitly distinguished from Eq. (2.27) unless otherwise stated: here the average is
taken over Grassmann fields ¢, ¢ whereas in (2.27) it is taken over operators.

The construction of the path integral relies on the sequential insertion of the coherent
state completeness relation (2.45) as well as normal ordering of operators (2.48). If one plugs
a function of creation and annihilation operators ¢T(¢) and é(¢) into a path-integral, time-
ordering will be automatically applied to components at different times, and normal ordering

will be applied to components at equal time, i.e.

(@)@ = 5 j Ple.clflee), e@le e = (T« flET@,e@] ). (@57)

18



For example, the path integral
- J D[z, c] e(r)a(z)eSIEel = — T[T é(r)eT (27)e PUH—1N)] (2.58)

allows to define the one-particle Green’s function as

’ A A ’ 1 A A N ,—B(H—pN
Gijo(r.7) = ~(Tbig (i) = = Tr[Tedio (D) (e Yo PH1N)]

o g

. (2.59)

-z J D[e,¢] o) (r)e 510 =1 ~(Gi5()ejo ("))

Time-ordering operators are not needed as time-ordering is automatically enforced by the
path integral.

A generating function for the correlations functions of the Grassmann fields, i.e. Green’s
functions, can be defined in analog to the moment generating function (MGF) in probability

theory:
Minn] +=(exp (- [axlaeeo + doncol)) (2:60

where 7, are Grassmann “source” fields, x is the compound index such that

B
x =(1,i,0), de 1= J dr Z Z (2.61)
0 i o

The many-body Green’s function (2.28) can be generated via functional derivatives, in the

same way moments of a probability distribution are generated from the MGF [39]:

GGy, 5, Xz, %5, - Xy X) = (=1)™(eoey )] )e(32)2(2c5) -+ (26 )E())

= (B )a(5) - S el - e )ex,) (2.62)
_ 5" M7, ]
SM(ax) -+ 7% )Sn(xz) -+ 8] lg=p=o
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Similar analogy can be made to the cumulant generating function (CGF) by taking a loga-

rithm of M, which gives

Klpn) = log Miz.n] = log { exp - [axlaeto) + cCon))). @269

The same functional derivatives now generates the cumulants, called the “connected” Green’s

functions

2m ~
(m) ’ ’ ’ 5 K[l],f]]

(31, X, X0, X5, oo, Xy Xiy) 1= — - y ) 2.64
¢RI TR T I S1(00) -+ ()N Cx) -+ 5106 l=y=o0 i

The physical meaning of Gc(m) can be found in standard textbooks such as Ref. [39].

20



Chapter 3

Diagrammatic Expansions in Thermal

Equilibrium

The interaction term in the electronic Hamiltonian (2.1) couples motions of all electrons
in the system together, resulting in a many-body problem whose complexity scales expo-
nentially versus the number of electrons. It further enters the electronic action (2.54) as a
quartic term, which prevents us from evaluating the path integral (2.52) analytically as a
Gaussian Grassmann integral [39]. A perturbative treatment of the many-body problem by
viewing the interaction as a “perturbation” to the non-interacting problem not only provides
good approximations for weakly interacting systems, but also leads to the development of
diagrammatic methods which have been applied to a wide range of applications.

In this chapter, we review the fundamentals of the perturbation theory for electron in-
teractions and diagrammatic methods, which serves as the foundation for all diagrammatic

methods studied in this thesis.
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3.1 Perturbation expansion of the partition function

We partition the Hamiltonian with anti-symmetrized interactions (2.24) by treating the in-

teraction term as the perturbation, such that

H=Hy+H,
Hy =" hapta (3.1)
ab ’

1:1121

At ata
1 Z Uabcdca Cc C4Cp-

abcd

For a better analytical control over the perturbation series, we introduce a scalar “coupling

constant” ¢ € C, and define a parametrized Hamiltonian
H; = Hy + £Hj, (3.2)

which recovers the non-interacting Hamiltonian Hj at & = 0, and the full Hamiltonian H at

& = 1. The Euclidean action (2.54) becomes

Selecl = 5+ 5y,

B
%:ij@@mrm%+%mw,

o (3.3)
p U,
5 = J dr Y, ~2e, (e eay (o).
0 abcd
The corresponding partition function is
Zg = Tr[e PFerN] = ng [, cle%0—E51, (3.4)
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and the thermal expected values is denoted as

= J D[e, el fle, cle . (3.5)

(fleccle =

Expanding Zy as a power series of £, we have

Zgzj@[é, e Z( 51) _z Z(( SpE >o ’ (3.6)

k=0

where (-) is the non-interacting thermal average. The task of the perturbation theory is to

evaluate the power series order by order, and specifically, to calculate

<(_Sl)k>0 = J’O dTl Z ---J di Z (_1)]( a,01¢ 14k apO.Cr kx

abycid; 0 aibycrdy (3.7)

x(Ca, (112, (71)cg, (r1)ep, (71) - & (i), (i )eg, (7 )en, (Ti))o-

The expansion can be done equivalently in the Hamiltonian formalism, which is briefly
summarized here and detailed in standard textbooks such as Ref. [46]. Rewrite the partition

function as

Z = Trle PENIG(B)],  Tp(B) = PPN FUEH—1N), (38)

Ug(l’) is the time evolution operator in interaction picture and can be expanded as a Dyson

series [46]
0 ok
o=y 2

Y I
jwwjmzwm%mmn (3.9)
k=0 0 k

where H;(r) is the interaction Hamiltonian in interaction picture. The partition function is
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therefore

(O (F g . . Tk
Z= 3 S [ an || an TG Ayge A0
k=0 (3.10)

© ok (B of A A
=7, ﬁj dry - L dr(T-Hi(r) -+ Hi(7i))o-

This is equivalent to the same expansion in action formalism (3.6).
For a finite system, the exponent ﬁg— N is bounded, and Zgisanalyticin¢ € C. Therefore,

the series expansion (3.6) has infinite convergence radius and thus always converges.

3.2 Wick’s theorem and Feynman diagrams

The non-interacting correlation functions of 4k Grassmann fields in (3.7) can be evaluated
using Wick’s theorem [39, 46]. Here we take an intuitive approach of introducing the the-
orem by interpreting the correlator as a 2k-particle Green’s function of the non-interacting

electrons:

(@G )en) -+ SN0 = GG X o Vi oo X X Yo ) (B-11)

following the definition (2.28), where x, y are compound indices defined in (2.61). To compute
G(()m) as a functional derivative of the generating function following (2.62), we first derive the

generating function for the non-interacting system:

Molrn] = { exp (= [l + o))

_1
A

0 (3.12)
I@ [¢,c] exp ( dedx’é(x’) g, x)e(x) — de[ﬁ(x)c(x) + 5(x)17(x)]>.
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Here the non-interacting Green’s function g is defined such that
- Z[(ar — 108z + haplgpe(r,7") = 8c6(r — 7). (3.13)
b
The path integral in (3.12) is a Gaussian integral, and can be evaluated explicitly [39]

J@ [C_, C] efdxdx'é(x’)g_1 (x',x)c(x)—fdx[ﬁ(x)c(x)+é(x)ry(x)] — det[—g_l ]e— f dxdx’ﬁ(x)g(x,x’)q(x’)’
(3.14)

where the determinant is taken in the combined linear space of x = (r,i,0). The non-

interacting partition function Z; is obtained by simply taking 77 = n = 0:
Zy = J@[E, c]efdx‘ix'é(x')gfl(x"x)c(x) = det[-g™!]. (3.15)

Therefore,

MO [;7’ ;7] = e—fdxdx'ﬁ(x)g(x,x')r](x’). (316)
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Plugging (3.16) into (2.62) gives Wick’s theorem

52me— [ dydy'i()g(v.y (")
67(xy) -+ 812 0N () -+ Sn(eq) l=p=0

j A8 e ) j dyr ()8 X}

(m) ’
Gy (1, X1 s eees Xy X)) =

5”’1
—51(x1) -+ 67(%m)
x e ] WY Iy I

n=n=0

_ 8" () - 1(y1)) , ,
= dem"'JdY1 570y~ 87(x,) g(yl,xl)---g(ym,xm)‘

j dymmjdyl 3% (1601 = 1) 80 = 815 8mi)|
€Sy, =n=

1=n=0

Z (_1)ﬂ:g(x7r(1)’ x{) g(xﬂ(m)’ xr;l)

TES),

(3.17)

Here &), is the permutation group of order m, and (—1)" is the parity of the permutation,
which is the result of the fermion sign when taking the 7 functional derivatives in different

orders. Defining an m x m matrix G(xy, X1, ..., X, %,) such that

[GCxp, x1, oo X, XD |1 = £(x, x7), (3.18)

we have

G(()m)(xl, X1y oo s Xy X)) = det G(xq, X1, ..., Xy X)), (3.19)

[ 1
—g(x;, x). Atm =1, we have

Go(x, x") = g(x, x"). (3.20)
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Applying Wick’s theorem to (3.7), we have

B B U U
<(—51)k>0:L dry Z | dne Z (—1)F Gty " %Pk det G, (3.21)

alblcldl 0 akbkadk

where G is a 2k x 2k matrix, which can be written in a block form as

811 812 - 81k

811 812 81k gbman(fm:fn) gbmcn(fmafn)
G = ' . | &m= . (3.22)

8d,,a, (T ) 8d,c, (Tms )

| 8k1 8k2 o 8kk |

Since the determinant in (3.21) effectively generates all possible contractions of Grass-
mann numbers, each of which carries indices (7, ,) that connect to an interaction tensor ele-
mentU, j, . 4 , We can represent the integrand of (3.21) graphically as Feynman diagrams [39]
where interaction “vertices” are connected by “propagator” lines. Defining compound “ver-

tex indices” {vi, ..., v} such that

B

0= @b, U =Uypeqe  [di=| 5 3. (3.23)
0 a;bicd;
we can rewrite (3.21) as
UG) -+ UCy,)
(59 = | vy [ e (-0 det G, (329

where G(vy, ..., V) is the same as G defined in (3.22). Diagrams contributing to ((=Sp), are

constructed according to the following Feynman rules [39] in graph theory terms:

1. Each diagram is a directed graph (i.e. a digraph) with k four-point vertices.
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a_ d 1
XZ bxc <:>—Z abed

T1 T2
a/-\b — gba(7'277'1)

<(—SI)2>N U18 8)2 + U&%& + ’0@2

Figure 3.1: Example of Feynman diagrams contributing to Z at k = 2.

2. Each vertex carries a compound index v, and a value —U(v,)/4. The indegree and

outdegree of the vertex are both 2.

3. Vertices are connected by 2k propagator lines, each carries a value g(x;,, x;,) where x;,
is the indices on the leg of the “target” vertex, and x;, is the indices on the leg of the

[13 »
source vertex.

4. The whole diagram carries an overall sign of (—1)!, where [ is the number of fermion

loops in the diagram.

5. Contribution of the diagram to ((—S;)¥), is obtained by integrating over all internal

indices vy, ..., V.

Figure 3.1 shows examples of these diagrams.

At order k of the expansion (3.6), the determinant of the 2k x 2k matrix G generates a total
of (2k)! different contractions, which in turn result in (2k)! Feynman diagrams. Numerical
enumeration of individual diagrams, either explicitly or stochastically, is expensive at high
expansion orders due to such a factorial growth. In contrast, numerical evaluation of the
determinant det G can be performed in ©(k>) time via linear algebra decompositions, which

significantly reduces the computational time and enables practical calculation of high-order
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expansions. This approach is adopted in continuous time quantum Monte Carlo (CT-QMC)
algorithms [9-12, 14], and serves as building blocks of the connected determinant (CDet)

algorithm for diagrammatic Monte Carlo (DiagMC) [22-24, 47].

3.3 Expansion of intensive quantities

Since the partition function scales exponentially with system size, most physical observables
that are intensive or extensive quantities directly relates to the logarithm of Z. For example,

the grand potential

0=-1ligz, (3.25)
p
and the internal energy
0
E=—-——logZ. 3.26
ap %8 (3.26)

By the linked cluster theorem [39], the logarithm effectively removes all disconnected Feyn-

man diagrames, i.e.

Zg

A Z % Z {All closed Feynman diagrams with k Vertices},
0 k=0"™

Z
logz—i = —B(2% - ) (3.27)

= Z % Z {All connected closed Feynman diagrams with k vertices},
k=1""

where the diagrams are constructed following the rules described in the previous section.

The series expansion of the one-particle Green’s function

Ge(x, x") = —(c(x)e(x"))¢ = _Z%z JQZ[E, cle(x)e(x" e Sklex] (3.28)
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is obtained by the ratio of two power series of £&. The denominator is just (3.6) the expansion

of Zg. The numerator

- [2le.cletayetee el - ZOZ—< ()5 Do (329)

where the expected value can be evaluated with Wick’s theorem:

B B U U
(—c(x)é(x’)S}‘)O:J i, ¥ - J dg, Y —uhah wbhead
0

arbicid 0 abycdy 4k
(3.30)
G g
x det )
g gl x)
where g(x") and g’(x) are column vectors of dimension 2k:
[8(x)]n = g0 x7), [87(0)]n = g(x, x7). (3.31)

Diagrammatically, the existence of the two “external” Grassmann fields c(x) and ¢(x”) adds
two external “legs” to the diagrams. The determinant generates all possible connections of
the external legs and vertices, resulting in both connected and disconnected diagram topolo-

gies. In consequence, the ratio between two diagrammatic series

All diagrams with k vertices and 2 external legs }

(- §)"
% z ) A “
including disconnected “bubbles”
G(x,x") = (3.32)

Zy Z - 5) Z {All “bubble” diagrams with k vertices}
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Bee(8 - L5 -
B I8

e
BQe—) = 0 —¢ +£2<

Ge = € Q+¢
e o= 0 +§Q+52<

Figure 3.2: Low order diagram topologies in expansions for Z, €, G, and 2.

A A -
_|_

effectively cancels all disconnected components, and thus

0 ( pk
Gg(x,x'):Z%

k=0

Z {All connected diagrams with k vertices and 2 external legs}.

(3.33)
Figure 3.2 includes examples of low-order diagram topologies in expansions of Z, €, and
Gt.

The logarithm in (3.25) and the inverse Z; in (3.28) will generally lead to poles in the
complex plane of £. The series expansions of € and Gy therefore have finite convergence
radii. Since the physical solution of the system is obtained at £ = 1, a convergence radius
smaller than 1 will lead to a divergent perturbation series for the physical quantities, which
typically occurs when the electron-electron interaction is strong and Hy no longer serves as

a good approximation for H.
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3.4 Self-energy and Dyson equation

The self-energy X describes the effect of electron-electron interaction on the single-particle

properties [39, 46]. It is defined by the Dyson equation

Gap (i) = gab(iwn) + Z gac(iwn)zcd(iwn)Gdb(iwn), (3.34)
cd

where we have transformed to the Matsubara frequency representation [39] via the Fourier

transform>

B .
fliw,) = J dr f(r)e'“n". (3.35)
0
When transformed back to the imaginary time representation, products in frequency become

convolutions in time:

Gl ) = gl ') + [ dydy/ g, y) 20960 ). (336)

One can formally insert the Dyson equation back to itself recursively and obtain a geometric
series:

G=g+gXg+gXgrig+-. (3.37)

Diagrammatically, the self-energy can be expanded in terms of one-particle irreducible
(1PI) diagrams with external legs amputated [39, 46]. Definitions for the interaction vertices
and propagators are the same as in diagrams for Z or G. 1PI means that the diagram cannot
be separated into disconnected components by removing any one propagator line, or in the

graph theory language, that the edge connectivity of the graph is greater than one. The

3As a sanity check, G(r) = —(c(r)é(0)) is a dimensionless quantity, the dimension of its Fourier transform
G(iw,) is inverse energy, therefore X(iw,) has the dimension of energy, and X(r) in turn has the dimension
of squared energy.
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bottom panel of Fig. 3.2 shows examples of X diagrams. Note that this is different from the
skeleton diagrams of the self-energy, which is introduced in Chapter 5, where the propagator
lines represent the full Green’s function G. Diagrams described in this section is therefore

also referred to as “bare” diagrams of X.

3.5 Shifted action formalism

In systems where electron interaction is strong, the perturbation series for Gy may converge
very slowly or even diverge. One way of circumventing this problem is to change the parti-
tion of the “non-interacting” problem and the interacting “perturbation”, such that the series
is constructed around a starting point that is closer to the physical solution. This approach is
often referred to as “shifted action” method in the context of DiagMC [48, 49], or the “a-shift”
in the context of CT-QMC [9].

To change the perturbation starting point of the action (3.3), a “shift action” term can be

added to Sy and subtracted from S;, such that
So=Sy+AS, S =5 —AS. (3.38)
The perturbation theory is redefined by reintroducing the coupling constant £ such that
Sr = So + ESp = (Sy + AS) + E(S; — AS), (3.39)

which still recovers the physical action at & = 1.
So far the shift action AS is a generic functional of the Grassmann fields ¢, c. For a per-

turbation theory to be practical, it is necessary that the new “non-interacting” problem is
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solvable analytically, i.e. the path integral

Zy = J@[é, c]e_g()[é’c]

is a Gaussian integral. This requires the AS to be defined in a bilinear form:

AS = dedx'é(x’)a(x’, x)e(x),
where « is a two point function whose explicit form writes
a(x,: x) = aa',a(fl, T)'

The shifted non-interacting action now also a bilinear form

So=— dedx’c'(x')[g_l(x’, x) —a(x’, x)]e(x).

Defining the shifted non-interacting propagator g such that

we see that

-1

g=@'-a) = g=g+gag

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

which implies that g is obtained from the Dyson equation (3.34) with the self-energy defined

as «.
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Figure 3.3: Second order Green’s function diagrams from the shifted action expansion.

Perturbation expansion of Zg is obtained in the same way as in (3.6):

(N
Ze=2y Tgk. (3.46)
k=0 )
Note that the non-interacting expected value (-), is now defined in terms of Sy. The shifted

interacting action

B B
S = L dr Z %éa(r)éc(r)cd(f)cb(f) - J drdr’ Z Ca(t ) p (7, T)ep(7) (3.47)

abed 0 ab

now contains an additional bilinear term (often referred to as the counter term), which enters
the diagrammatic series as a two-point vertex [50].
The shifted action leads to the following changes to the diagram rules in expansions of

the partition function, grand potential, or Green’s function:
1. All propagator lines now represent g.

2. At order k, each diagram still contain k vertices. Each vertex now can either be a four-

point vertex representing —Upp.4/4, or a two-point vertex representing a(x’, x).

All other rules and connectivity requirements are unchanged. Figure 3.3 shows an example
of second order Green’s function diagrams from a shifted action expansion, where red circles

indicate the counter term «, each introduces a factor of —1.
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Chapter 4

Monte Carlo Integration of Perturbation

Series

Mathematically, evaluating a diagrammatic series is simply calculating a sum of some inte-
grals over vertex indices: imaginary time, orbital, and spin. Direct numerical integration of
diagrams using deterministic methods is only practical for low-order diagrams, and becomes
prohibitively expensive at higher orders due to the “curse of dimensionality” [51].

Monte Carlo integration, thanks to the universal central limit theorem (CLT), converges in
a O(N~1/2) scaling in terms of the number of samples N, regardless of the dimensionality of
the integral. Hence, Monte Carlo methods have become a predominant choice for computing
high-order Feynman diagrams.

In this chapter, we briefly review the Markov chain Monte Carlo method and introduce the
basics of Monte Carlo integration of perturbation series introduced in Chapter 3. Concepts
and notations introduced in this chapter is applied to methods and applications in subsequent

chapters.

36



4.1 Monte Carlo integration and importance sampling

We start with the simplest integral of an arbitrary continuous function f(x) in a interval
[XO: X1 ]:

A= JX1dxf(x). (4.1)

Suppose a probability density function (PDF) p(x) is defined for a random variable X in the

same interval, such that

J 1dxp(x) =1, p(x)>0. (4.2)

Xo

The integral A can then be understood as the expected value of the function f(X)/p(X), i.e.

[ﬁﬁ]_L %%(>1EMﬂn w3

Numerical Monte Carlo integration of A is carried out in the following steps:
1. Generate N Monte Carlo samples X, ..., Xy which follows the same distribution p(x).

2. For each Monte Carlo sample, calculate the function

_ _ f(X)
g =a(X;) = 20%)° (4.4)

3. Compute the Monte Carlo average as an estimate of the expected value I:

N

(@p =~ Z% El(a),] = - Ela] = @5)

i=1
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The variance of the Monte Carlo average (a), is related to Var[a] by a factor of N:
Var[(a),] = %Var[a]. (4.6)

Assuming the Monte Carlo samples are independent?, the Var[a] can be estimated as the

sample variance

N
o = >~ @) Elaf] = Varl) (47)

The estimator for the root-mean-square error of (a) p 1s therefore

May, = 0 Now Var[a], (4.8)

N N

which has an asymptotic scaling of G(N~1/2) at large N.
To analyze the impact of the distribution p(x) on the variance, we rewrite the variance of

A as

Var[a] = E[a*] — E[a]* = E[|al*] - E[a]?

(4.9)
= Var[|a] + E[lal]* - E[a]?,
in which Var(|a|] can be minimized by choosing p(x) to be proportional to | f(x)|, i.e.
. |f(x)|
p(x) = xlf— (4.10)
[ dylf &)
such that
X1
@l = | ifw) (@.11)
Xo

“This is usually not true in practice, such as in Markov chain Monte Carlo, in which case on has to take into
account the correlations between samples.

38



becomes a constant, and thus Var[|a|]] = 0. Since E[a] = A and E[|d|]] = f;;l dx|f(x)| are

independent of p(x), we have

min Varla] = E[lal]® ~ E[a]’ = Enauz[l B (5[5231)2]’ (4.12)
where fx ©
E[a] _ xol dxf X B X X B
Ellall [ axl o)l J, arsencrenpco = ool @y

If f(x) does not change sign in the whole interval, the variance is reduced to zero; otherwise,
the variance effectively depends on how rapidly the function f(x) changes sign.
From this simple 1-D example, we can summarize the following properties of the Monte

Carlo integration method:

1. The integral is transformed to numerical sampling of the ratio f(x)/p(x) for some

probability distribution p(x)

2. The probability distribution p(x) should be chosen such that
a) f(x)/p(x) can be computed numerically, and

b) samples X; can be generated following the distribution p(x).
3. The stochastic error scales as O(N -1/ 2) for large N.
4. For the same N, the error is minimized by taking p(x) o |f(x)|.

5. The minimal error depends on the sign of the integrand f(x): the error is larger if f(x)

changes sign more frequently.

By taking the Monte Carlo PDF to follow | f(x)|, more samples will be generated in regions

where f(x) contributes more significantly to the integral than those where f(x) is almost
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zero. This technique is referred to as importance sampling for Monte Carlo integration.
The Monte Carlo integration procedure can be generalized to integrate functions of el-

ements o in an arbitrary set Q with a (discrete or continuous) integration measure du(w),
e.g.
A= JQdy(w)f(w). (4.14)

A PDF p(w) is similarly defined such that

JQdy(w)p(w) =1, plw)>0. (4.15)

Monte Carlo integration for A is thus obtained by generating samples «; following the PDF

p(w), and measuring the average of the ratio f/p.

4.2 Markov chain Monte Carlo and Metropolis-Hastings
algorithm

When computing the integral
[, dutons) (416)

using Monte Carlo integration with the optimal PDF

poy= LAy [ am@nscon (417)

it is often difficult to generate samples following this distribution via a direct inversion of
the cumulative distribution function (CDF) due to the complexity of the integrand f(w).

Moreover, the normalization factor W is often unknown, making explicit computations of
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p(w) impossible. Markov chain Monte Carlo provides a way to generate samples following
a given distribution knowing only ratios of the PDF for two different samples, which is ideal
for integrating functions such as high-order diagrammatic series.

A Markov chain is a sequence of random variables X, X5, ... where the distribution of each

sample only depend on the previous one, i.e.
POt = 0) = | dut@ (o6 =), (418)
where the transition probability
w(wlo’) = P(Xi11 = 0|X; = o) (4.19)

has been chosen to be time-homogeneous, i.e. independent of the sample index i. The Markov
chain is ergodic if any w € Q can be reached with finite probability in a finite number of steps
starting from any other w,. A distribution p(w) is the stationary distribution if it remains

unchanged after a Markov step, i.e. the following balance equation is satisfied:

) = | it (el )p@). (4.20
A stronger condition named detailed balance is commonly applied:

w(wlw)p(e") = w(e'|w)plw). (4.21)

For Monte Carlo integration, we always require that the Markov chain ensures ergodicity
and detailed balance.

The Metropolis-Hastings algorithm allows us to design a Markov chain for a given sta-
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tionary distribution p(w). From each configuration w;, a new configuration w; is proposed
following some proposal probability distribution wP*P(w;le;). To ensure detailed balance,

an acceptance ratio R is calculated after each proposal as

wPP(wiley) plaw;)

R(wjlw;) = . 4.22
10 = SR aanpan) 422)
The proposal w; — w; is accepted with probability

w(wjlw;) = min(1, R(wj|w;)). (4.23)
This ensures the detailed balance of the Markov process, i.e.

w(wjlw) plwy) = w(wilw;) p(w)), (4.24)
where

w(wjlw;) = w(wjlw)wPP(w)|w;), (4.25)

which guarantees that samples obtain the equilibrium distribution p(w) after thermalization.

Even after the equilibrium distribution is reached, samples generated from a Markov chain
are not independent but have a finite autocorrelation time. A naive variance estimate fol-
lowing (4.7) is thus biased. To obtain a correct error estimate, one should either measure the
autocorrelation time of the Markov chain, or employ statistical resampling methods such as

the jackknife or the bootstrap [51].
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4.3 Monte Carlo integration of diagrammatic series

Diagrammatic expansions introduced in Chapter 3 share the following generic form:

Q= Z % Jdvl Jdvk Z d(vi, v, ..., V3 t), (4.26)
k=0 """

teg

where Q is the target physical quantity (Z, G(x, x”), etc.), v, ...,V are compound indices
associated to each vertex, I is the set of diagram topologies at given vertex configuration
following specific diagram rules for Q, and d is the value of the diagram. To calculate the
diagram using Monte Carlo integration, we first need to properly define the sampling space
Q2 and the integration measure p(w). Traditionally, DiagMC methods perform Monte Carlo
integrations over individual diagrams, such that each sample w = (v{, v, ..., V., t) includes the
diagram topology t explicitly [17-21]. Alternatively, one can sum up all diagram topologies

at a given vertex configuration explicitly:

D(vy,...,w) = Z d(vi, v, ..., v t) (4.27)

teg

and compute the following series using Monte Carlo integration:

kmax
Q= Z — Jd‘ﬁ Jdka(vl,vz, s Vi), (4.28)

where a finite order truncation k,,, is introduced. This approach is adopted in CT-QMC
methods [9, 11, 12, 14] and the CDet approach for DiagMC [22-24, 47]. We will not discuss
the first approach in this thesis and will only focus on the second approach.

To perform the Monte Carlo integration, one needs to define the sampling space Q and

the corresponding integration measure. For (4.28), two different definitions of the sampling
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space are commonly used:

L

II.

Each sample is a sequence of vertices, i.e. ot = [v1, Vs, ..., V], such that exchanging two

vertices leads to a different sample. The sampling space is formally given by

kmax

o =Pk (4.29)
k=0

where 7 is the space for the compound index v;. The integration measure is given by

de(wl) = ]:Z) Jdvl Jdvk. (4.30)

Each sample is a set of vertices, i.e. ol = (vi, v, ..., V), such that any permutations of

the vertices result in the same sample. The sampling space is formally given by

kmax

1
Qp =P EW’C, (431)

k=0

where the factor 1/k! accounts for the invariance under permutation. The integration

measure is given by

Jd,u(a)n) = kmi‘j % Jdvl Jdvk. (4.32)

k=0

The integral (4.28) is thus rewritten under the two definitions as

D(w")

== (k=)

Q= J dpu(e)
o (4.33)
= J dp(o™) D(@M).  (k = o))

QII

Here k = |"/1| gives the number of vertices in each sample.
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Following Eq. (4.10), the PDF of the stationary distribution is defined proportional to the
absolute value of the integrand to minimize variance:

1 [D(@)

1
ple) = o L p) = - ID(M), (4.34)

where the normalization factor

max

I k
j o) 2 = [ auoIp - Z( 2 [ [andpwiv w0l
(4.35)

is the same in both definitions. For each sample, the following quantities are measured to

compute the final integral Q:

D()/(k!) > [
Q=<— = W(sgn(D(@)
ID@HI/ kW) w36

_ D(o'") _ 11
Q= <| D) /W>II = W(sgn(D(&")))n-

We see that the expression for measuring Q is the same from both definitions even though
the sampling space are defined differently. In fact, the two definitions are equivalent in terms
of Monte Carlo sampling. Each sample of definition II corresponds to k! samples of definition
I, which are compensated by a 1/k! prefactor in the PDF in definition I. The total probability
of the k! samples of definition I is therefore the same as the single sample of definition II.
After the stationary distribution p is determined, we can generate Monte Carlo samples
in a Markov chain using Metropolis-Hastings algorithm. Monte Carlo updates are designed
differently in different methods and applications to achieve better sampling efficiency. Here
we discuss two conjugating updates that are commonly used: the insertion and the removal

of a vertex.
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We first focus on definition I of the sampling space. When proposing an insertion of a new
vertex to an existing sample of k vertices in a sequence, the proposal probability is derived
as follows. First propose a random vertex with uniform probability |#°|~!, and then insert
the vertex into the k + 1 possible locations of the sequence with probability 1/(k + 1). The

proposal probability for insertion is therefore

insert 1
= —. 4.37
" 7 |(k+1) (437)

The inverse update removes a random vertex from k + 1 vertices with probability 1/(k + 1),
and the proposal probability is

remove l
= —. 438
" k+1) (4:38)

The acceptance ratio (4.22) for the insertion update is thus

Rmsert_%em“ep(w%o,lw%oI:kH)_ 1/(k+1) DI/ ((k+ 1)!W)
1 - i r -
wI“Se tp(w}mm, |a>}mm| =k) 1/[|7|(k + 1)] |D(a)}mm)|/(k!W) (4.39)
7] ID(ep,)l

K+ 1D(0f )|

For definition II of the sampling space, the insertion to an existing set of k vertices only
requires proposing a random vertex with probability 1/|7°|. The inverse move randomly
removes a vertex from k + 1 vertices with probability 1/(1 + k). The acceptance ratio is

therefore

gimsert _ M P ool =k 41D 1/Gk+ 1) ID@R)/W

1l i -
vvflrlsertp(wgom, |6‘)f1”11r0m| =k) 1/|%| |D(a)gom)|/(W) (4.40)
_ 171 D)
k+ 1| D(@fj o)
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The acceptance ratio is the same for both definitions, which makes them equivalent in prac-
tical applications. One may choose to adopt either definition in designing Monte Carlo algo-
rithms, but it would be dangerous to mix the two, e.g. take the probability distribution from
one definition but design updates following the other. In the remainder of the thesis, we will

always use definition II of the sampling space, unless otherwise stated.

4.4 Normalization

The normalization factor W, defined in (4.35) as a integral of the absolute value of the sum of
diagrams at each configuration, occurs in measurements of physical quantities (4.36). How-
ever, the value for W is often unknown and difficult to compute explicitly. A common solu-

tion to this problem is to normalize Q using a different quantity Q,,,;m, defined as

kmax
1
Onorm = Z E Jdvl JdeDnorm(Vl’ Vs ees Vk) = JQdﬂ(w) Dnorm(w)a (4.41)
k=0 "
such that
D,
Onorm = W< norm(a))> . (4.42)
D@/,
If the value of Qo is available analytically, W can be solved as
Qnorm
W = , (4.43)
(Dnorm(@)/D(w)])
and thus the measurement for Q (4.36) becomes
_ Qnorm(sgn(D(w)»p (4.44)
{Dnorm(@)/ID(@)]) '
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Because the distribution p(w) is optimized for the importance sampling of D(w), it does not
necessary have a good “overlap” with any choice of Dy o, (w). When choosing the normal-
ization, it is therefore important to ensure the measurement for Q,,,, does not result in

excess statistical error. Here we list some common options for Qyqrm-

4.4.1 Normalization against the volume of hyperspace

The easiest normalization to compute in analytics is the volume of the sampling space, i.e.
by choosing

Dnorm(w) =1, (4.45)

we have

kmax |%’|k
Onorm = Jde(w) =Q| = Z T (4.46)
k=0 ’

The normalization for Q is obtained as

_ Ql’lOI'm(Sgn(D(a)))>p
— {1/ID(@)),

(4.47)

One major drawback of the hyperspace normalization occurs when the distribution p(w) has
“holes” in the sampling space, i.e. there are certain regions in the sample space Q where p(w)
is very small or even zero. This will lead to a large error in the Monte Carlo estimation of

the hyperspace.

4.4.2 Normalization against a subset of configurations

If certain low order diagrams can be computed analytically, one can choose

Dporm(w) = D(w) 1[@ € Qporm], (4.48)
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where Quorm C Q is the subspace in which these low order diagrams are defined, and
1[statement] is the indicator function which gives 1 if statement is true and 0 otherwise.

Integral (4.41) becomes

Onorm = J dp(@)D(w) 1w € Qporm] = J dp(w)D(w), (4.49)
Q

norm

which should be calculated analytically. The normalized estimate for Q is therefore

0= Qnorm(sgn(D(@)»p
- (sgn(D(w)) 1w € Qnorm]>p'

(4.50)

4.4.3 Normalization via extension of sampling space

Instead of normalizing in the original sampling space Q, one could extend the sampling space

by adding some other “virtual” space Q, such that the new sampling space is
Q' =Q Q. (4.51)

As an example, we assume that Q is a singleton set, containing only one additional “virtual”

configuration. The integration measure now becomes

JQ’dﬂ (w) = JQdu(w) + Loduo(w), (4.52)

where iy(w) is the integration measure for the added sampling space. For a singleton set,

Ho(w) is simply the indicator function for Q. The original integral (4.28) is rewritten as

Q= J dp(w) D(w) + J dyp(w) 0 = J dy/’(0) D(w) 1w € Q. (4.53)
Q Q, 0%
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The probability distribution needs to be updated to cover the extended space:

Dol e
P () = (4.54)
IXV/O/ w € Qo.

Here the wy > 0 is an arbitrary weight we assign to the sole configuration in Q(, and W’ is

the normalization factor:

= J dp(w) |D(w)| + J dpp(w)wy =W + wy. (4.55)
Q 0
Measurement for Q (4.36) thus becomes

Q = W{sgn(D(@))1[w € Q). (4.56)

We can now define the normalization using the virtual configuration

Dyorm(w) = wp 1w € Q], (4.57)
which gives
Qrorm = | @)1l € 2] = | do) = . (4.59)
0

Monte Carlo measurement of the normalization factor is

Onorm = <Dnorm(a))/p’(w)>p’ =W (1w € QO])p’, (4.59)

therefore
Wo
wW=—"2 (4.60)
(1[w € Qo)
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Figure 4.1: Schematic illustration for Monte Carlo normalization using extended sampling space.

The normalized estimate for Q is therefore

_ wylsgn(D(w)) 1w € Q)
B (1[w € Q)

(4.61)

When applying this normalization scheme to a Monte Carlo simulation using Metropolis—
Hastings, it is crucial to also include the additional configuration from Q, to the metropolis

updates, as illustrated in Fig. 4.1.
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Chapter 5

Self-Consistent Approximations

Self-consistent field (SCF) methods play a crucial role in the development of electronic struc-
ture theories. Mean-field methods such as the Hartree-Fock (HF) approximation and den-
sity functional theory (DFT) serve as the building blocks of modern quantum chemistry and
material science. In the study of correlated electrons, self-consistency methods based on the
Luttinger-Ward (LW) functional [52] and the corresponding ¢-derivable conserving approx-
imations [53, 54] allow systematic inclusions of certain types of high-order diagrams with
low computational cost, while conserving fundamental quantities such as charge, momen-
tum, and angular momentum of the system. The LW functional framework also serves as
the theoretical foundation of various self-consistent embedding methods, such as dynamical
mean-field theory (DMFT) [15, 16], self-energy embedding theory (SEET) [35-37], etc.

This chapter is organized as follows. We first introduce the definition of the LW functional,
and discuss its relation to self-consistent approximations. We then briefly introduce several
examples of self-consistent methods, such as the HF approximation [2, 42], self-consistent
second-order Green’s function perturbation theory (GF2) [4-7], the GW approximation [8],

and the bold diagrammatic Monte Carlo method [20]. As presented in Chapter 6, these
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methods are applied to realistic calculations benchmarked against other many-body compu-

tational methods.

5.1 Definition of the Luttinger—Ward functional

In this section, we introduce the definition of the LW functional using a non-perturbative
approach [39, 55]. The perturbative construction of the function is well described with the
initial proposal [52], and Refs. [56, 57] provide rigorous mathematical definitions.

We start with the general Hamiltonian of interacting fermions based on (2.24)

A a1 RSP
H= Z habc(jcb + 2 Z Uabcdcjcjcdcb, (5.1)
ab abcd

where a,b, ... are spin-orbital indices. The grand partition function is defined as a path

integral following (2.52):
7 = Tre PH-IN) = JQZ[&, cleSlecl (5.2)

where the action is defined following (2.54):

ab abcd

B
5= L dr ( 3 (@ = 10y + hadan (D) + 7 Y Uabcdea<r>ec<r)cd<r>cb<r>) .63

We now add a bilinear source term to the action in the path integral for Z, such that

B
ZIJ] = J D¢, clexp (—S[c‘, c] + L dr’dr Z ]ab(r’,r)éa(r’)cb(r)) , (5.4)
ab

which serves as a MGF of particle-hole pairs, which generates the many-body Green’s func-
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tion in a similar way to the MGF of single particles (2.60). By the linked-cluster theorem [39],
W/ J] = log Z[ J] is the CGF of particle-hole pairs, which generates the connected Green’s

functions. The one-particle Green’s function can be written by a functional derivative

()= WU 1 8Z[J]
Gap 5][,(1(1' T) J=0 Z[O] 5]ba(TI,T) =0
= % J D&, clép(r”)eg(r)eSloe] = <=7rég(f')éa(r)> (5.5)

= ~(Toe (D ().

We perform a Legendre transform on the functional W[ J], which yields a functional of the
one-particle Green’s function G[ J] = W[ J]/8J (at this point G is arbitrary because we have

not set J = 0 yet) and is sometimes called the Baym-Kadanoff functional [53]

p .
riGl=-w[Jl+ J drdr’ Y. Gu(t.7") Jpa(r', 7) (5.6)
ab

0

where J = J[G] is now a functional of G. One can show that (we absorb 7 and 7’ into indices

and time integrals into index summations for simplicity)

STIG]  swlJ] s Olya
A A . Garb —=
3G 5Gab tJeat Z,,: e
_ Z J16Jpar Z SWI[J16 )y + Jog (5.7)

a'b’ 5][7' / 5Gab a'b’ 5]}7'(1' 5G~ab
= Jba
Recall that the “physical” Green’s function G is obtained when we set J = 0, which is equiv-
alent to say that G is the stationary point of functional I'[G].

For a non-interacting system, i.e. Uy,.g = 0, since both the action S and the source term

are Gaussian, we can calculate Z[ J] and I'[G] directly. Utilizing the following properties of
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(positive-definite) matrices and Grassmann numbers [39]

J' [ ] dadna exp ( > ﬁaMaﬁUﬂ) =detM, el*1o8M — detpp, (5.8)
a aﬁ

one can show

Zlu=olJl = J Ple.clexp (_ IRAC TS Jab)Cb) = det(—g ™! — J) = ¢Trlogl-g"'=)),
ab

WlyolJ] = log Zly—ol[J] = Trlog(—g~' - ),

- SWly—ol[J] oy 8= = Dya IR
[Glu=olap = ——— = ) [(~g ' = Do =[G+ D s
U=0lab b ale:, 8 a’b b 8 ab
(5.9)
from which we can solve for J in terms of G, and perform the Legendre transform:
Jly=o =G Y=o — g%,
Ty=o[Gl = ~Wly=o[J1 + Tr GJly=
= —Trlog(—g " = Jly=o) + Te(G(G ' — g™ 1)) (5.10)

= —Trlog(-g ' = (G' =g - Tr(G(g™" - G™1)

= Trlog(-G) — Tr(Gg™' — 1).

The LW functional is defined as the difference of I'[G] between the interacting system and

the non-interacting system:

®[G] = I'[G] - I'y=o[G] = I'[G] - Trlog(-G) + Tr(Gg~! — 1) (5.11)
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We can show that the LW functional has the following property:

5¢[~G] _ 5F[~G] -G+ iTr((N}g—l ~1) = 5F—[~G] +g -G (5.12)
0G oG o0G 0G

Recall that the physical Green’s function is the stationary point of I'[G], we see that

5P[G
_[N I —gl-Gl=3, (5.13)
6G |6=G
i.e. the functional derivative of ®[G] gives the self-energy at G = G. This allows us to define
a “self-energy functional”
-, 0P[G]

>[G] & (5.14)

which satisfies Z[G = G] = .
®[G] is directly related to the grand potential of the system at G = G, where we have

J=0,W[0] =logZ = —BQ, I'[G] = —W[0] + TrG - 0 = S, and therefore

®[G = G| = pQ — Trlog(-G) + Tr(Gg™ — 1)
= pQ — Trlog(—G) + Tr(GX), (5.15)

BQ = &[G = G] + Trlog(-G) — Tr(GX).

If the system is non-interacting, i.e. U = 0, the LW functional vanishes by definition (5.11).

5.2 Diagrammatic series of the Luttinger-Ward functional

The LW functional is parametrized by the electron interaction U, which we now write ex-
plicitly as ®[G;U]. The bold diagrammatic series is obtained as a series expansion of ®[G; U]

or X[G;U] in terms of U [52, 56, 57]. Introducing an arbitrary scalar ¢ as the “coupling
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constant”, the bold series are formally defined as

o[G:eU] = Y &aB[GU),  s[Geu] = Y &Pl U], (5.16)
k=1 k=1
where ) is obtained as a sum of all “skeleton” diagrams of order k [52]. The skeleton

diagrams follow a diagram rule similar to the bare diagrams introduced in Sec. 3.4, with the

following main differences:
« Propagator lines are now “bold”, representing G instead of g.

« Diagrams are two-particle irreducible (2PI), meaning that a diagram will not be bro-
ken into disconnected components by cutting any two propagator lines. In the graph

theory language, the edge connectivity of the diagram is greater than two.

Similarly, d%) consists of 2PI closed diagrams of order k, each which yields the skeleton
diagrams by removing one of the 2k propagator lines. The removal of propagator lines cor-
responds to the functional derivative (5.14). Figure 5.1 compares the skeleton diagrams and
the “bare” diagram for X as well as the corresponding @ diagrams. The topology correspond-
ing to the second bare diagram is absent in the bold expansion because it can be reduced to
the first bold diagram.

Relations between ®[G;U]| and X[G; U] can be shown analytically following Ref. [57]. It

can be shown that [57] for any arbitrary scalar t > 0,
O[tG;U] = 9[G;t?*U]. (5.17)

Consider

D[tG; EU] = D[G; 12U, (5.18)
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p= Q4+ g% + @ + -
bold: —»— «— G

X = Q + @ 4+ ...

_ 1 1

Figure 5.1: Comparison of bare and bold (skeleton) diagrams for the self-energy.

taking a functional derivable w.r.t. G on both sides, we have
t5[tG; €U = S[G:1%¢U],  X[tG; U] = %Z[G; 2607,

Since

' 4

P[G;EU] = J dr = B[1G; V),

0

and the integrand evaluates to

d ' B OD[tG; EU|
4o v = Tr{G—(S -

1
" } = Tr{GX[tG;EU} = ?Tr{GZ[G; t2eU 1},

which can be expanded following (5.16) as

%Tr{GZ[G; 2EUT) = i %(ﬂg)k Tres®[GUl = ¥ -1k Trias®[G; Ul
k=1 k=1
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we have

o[G;éU] = Y. & Tr{c=®[G U} J ekl =) £ Ires®le Ul (5.23)
k=1 0 iz %

Comparing to (5.16) gives
d®[G;U] = i Trez®[G U, (5.24)

which directly corresponds to the diagrammatic interpretation of “cutting” propagators.

5.3 Self-consistent approximations

As shown by Baym and Kadanoff [53, 54], any approximation to @ by taking a subset of
diagrams in @ obeys the number, energy, momentum, and angular momentum conservation
laws. Such approximations are called @-derivable approximations. Self-consistent methods

are often constructed based on ®-derivable approximations following a common pattern:

1. Construct an approximation to the LW functional $*PP*°*[G], or equivalently, the self-

energy functional X#PPX[G].

2. Start with an initial guess for G, and perform the following self-consistent loop:
a) Compute X?PP'X[G] using G from the previous iteration.

b) Compute G = (g~ ! — X)™! for the next iteration.
3. Iterate the self-consistent loop until convergence.

Since @ is a universal functional of G [57], it is possible that the @ functional converge to

“unphysical” results. A self-consistent solution for the functional equation 6®[G|/6G = X
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is equivalent to solving for the stationary point of the I'[G] functional, so multiple solutions
might exist when the I" functional has multiple stationary points. It is sometimes called the
“multivaluedness” of the @ functional [58-60].

This section lists common self-consistent methods formulated as @-derivable approxima-

tions.

5.3.1 Hartree-Fock

The HF approximation [2, 38, 42] is equivalent to truncating the & expansion at first order:

PG = o) = 5 abedCpa(07 )Gy (0™ )— Uabed PabPed- (5.25)

The HF self-energy is therefore

(lwn)[ | = Usbed Ped> (5.26)

or equivalently by expanding % following (2.23):

S )IG] = Y Vit — Vitkioor 1Pitor- (5.27)
kl,c’

The HF self-energy is frequency-independent, and only depends on the one-particle density

matrix p of the electron, and S HF

can be viewed as a functional of the density.

In quantum chemistry, HF serves as the foundation for more advanced methods, which
are often termed “post Hartree—Fock” methods [38]. The HF self-energy is often combined
with the one-electron matrix elements h to a “Fock matrix”:

Fjy = hj + 25 (5.28)

ij,o
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such that

G (iw,)) = [(iew, — p)I — F]7. (5.29)

5.3.2 GF2

GF2 [4-7] adds the second order bold diagrams on top of HF, such that
59R216] = sWia) + 2Pq, (5.30)
where ZM[G] is just ZHF[G]. The second-order self-energy is given by

2 1
Zgb)(f)[G] == Z Z UabcdUabe' @ G o (T)Ger (T)Gr o(—17), (5.31)
bedac’d’

or with explicit spin and orbital indices:

2
Z,-(,-,(),(T)[G] == > VirkiGrir (1) Y, G o (DG (=D Vi jrorr
O-/

JkLV KT (532)

Vi
533 GW

The GW formalism, introduced by Hedin [8], is an alternative self-consistent framework
based on the Green’s function G, the “screened” interaction W, and a three-point vertex func-
tion which gives the exact solution to the interacting electron problem when self-consistency
is achieved. The GW approximation was originally formulated in terms of Hedin’s equa-
tions by setting the three-point vertex to one, and thus only requires self-consistency at
one-particle level. This approximation is ®-derivable if full self-consistency in both G and

W is enforced [61-63].

61



The GW self-energy is defined as
ZEW(D)[G] = Z[Vijkl > Pri,o8(1) = Wi (D)Gige o (1) |. (5.33)
Kkl o’

where the screened interaction W is a functional of G, obtained from an RPA-like geometric

series

Wijki(io)[G] = Vijig + Z Vit ke joip (o )Wy jr i (o), (5.34)
l'lj/k/l/

in which IT is the bare polarization bubble
My jrip(z,7") = = Z Gjrkr o(1, 7" )Gy (17, 7). (5.35)
o

Diagrammatically, X°"[G] consists of the first order skeleton diagram (HF diagram) plus all
RPA-like bold diagrams of second order and above.
One can alternatively define a functional ¥[G, W] of both G and W, as introduced in

Ref. [63], such that

(5\1/[5(214/] )W s
(5.36)
(g,

Diagrammatically, the ¥ functional corresponds to the sum of skeleton diagrams composed
of bold Green’s function lines and screened interaction lines, and each diagram should re-
main connected if one cut two Green’s function lines or two interaction lines. The GW
approximation corresponds to the first order diagram of the ¥ functional.

Although GW is a ¢-derivable approximation which conserves particle number, energy,

momentum, and angular momentum, it does not respect the crossing symmetry due to the
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fact that only part of the diagrams are included at order two and above. As discussed in
Appendix A.4.d of Ref. [44], different treatments of the interaction tensor, e.g. whether anti-

symmetrization (2.23) is performed, result in deviations of GW results.

5.3.4 Bold diagrammatic Monte Carlo

Instead of calculating low-order approximations to @ deterministically, The bold diagram-
matic Monte Carlo (BDMC) algorithm [20, 21] uses Monte Carlo integration described in
Chapter 4 to compute all skeleton diagrams from (5.16) up to a certain order. The same
self-consistency loop is applied to reach a fixed point for G. In studies of Coulomb systems,
BDMC often measures diagrams composed of both G and W [64, 65], which corresponds to

the expansion of the ¥[G, W] functional.
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Chapter 6

Direct Comparison of Many-Body

Methods for Realistic Systems

This chapter is based on the following publications: (1) M. Motta et al.: Towards
the Solution of the Many-Electron Problem in Real Materials: Equation of State of
the Hydrogen Chain with State-of-the-Art Many-Body Methods, Physical Review X
7, 031059 (2017). I contributed to the benchmark data and method descriptions of the
self-consistent GW method. (2) K. T. Williams et al.: Direct Comparison of Many-
Body Methods for Realistic Electronic Hamiltonians, Physical Review X 10, 011041
(2020). I contributed to the visualization and analysis of all benchmark data, as well

as the benchmark data and method descriptions of the self-consistent GW method.

Because the dimension of Hilbert space of the many-body electron Hamiltonian (2.1) in-
creases dramatically as system size increases, there is no general, numerically exact method
that can treat many-electron systems with low computational cost. In recent years, a vast
number of theories, numerical methodologies, computational software and algorithms have

been proposed, and more are being developed. These methods have different strengths and
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weaknesses and different domains of applicability. Therefore, careful comparisons of differ-
ent methods on the same realistic system are valuable for facilitating further development
and accelerating progress.

Recently, there is significant progress in direct comparisons of many-body methods, many
of which are diagrammatic methods, for both model systems [66, 67] and realistic Hamilto-
nians [44, 68, 69]. These benchmarks apply complementary methods to the same problem,
which enables cross-check and validation, leading to a powerful new paradigm of attack
on difficult problems. Cases where results from different methods agree provide valuable
benchmarks against which new methods can be tested, thereby facilitating further develop-
ment and accelerating progress.

This chapter briefly summarizes two benchmark projects of many-body method in realistic

systems: one for Hydrogen chains [44], and the other for transition metal oxides [69].

6.1 Hydrogen chain

Hydrogen is the first element in the periodic table and the most abundant in nature. Studies
of the H atom, H," cation, and H, molecule have served as landmarks in quantum physics
and chemistry. Despite their deceptive simplicity, bulk H systems are rich and complex. The
ground-state properties of the hydrogen chain can differ significantly from those of simpler
systems such as the Hubbard model, and are, in fact, not completely understood. The linear
H chain captures key features that are essential for generalizing model-system methods to
real materials, in particular: the presence of strong electron correlations of diverse nature as
the H-H distance is varied, and the need to treat the full physical Coulomb interaction and
to work in the continuous space and thermodynamic limits.

The linear hydrogen chain is an ideal first benchmark system for testing the ability of
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many-body theoretical methods to handle the challenges posed by real materials. It has
multiple (in principle, infinite) orbitals per site, as well as long-range interactions. The use
of basis sets, as introduced in Chapter 2, defines models of the hydrogen chain of increasing
complexity. In a minimal basis, there is only one band, and the problem resembles a one-
dimensional Hubbard model with long-range interactions. Larger, more realistic, basis sets
bring back characteristics of real materials. Thus, one can neatly and systematically connect
from a fundamental model of strong electron correlation to a real material system. On the
other hand, the H chain eliminates complexities of other materials systems such as the need
to separately treat core electrons or incorporate relativistic effects, and is thus accessible to
many theoretical methods at their current state of development.

Ref. [44] studies finite H chains of increasing length and crosscheck the results against cal-
culations performed using periodic boundary conditions, as well as results from calculations
formulated in the thermodynamic limit. A systematic quantum chemistry sequence of basis
sets of increasing size are used to investigate convergence towards CBS limit, and compared
to methods formulated directly in real space. A vast amount of data are produced from more
than a dozen many-body computational methods, providing detailed information in finite
length chains and with finite basis sets, which are available in online repositories [44].

Most calculations were performed using standard Gaussian basis sets introduced in Chap-
ter 2 except density matrix renormalization group (DMRG) which uses a specialized basis.
The correlation-consistent cc-pVxZ basis set [43] is used, with x =D, T, Q, and 5, which
correspond to m =5, 14, 30, and 55 orbitals per atom, respectively. H-chains with nearest-
neighbor proton separation (bond length) R of 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.4, 2.8, 3.2, and
3.6 ag are studied. The target quantity of this work is the ground-state energy &(N, R) for

different chain sizes and lengths, and the energy per atom, E(N,R) = &(N,R)/N, at the
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Figure 6.1: Potential energy curve of H;, (top) and deviations from FCI (bottom), in the minimal STO-
6G basis. See Ref. [44] for a comprehensive description of the methods.
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thermodynamic limit (TDL)

ErpL(R) = A}I_I)nw E(N,R). (6.1)

In the chemistry convention, E(N, R) is referred to as the potential energy curve (PEC), and
ErpL(R) in TDL as the equation of state (EOS).

Figure 6.1 shows a detailed comparison of the PEC, E(N = 10, R) vs. R, obtained by a
variety of methods, in the minimal STO-6G basis. For all methods, the PEC features a familiar
short-range repulsion, due to the combined effect of Coulomb repulsion and Pauli exclusion,
followed by a decrease to a minimum value E,, attained at the equilibrium bondlength R,.
Beyond R,, the PEC monotonically increases to an asymptotic value E, the ground-state
energy of a single H atom. The well depth gives a dissociation energy D, = (E,, —Ej). Owing
to the small size of this chain and the STO-6G basis, the PEC can be calculated using the FCI
method, giving the exact values R, = 1.786 ay, Ey = —0.542457 Ey,, and E,, = —0.471 039 Ej,.

As weak coupling methods, the diagrammatic GF2 and self-consistent GW (SC-GW) meth-
ods have difficulties in the strong coupling regime at large bond lengths. Allowing methods
to break spin symmetry may lead to an improvement of the energetics. As illustrated with
GF2, using an unrestricted reference state provides a better estimate of the ground state en-
ergy in that regime but generates a spurious magnetization. Deviations at small distances
(corresponding to the weak coupling regime) show that terms beyond the bare second-order
or screened first-order approximation are needed to reach the accuracy of other methods.

Figure 6.2 shows results for the STO-6g basis extrapolated to the TDL. DMRG calculations
can be carried out for large system sizes in this basis, and serve as a near-FCI quality bench-
mark. DMRG results for finite chains, after extrapolation to N — oo, yield an equilibrium
geometry R, = 1.831(3) a, and ground-state energy per atom of E, = —0.5407(2) Ej, at R,.

BDMC with maximum order 3 yields converged results up to R = 2.4. For R = 2.8 conver-
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Figure 6.2: Top: Computed EOS in the minimal basis at the thermodynamic limit. Bottom: Detailed
comparison using DMRG results as reference.
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Figure 6.3: lllustration of the extrapolations to the CBS and TDL limits. Results are shown for R =
1.8 ay. The left panel shows extrapolation of Ecgg(N) vs. 1/N, while the right panel shows
extrapolation of Ec._py,z(N — ) vs. 1/ x3. (The correlation energy is shown on the right,
shifted by the CBS RHF energy.) Final results are consistent within statistical errors and
independent of the order with which the limits are taken.
gence is reached only with maximum expansion order of 5; reaching convergence for larger
values of R requires even higher orders. The calculated EOS is in good agreement with the
exact results, and its final error bar of 1 mEy, for R < 2.4 is dominated by the resolution of
the grid of 512 Matsubara frequencies used. For R = 2.8 the error bar of 2 mEy, is dominated
by statistical noise in high diagrammatic orders.
The finite basis set results are extrapolated to the CBS limit by standard procedures [70,
71], taking care to reach large basis sets. We first fit the HF energies Eyp (N, R) computed

at the cc-pVxZ basis set level, to an exponential function

Egpx(N, R) = A(N, R) + B(N, R)e *C(N:R) (6.2)
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The correlation energy

Ecorr,x(N’ R) = E(N,R) - EHF,x(N> R) (6.3)

is then fitted to a power law:

Ecorr,x(N> R) = a(N,R) +

R
p (1:3 ). (6.4)

The CBS result is taken as (N, R) + A(N, R), with a combined uncertainty estimated from
the fitting procedures. To extrapolate the finite-N results to the TDL, we assume that the

PEC has the following size dependence:

k

E(N,R) =) A}"\(f)
i=0

, (6.5)

where k is a small integer. In this work we typically used k = 2, employing N = 10, 30, 50
and, when necessary, N = 18, 22, 70 and 102.

There are multiple strategies for finite basis-set methods to approach the combined limits
of CBS and TDL. One could extrapolate to the CBS limit for each finite chain of fixed N and
then extrapolate the results in N to the TDL. Alternatively, one could extrapolate each basis
set to the TDL, and then extrapolate to the CBS limit, or use a joint Ansatz and extrapolate
both simultaneously. As illustrated in Fig. 6.3, exchanging the order of the extrapolation

leads to consistent and robust results.
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Figure 6.4: The percent of the reference (SHCI) correlation energy within each basis obtained by each
of the methods in the benchmark set. All basis sets available are plotted; individual data
points are indicated by small lines.

6.2 Transition metal oxides

In Ref. [69], the same methodology of directly comparing many-body methods is applied to
more complex systems: transition metal atoms and their oxide molecules. Core electrons
in the benchmark systems are removed using effective core potentials [72-74], which accu-
rately represent the core [75] in many-body simulations and allow all the methods considered
in this work to use the same Hamiltonian. In addition, they provide an easy way to include
scalar relativistic effects, needed for meaningful comparison to experiment. These potentials
are available for O, Sc, Ti, V, Cr, Mn, Fe, and Cu, which defines the test set. We consider these
atoms, their ions, and the corresponding transition metal monoxide molecules. To simplify
the comparison, the molecules were computed at their equilibrium geometry. For method
which works in a finite basis set, CBS limit is reached in the same way as the hydrogen bench-
mark by choosing an ascending basis set from dZ to 5Z, i.e. dZ, tZ, qZ, 5Z, and extrapolating

the correlation energy following a 1/x> scaling, where x = 2,3, 4, 5 respectively.
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Figure 6.5: Dissociation energy and ionization potential of molecules and atoms compared to SHCI
reference calculations.

Figure 6.4 shows the correlation energy computed by each method, plotted as a percent-
age of the semistochastic heat-bath configuration interaction (SHCI) [76, 77] reference data
for the same system and basis set. Figure 6.5 compares the performance of methods in com-
puting the ionization potential of the atoms and dissociation energy of the molecules. See
Ref. [69] for detailed definitions and analysis for all methods listed in these plots.

The low-order self-consistent diagrammatic methods, GF2 and SC-GW, either overesti-
mate or underestimate the total energy, as shown in Fig. 6.4. These errors tend to cancel
significantly when calculating the energy differences, such as the ionization potential and
the dissociation energy, resulting in more accurate results.

We survey 20 advanced many-electron techniques on precisely defined realistic Hamil-
tonians for transition metal systems. For a given basis set, we achieve approximately 1
mhartree agreement on the total energy between highaccuracy methods, which provides
a total energy benchmark for many-body methods. To our knowledge, such an agreement is

unprecedented for first-principles calculations of transition metal systems. Our accurate ref-
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erence energies should enable the development of approximate, but more computationally
efficient, many-body techniques as well as better density functionals, without the necessity
of experimental reference values. These systems are also a useful test for future quantum
computing algorithms.

This benchmark project assesses the state of the art in achieving high accuracy in realistic
systems by surveying 20 advanced many-electron techniques on precisely defined realistic
Hamiltonians for transition metal systems. The benchmark set includes systems with large

0**. The systematically converged techniques used

Hilbert spaces with dimensions around 1
in this work are able to achieve excellent agreement but can be applied only to relatively
small systems due to their computational cost. It is thus important to understand the errors
in lower-scaling techniques that can be applied to larger systems and whether performance
on small systems is transferable to larger systems. This work takes a step in that direction,

since we are able to achieve converged results for both correlated atoms and molecules, and

indeed we observe that the accuracy of some techniques degrades with system size.

74



Chapter 7

Diagrammatic Monte Carlo for Realistic

Impurities

This chapter is based on JL, Markus Wallerberger, and Emanuel Gull: “Diagram-
matic Monte Carlo method for impurity models with general interactions and hy-

bridizations.” Phys. Rev. Research 2, 033211 (2020).

In this chapter, we present a diagrammatic Monte Carlo method for quantum impurity
problems with general interactions and general hybridization functions. Our method uses
a recursive determinant scheme to sample diagrams for the scattering amplitude. Unlike in
other methods for general impurity problems, an approximation of the continuous hybridiza-
tion function by a finite number of bath states is not needed, and accessing low temperature
does not incur an exponential cost. We test the method for the example of molecular sys-
tems, where we systematically vary temperature, interatomic distance, and basis set size. We
further apply the method to an impurity problem generated by a self-energy embedding cal-
culation of correlated antiferromagnetic NiO. We find that the method is ideal for quantum

impurity problems with a large number of orbitals but only moderate correlations.
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7.1 Introduction

Quantum impurity models, originally introduced to describe magnetic impurities such as
iron or copper atoms with partially filled d-shells in a non-magnetic host material [78], have
since found applications in nanoscience as representations of quantum dots and molecular
conductors [79], and in surface science to understand the adsorption of atoms on surfaces [80,
81]. In addition, they form the central part of embedding theories such as the DMFT [15, 16]
and its variants [82-94], as well as the SEET [35-37], where they describe the behavior of
a few “strongly correlated” orbitals embedded into a weakly correlated or non-interacting
background of other orbitals. These methods promise a systematic route for the simulation
of strongly correlated quantum many-body problems [95].

While the original formulation of a quantum impurity model [78] only describes a single
correlated orbital coupled to a non-interacting environment, in general the impurities oc-
curring in the context of surface science and embedding theories contain many orbitals with
general four-fermion interactions and few symmetries [96]. The time-dependent hybridiza-
tion function describing the hopping between the impurity and its environment is typically
such that it cannot be diagonalized for all frequencies at once.

Solving quantum impurity problems, i.e. obtaining the impurity Green’s function given an
impurity Hamiltonian and a hybridization function, requires the use of numerical methods.
A wide range of such methods exist. Hamiltonian-based methods, such as exact diagonal-
ization [97-101] and its variants [102], configuration-interactions [103], or coupled cluster
theory [104, 105], solve the impurity problem by mapping the impurity problem onto a sys-
tem with a local Hamiltonian and a finite number of auxiliary “bath” states chosen to fit the
time-dependent hybridization function. The methods are limited to a relatively small set of

strongly interacting sites or break down at moderate correlation strength. The bath fitting,
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which typically approximates a continuous bath dispersion by a non-linear fit to a small
number of delta-function peaks, introduces additional approximations [99, 101]. Numerical
renormalization techniques [106, 107] overcome this issue by providing an almost continu-
ous bath density of states but are in turn limited to a few orbitals in highly symmetrical
situations.

A complementary approach is given by Monte Carlo techniques such as the CT-QMC
methods [14]. These methods are based on a stochastic sampling of the terms in a diagram-
matic expansion of the partition function. For particle-hole symmetric systems with on-site
density-density interactions, interaction expansion methods [9, 12, 14] can solve systems
with hundreds of strongly correlated orbitals [66]. Away from particle hole symmetry and
at low temperature, they are typically limited to around eight orbitals, and their naive adap-
tation to general four-fermion operator terms suffers from a severe sign problem [108]. In
contrast, a partition function expansion in the hybridization [10, 11, 109] is able to work
with general local Hamiltonians of up to five orbitals, but is similarly restricted to diagonal
hybridization functions. A reformulation [33] in terms of “inchworm” diagrams [27] over-
comes the restriction of diagonal hybridizations, but so far remains limited to impurities
with up to three orbitals.

There is therefore a need for impurity solver methods that can treat the problems of em-
bedding theory and surface science, where several orbitals with general interactions and
hybridizations occur. DiagMC methods [18-21, 110], which expand physical observables
rather than partition functions, along with efficient ways of evaluating the resulting dia-
grammatic series via the CDet approach [22-24, 26, 31, 111], are promising. While these
methods suffer from other limitations, including divergences of the series in the strong cor-
relation regime, they do not require to approximate the hybridization function by a fit, and

are not based on a diagonalization of the local Hamiltonian.
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In this chapter, we show a formulation of the DiagMC method for impurity problems with
general interactions and hybridizations based on the CDet framework. We test the method
on the example of molecular systems, for which a broad range of very mature Hamiltonian
methods exist. From the point of view of the algorithmic formulation, the molecular sys-
tems exhibit the full complexity of general impurity problems. The only difference between
molecules and quantum impurities is that the latter are formulated with a time-dependent
hybridization, rather than an instantaneous hopping. This hybridization function modifies
the bare propagator but otherwise leaves the system and our algorithmic approach invariant.
Applications to molecular systems therefore form an ideal testbed for impurity solver meth-
ods of this type. We complete our benchmark by applying the impurity solver to an impurity
generated by a self-energy embedding calculation of antiferromagnetic solid NiO [112].

We carefully analyze the convergence behavior of the diagrammatic expansion and the
computational cost of the method as a function of varying temperature, basis sets, inter-
molecular distance, and system size. We emphasize that we do not intend to present our
method as a viable method for quantum chemistry systems without retardation effects.
Rather, we exploit the rigorous and controlled framework of molecular simulations to gen-
erate a series of test cases that illustrate various parameter regimes in quantum impurities.

This chapter is organized as follows. In Sec. 7.2 we introduce the computational prob-
lem, the diagrammatic formulation, and the algorithmic description. In Sec. 7.3 we present
applications to molecular systems and benchmark results for quantum impurities. Finally,

Sec. 7.4 presents conclusions.
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7.2 Method

7.2.1 Partition function expansion

We describe molecular electrons using the Hamiltonian from Eq. (2.24):

A a1 AT AT A A
H= Z habcc-lrcb + 1 Z UadeCJCJCdCb, (7.1)
ab abcd

J [N

H, Hy

where a, b, c,d denote spin-orbitals, 1,..., N. We employ second quantization: ¢, and é;r an-
nihilates and creates, respectively, an electron in the spin-orbital a. The interacting term Hy
is parametrized by the antisymmetrized two-electron integrals U, ; defined in (2.23), which
avoids ambiguities in the diagrammatic expansions [44]. We orthonormalize the basis fol-
lowing Section 2.2 such that {éj ,Cp} = Oy, as we empirically found this to improve the error
bars in the subsequent Monte Carlo procedure.

We perform perturbation expansions introduced in Chapter 3 by introducing the expan-
sion parameter ¢:

Hy = Hy + EHy. (7.2)

The non-interacting case is given by FIgZO, whereas ﬁgzl recovers the full Hamiltonian (7.1).

There perturbation series of the partition function follows (3.10):

Z O b ¢
Z)_,;)T Z Z L dfl...J dr

ajbicid;  abdy 0
U U,
o et (22 el el 73

X 6(r)ép(11) - EaT)eT)ea T (T)o-
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In order to simplify our notation we combine four spin-orbitals a, b, ¢, d and an imaginary
time 7 into a single “vertex” v = (a,, by, c¢,,d,,7,). We also introduce the following short-

hands:

Jdk‘7/ - % Iy Lﬂ dr,, (7.42)

ve? a,b,c,d,

D7) := H(_W)

vev”

x <H éL(rv)éckmédv(rv>ébv(rv>> . (7.4b)
0

veV

Eq. (7.4b) emphasizes the fact that expectation value in Eq. (7.3) corresponds to the sum
over all disconnected and connected Feynman diagrams with vertices 7" = (v, ..., V), while
Eq. (7.4a) just corresponds to the sum over all internal degrees of freedom of the diagrams.

With these substitutions, Eq. (7.3) simplifies to:

%_ - k| gk
Z _k;)g Jd V D(7). (7.5)

To evaluate Eq. (7.5), we first introduce the non-interacting Green’s function:

8ha(r) = —(&(0) (0))g = [(—0; + )T — ;1. (7.6)

Given a diagram 7" = (v, ..., v) with v; = (a;, b;, ¢, d;, 7;), we can use Wick’s theorem to write

Eq. (7.4b) as:
k

Ushed
o @) =] (— Z i ) det G(7), (7.7)

i=1

where G is the 2k x 2k matrix defined in (3.22) in which the rows (columns) correspond to the

2k annihilation (creation) operators. Introducing the column and row indices a, f3, ... such
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that

{aa} = {01,01,02’02’---’ak’0k},

{bﬁ} L= {blsdlsbzsts"'sbk>dk}’ (78)

{to} ={rp} = {r. .0, 100 o T T
we define the matrix elements

[G(P)]pe = (G, (Tp)é, (2o

= gbﬁaa(fﬂ — Ty +07). (7.9)
The full matrix can be written in a block form as

811 812 8k

(V) := 821 822 - 82 ’ (7.10)

| 8k1 8k2  8kk |

where each 2 x 2 block is given by

gbia-(fi -7t 07) gd,-a-(Ti -7t 07)
gl] = J B / B . (7.11)
8he, (G =T +07)  &ae(5i—7;+07)
Egs. (7.5) and (7.7) serve as the basis of interaction-expansion continuous time quantum

Monte Carlo (CT-INT): one generates random configurations (v; ... V) and evaluates the cor-

responding weight by computing the determinant [9, 14, 108].
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7.2.2 Free energy expansion

While the partition function expansion can be efficiently computed as determinants (with
scaling O(k>)) and the series is guaranteed to converge, it is also plagued by the negative sign
problem, which is expected to worsen exponentially as the system size is increased or the
temperature reduced. The sign problem is typically manageable in Hubbard model calcula-
tions up to moderate correlations and system size, where it only stems from negative deter-
minant contributions. In contrast, the sign problem is particularly severe in molecules and
surface science quantum impurity problems [108], where both Coulomb interaction terms
and determinants generate negative coeflicients.

In order to overcome these difficulties, we move to the grand potential (2, defined as

Zg = exp(—f). (7.12)

€ serves as a CGF for correlations functions [39] and its power series in ¢ is given by:
Q=0 - % >k J &k D(D), (7.13)
k=1

where Q is defined as Z;, = exp(—p£).

The symbol D, indicates that unlike in Eq. (7.5), the sum is to be performed over connected
Feynman diagrams only, as shown in Fig. 7.1. As a result of Wick’s theorem (7.7), all vacuum
diagrams D(7") for a fixed vertex configuration 7" can be partitioned into a connected sub-
diagram and the remainder of the vacuum components. Since no external legs exist to serve

as reference points for defining connectivity, we start by picking a specific vertex v € 7" as
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the “reference” and consider connectivity with respect to v, i.e.

D7) = ). D(S)D(T\S). (7.14)

SV
Sov

As the choice of v is arbitrary, it can be any of the k = |7 vertices in 7", therefore

D) ==Y Y D(SDT\S). (7.15)
|%| VeV SV
Sov

This is equivalent to iterating all possible subsets & of 7" where the reference v can be any

vertex in &:

D)=z ¥ Y DASDINS)

|7| STV veS§

=y @DC(QS’)D(W\S). (7.16)

scr |7

We now extract the term where & = 7 from the right-hand side and obtain the recursive

formula for D.(7"):

D7) =D(7) - ), @Dc(&)D(W\oy). (7.17)

The initial condition is the zeroth order contribution D.(®) = 0. Egs. (7.17) and (7.7) allow

the computation of connected diagrams as a hierarchy of determinants at a cost of O (39).
A more general framework of deriving the recursion relations using idempotent polyno-

mials is described in Ref. [111]. This framework does not resort to topological arguments.

We note that even in simple cases, the convergence radius R of the series (7.13) is not
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infinite, with the value of R depending on h, U, and . Whenever R < 1, an order-by-order
summation of the series will fail. We will discuss strategies to extend the convergence radius
in Sec. 7.2.5.

For convergent series (R > 1), one can employ the DiagMC algorithm to sample the series
(7.13) by generating random vertices and computing the weight using the recursion (7.17).
One observes that the relative statistical error diverges exponentially with diagrammatic

order k [113], which requires truncation of the series to a finite order k..

7.2.3 Scattering amplitude expansion

Other than free energy, we are primarily interested in thermal correlation function of some

A

operators Xi, ..., Xn):
(X;...X,) := %Tr[e_ﬁ(ﬁ_”mg(f(l LX), (7.18)
in particular the single-particle Green’s function:

Gpa(r) = —(&(0)éa (0)). (7.19)

One can write down a diagrammatic expansion for the Green’s function similar to Eq. (7.13)
and a corresponding recursion relation [22]. We instead choose to perform the expansion
for a vertex-like object.

In the case of the expansion of the free energy, the corresponding one-particle vertex is

the scattering amplitude M [9, 12], defined as:

B

G(r) = g(r) + jo drydry gt — 1)M(r, — 7)g(z), (7.20)
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Figure 7.1: Schematic example of diagrams up to order 2. Diagrams shown here should be understood
as “labeled” diagrams as described in Ref. [39]. Duplicate diagrams with the same topology
are not shown. In the expansion of Z, the red diagram is an example of disconnected
diagram, which is absent in the expansion of 2 due to linked cluster theorem.

where multiplication is to be understood as matrix-matrix multiplication in spin-orbitals.
Sampling a one-particle vertex is advantageous because it is independent of the choice of
“external legs” and thus allows measurements of both imaginary time-dependent quantities
(G and X)) and fixed-time quantities (density, kinetic energy, etc.) in the same simulation.

M arises naturally as a functional derivative of the grand potential:

52 — Q)

Mal) = 6gpa(-7)

(7.21)

We show this relation in Appendix A. Eq. (7.21) expresses the fact that by removing one
line from a (closed) free-energy diagram, we get an interaction correction to the Green’s
function, which is exactly what the scattering amplitude encodes.

Combining Eq. (7.21) with Eq. (7.13) yields a series expansion for M:

_ 1 - k| 4k D7)
Mg (1) = ﬁ];gf J d 7/—5gba - (7.22)

We thus need to evaluate the functional derivative of the recursion relation (7.17).
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We start with the derivative of the sum of all diagrams D(7"), where we rely on the fol-

lowing identity:
ddet A
5Aup

= (adj A)gy := (~1)F det 4,5, (7.23)

where A is an n xn matrix, adj(A) denotes the n x n adjugate matrix of A, and A, 5 is the (n—
1)x(n—1) submatrix of A with the a@-th row and f-th column removed. The adjugate matrix
adj A can be computed in O(n’) time. The adjugate (or cofactor) matrix arises naturally in
determinantal methods as a result of the Wick’s theorem [9, 12, 114], and is often absorbed
into the inverse matrix if the matrix A is not singular. In the context of CDet, however, care
must be taken because A may be singular while adj A is still meaningful [115]. We elaborate
on the numerical calculation in Appendix C.

Combining Eq. (7.7) with Eq. (7.23), we have

OD(7") k Ua,—b,—c,—d,— 2K )
—_—7 7 _ - dj G(?) 80, a6
Sga(—1) g( " )0%;[& i G(7)]0p0a,adb,b
x[6(rg —15—17) = 8(zy — 15+ B —7)] (7.24)
2k
= Z‘B:[A(W)]aﬁéaaaébab[5(ra — 8~ T) - 5(Ta — T+ p- 7)]

for 0 < 7 < f, where a,, bg, and 7,(p) takes the same meaning as in Eq. (7.9), and we have

defined the 2k x 2k matrix

k

Uspod
AP) =-T] (- #) 2dj G(7), (7.25)

i=1

which includes all connected and disconnected amputated diagrams in which internal legs
corresponding to é;ra (z,) and ¢, ’ (zp) are removed.

For the functional derivative of a connected free-energy diagram (7.26), the sum over all
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T8

Figure 7.2: Schematic illustration of the recursive removal of disconnected amputated diagrams.
Empty boxes stand for the contribution of all diagrams (D or A), and filled ones for that
connected diagrams only (A,). Symbols inside boxes denote the set of vertices included
in each component. The top relation shows all partitions of [A(?")],p into a subset fully
connected to the amputated legs and a disconnected complement set. It is reorganized as
the bottom relation which recursively defines A.(7") by removing all disconnected com-
ponents.

diagrams in Eq. (7.24) with amputated legs A(7") needs to be replaced with the sum over

connected diagrams with amputated legs A .(7"):

D7) &
ez __ E: NG 21
88pa(—1) a,ﬂ{[ P hepncatn (7.26)

x [8(re — 15— 1) — 8(zy — 75 +ﬂ—f)]}

for 0 < 7 < B. The expansion of M (7.22) can now be expressed in terms of A, as

(o) 2k
[Me()]ag = % 3 ¢k j &V S (AL apbiabyp .
k=1 a.p 7.27

x[6(rg —1p—7) = 8(zy — 75+ B — D1}

The sum over connected amputated diagrams A.(7") can be built up from an recursion

technique similar to Eq. (7.17). Defining v, and vz as vertices where the a-th and f-th opera-
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tors are located, respectively, diagrams in [A(7")], g can always be partitioned to a connected

part which contains v, and g, and the disconnected vacuum diagrams, i.e.

[AD)ap= D, [AdS)]wp DT\S), (7.28)
SV
va,v/;ES

where o, f’ are row and column indices within & that correspond to the row and column

indices a, f in 7. Extracting the term with & = 7", we have the recursion relation for A_:

[AdD)ap = [AD)]up— Y, [A(S]wp DT\S). (7.29)
SV
va,v/;ES

This partitioning process is illustrated in Fig. 7.2. Since M captures the interaction correction
to the Green’s function which starts at the first order in interaction, the zeroth order contri-
bution A.(®) = 0. For each fixed 7", we apply Eq. (7.29) to recursively to compute A.(7"),
which in turn yields M following Eq. (7.27). Algorithmically, Eq. (7.29) can be evaluated by

following Algorithm 1. Algorithm 1 runs in ©(3€k?) time.
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Algorithm 1 Recursive evaluation of A.(7")
Require: Vertices 7", G(7") defined in Eq. (7.10).

1: function REcURsION(Z, G)

2: if 77 = @ then

3: return A.(®) = 0.

4: else

5: Compute A(7") from G following Eq. (7.25).

6: Initialize A(7") « A(7).

7: for § ¢ 7 do

8: Compute D(7°\ &) following Eq. (7.7).

9: A(S) < RecURrsION(S, G g 5))- > Gis.s] is the submatrix of G whose rows and

columns correspond to the subset &. Same definition applies to [A.(7")]s g)-

10: Subtract A(S)D(Z'\S) from [A(P)][ s, s]-
11: end for

12: return A.(7).

13: end if

14: end function

7.2.4 Observables from scattering amplitude

The electron self-energy X relates the Green’s function G to the non-interacting propagator

g via the Dyson’s equation (3.34)

B

6(6) = 8(0)+ | drdng(r — )2 - 26 (7.30)
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The expansion of the self-energy X can be interpreted as 1Pl amputated diagrams, which stay
connected even when any single propagator line is removed (cf. Fig. 7.1). The self-energy is

thus not directly sampled, M and X are related to each other by [12]

B B
J dr’2(r — /)G(t’") = J dr’M(r —7")g(z’). (7.31)
0 0
Replacing G with Eq. (7.20), we have
> iw,) = M(iw,) ™t + g(iw,), (7.32)

where X(iw,) denotes the Fourier transform of X(zr) (X = X, M,...) and iw, is a fermionic
Matsubara frequency.
The one- and two-body contribution to the electronic energy follow from Egs. (7.30) and

(7.20):

E = Ey + Ey, (7.33a)
By = (Hy) = 5 TelhG] = 3 haypus (7.33b)
ab
Ey = (Hy) = i Tr[ 5G]
B
-1 L de 3 M) (7.330)

Here p;j = (@ ¢j) is the electron density matrix. Note that H, does not include the Hartree

and Fock terms of the interaction. See also Appendix B.
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7.2.5 Hartree-Fock shifted Hamiltonian

In systems with significant electron-electron correlations where Ey; has significant contri-
bution to the full energy E, the perturbation expansions in Egs. (7.13) and (7.22) may not
converge at £ = 1.

In order to achieve better convergence by starting from a “better” non-interacting solution
such that Hj is closer to H, we change the partition of the Hamiltonian H = H, + Hy by
adding physically-motivated counter terms to Hy and subtracting the same terms from Hy,
following the shifted action formalism described in Section 3.5.

We start by adding the simplest counter term in the quadratic form

AHa = Z aabéjéb (7.34)
ab

to Hy and subtract it from Hy, such that

Hyg =Y (hay+ tap )i & (7.35)
ab
A 1 At AT A & AT A
Hy o, = 1 Z UabchjCdeCb - afabc;cb. (7.36)
abcd

The total Hamiltonian H = I;I(),a + I:IV,a is unchanged, whereas the perturbation expansion of
IAJéz = ﬁo,a + §IA{V,(X can be controlled by choosing different a. The counter term need not be
quadratic in general. Though quadratic choices are convenient in the determinantal setup,
recursion schemes have been developed for general counter terms [26].

The shifted non-interacting propagator

g (@) = (=0 + WI - h—aly (7.37)
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can be seen as a Green’s function with an a priori self-energy a.

In the molecular context, a significant contribution to electron correlations can be obtained
by the HF approximation, which is briefly introduced in Section 5.3.1. We therefore choose
a to be the HF self-energy, i.e. Xyp. Zyr is given by the self-consistent equations at finite

temperature

[Ztrlay = Z Uabed Ped> (7.38a)
cd
p= f(h + 2gF — [II) (7.38b)

Here f(A) = [I + exp(BA)]™! is the matrix-valued Fermi distribution function, and y is the
chemical potential which may be adjusted so that the total number of electrons in the system
is adjusted to charge neutrality.

Diagrammatically, the Hartree-Fock shift renormalizes the propagators lines to g,, and an
additional effective two-point vertex a has to be included in diagrams. The effective vertex
a cancels any diagram which has at least one vertex connecting to itself with exactly one
propagator line. This removes all “tadpole” diagrams in expansions of G and M, as well
as that of Q except for the first order diagram whose vertex connects to itself with two
propagator lines. Fig. 7.3 illustrates the cancellation of such diagrams.

Given a specific set of vertices 7, the removal of all tadpole diagrams is achieved by
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Figure 7.3: Schematic example of diagram cancellations due to the Hartree-Fock counter term. Here
we show all second-order Green’s function diagrams generated by the counter term,
where the red circle indicates the counter term «, each introduces a factor of —1. Terms
in each dashed curve cancel each other, leaving only the last term.

replacing the G matrix (7.10) defined on internal vertices 7" with:

- 0 gy gfk_
o) = | 0 s
(7.39)
& & O]
g% i= 8ha (T — 7 +07) g, (5 —7;+07)

8he, (i =7 +07) g (5 —7;+07)

i.e. by setting all 2 x2 diagonal blocks (corresponding to self-connections of vertices) to zero,
and replacing bare propagators with g% Using the modified definition of G in Egs. (7.7) and
(7.25), one can carry out the same recursive calculations in Eq. (7.26) to obtain corresponding
connected quantities.

Note that this introduces a bias in the free-energy evaluation by setting the first order
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contribution (the “dumbbell” diagram) to zero, which needs to be corrected:

1 - -
&= 2 Y Unbeagfa(0 85001 = Y g0
abcd ab

= —% Z [ZHF]ab [pHF]ba'
ab

(7.40)

In the remainder of this chapter, we will always use a HF counter term and omit the o

subscripts.

7.2.6 Monte Carlo integration of diagrammatic series

Evaluations of diagrammatic series, such as Egs. (7.13) and (7.27), can be formally summa-

rized as

X = i J dkre ), (7.41)
k=0

where X is the physical variable (G, M, ...), " = (v, ..., V) denotes space time indices of
internal vertices, and € the contribution of each fixed configuration of 7" to X. Here we
take the “physical” value of the coupling constant & = 1. To perform a Monte Carlo integral,
we introduce a cutoff k;;,,; of the expansion order, and an a priori probability distribution of

vertex space-time indices p(7”) such that

kmax

pT) >0, Y Jdep(W) = 1. (7.42)
k=0
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Table 7.1: Measurements for physical observables. The imaginary time convolution is defined as

[f*glx) = foﬁ dr’ f(r — t")g(z"). ESF and E{F are kinetic and potential energies from the
HF solution.

X | e(?)
27
Mgp(7) E Z [A (7)]0{/3 5bﬁb[5(fa — B ) = (1 — T+ B—1)]
a,f=1
p , | A7 o
My (iw,) = J dr My (z)en = O TAD ) apa,adppe™ )
0 ﬂ (Zﬂ 1
| A7 _
Gralicn) = oalion) = [gMgloa | Z ALY ) ap8ba, (10n) gy, aicon)e =)
a 1
.
Ey - E(I)_IF 7 Z 0(7)]aﬁ Z hab[gbaa * gbﬁa](fﬁ — Ty)
aﬁ 1 ab
2|7

Ey - EXP/IF # [Ac(%)]aﬂ{gbﬁaa(rﬁ — 7))+ Z[ZHF]ab[gbaa * gbﬂa](rﬁ - Ta)}
(Z,ﬁzl ab

In addition, we require that p(7") > 0 whenever €(7") # 0. The order-k;,,x approximation

to X can be estimated stochastically as

VYN~ P (7.43)

with a large number .4 of Monte Carlo samples {7";} generated following distribution p(%").

Since the Green’s function G, self-energy X, as well as the total electronic energy E =
Ey + Ey can all be derived from the scattering matrix M using Eqgs. (7.20), (7.32), (7.33), it
is sufficient to only keep track of the amputated diagrams A.(%") and obtain all other ob-
servables as derived quantities. Table 7.1 summarizes some of these measurements. In our

implementation, we only measure the energy and M(iw,) with fermionic Matsubara frequen-
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cies iw, on the fly, and construct G(iw,) and X(iw,) from M(iw,) following

G(iwn) = g(iwn) + g(iwn)M(iwn)g(iwn)’ (7-44)

Z(iwy) — Zyr = [M(iw,) ™ + gliw,)] ™ (7.45)

for each frequency. Resampling techniques such as the jackknife or the bootstrap are applied
to avoid biased error estimations.

For efficient Monte Carlo simulations, it is important to choose the a priori distribution
p(7") to achieve importance sampling, such that the simulation samples more frequently
when |€(7")| is large and less frequently otherwise. Since we measure multiple observables
in one simulation, we need to define such a distribution that works for all measurements.

We find in practice that the following choices provides efficient samplings for most mea-

surements:
AP £
@)= Wy = Y [T (7.4
A k=0
k,
6 % max
@) =52 W= Y [ e, 7.4)
E k=0
where | - | denotes the Frobenius norm of a matrix, and €(%”) is the energy measurement
defined in Table 7.1
1 2|7
(V) =z O AT )Napl @by, 75— 7o)+
P af=1
+ (20 + T )b 8ha, * 8hyal (7 — 7} (7.48)
ab

where [ f x g](7) = foﬁ dr’ f(r —7")g(z”) denotes a convolution in 7. pg performs well for the
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energy measurements, whereas pa is more robust when measurement of M is needed.

At high expansion order k.5, the normalization factors W and Wg are difficult to cal-
culate analytically. Instead, we measure an auxillary quantity whose exact value can be
calculated analytically, and normalize all other measurements against it. For example, we

can normalize against the second-order contribution to the total energy

o <e<°7/>5|7/|,2

Pe(?) >pE = We(sgnle(P)ld912) ;- (7.49)

Here we have chosen pg as the a priori distribution. Any other measurements can now be

estimated as

X = <PE(%)>PE B WE< e(?") >pE
(G(V) /(D))
(sgnle( D)9 12) pp

= F® (7.50)
Similar relations apply when we use other choices of a priori distributions or normalization
measurements.

Once p(7") is defined, we generate Monte Carlo samples as a Markov chain using the
Metropolis-Hastings algorithm detailed in Chapter 4. We adopt the definition II which treats
7" as a set of vertices, and the integration measure includes the permutation sign 1/k!.

In molecular systems, due to the complexity in the multi-orbital Coulomb interaction ten-
sor, as well as the energy differences in non-interacting energy levels, the configuration
space of the Monte Carlo can be uneven and may lead to ergodicity problems in the random
walk. We design the following set of updates which lead to an ergodic random walk in the

configuration space for all systems we investigate in Sec. 7.3.

1. Vertex splitting: Split a random vertex v = (a,b,c,d;7) to two new vertices v; =
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(a,b,¢’,d’;7) and vy, = (a’,b’,c,d;t"). The new indices a’,b’,¢’,d’, and 7’ can be pro-
posed by some a priori probability p™. The proposal probability distribution for this
update from order k to k + 1 is

plns(a/,b/, C/, d/’ T/)

wPTP (v, vy k + 1|v; k) = P

(7.51)

2. Vertex merging: Pick two random vertices v; = (a,b,¢’,d’;7) and v, = (a’,b’,c,d;7")
and merge them into v = (a, b, ¢, d; 7). The proposal probability distribution from order

k+1tokis
1

wPTP(y; klvy, vk + 1) = D)

(7.52)

3. Vertex shift in time: Update the time label 7 of a vertex v to a new value 7’.

4. Vertex shift in orbitals: Update one of the orbital labels a, b, ¢, d of a vertex v to a random

new value.

Vertex shift in time or orbitals are self-balancing moves, hence the acceptance ratios shares

the same form

(7 3)
(7))

RV |7 1) = (7.53)

Vertex splitting and merging are mutually inverse updates. The acceptance ratios are there-

fore

R(vy, vo; k + 1|v; k) = R(v; kv, w; k + 1) 7!
wPTOP(v; kfvy, vy k + 1) p(vy, vk + 1)
T wPP(u, vk + v k)p(vik)
B k+1 pvi, w3k +1)
s b, d ) p(vik)

(7.54)
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There is considerable freedom in choosing p™™. For all systems we study in this work, we

choose p™ such that
pins(a’,b’,c’,d’,r’) — porb(a/,b/’cl’d/)ptime(f/)’ (7‘55)

where porb(a’, b’,c¢’,d") is uniformly distributed if the inserted indices can form non-zero

propagator connections and zero otherwise, and

pime(r’) = oI’ — Z[ 7). (7.56)

where 7[7"] = %Zf-czl 7 is the average time coordinate of the existing vertices, and we
choose ¢(7) as a function in [0, f] which has more weight near 7 = 0 and f but still non-
negligible weight in between. Since the HF propagators decay exponentially away from 0
and f, this makes sure that the new vertex are more likely to stay close to existing vertices so

that the resulting configuration has sizable contribution. In our implementation, we define

_ A 1 1
1@ = arctan(ﬁ/‘l){l + (t))? + 1+ [(B- T)A]Z}’ (7.57)

as a Lorentzian distribution where A is an estimation of the overall energy scale of the system

proportional to e.g. the standard deviation of the HF energy levels.
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7.3 Results

7.3.1 Series convergence

We first present a test of our method on a minimal molecular system: H, in the STO-6g basis
set [42]. Two hydrogen atoms are placed at distance r and finite temperature T = 1/. The
basis set only contains the 1s orbital in each atom. This setup allows us to easily perform
exact diagonalization (ED) calculations of the full molecular Hamiltonian at any temperature,
such that exact benchmark results for our CDet results are available.

In Fig. 7.4, we compare the total energy E;.; from CDet with order truncation k,,x up to
6 to the ED energy at T = 50~ ! Ey,, both as a function of . Around equilibrium distance r =
1.4 ay, the CDet energy converges well to the ED solution. The system moves to the strongly
correlated regime (i.e. a regime far from the HF solution), as we “stretch” the molecule by
increasing r. Atr > 2.0 a; we start to observe significant systematic deviation at k. = 6.
Since the kinetic energy of electrons moving between two atoms is significantly reduced as
we increase r but the long-range Coulomb repulsion between electrons changes slowly, the
electron-electron interaction becomes more important at larger r, and hence it is expected
that the perturbation expansion becomes more difficult to converge. This setup is standard
in quantum chemistry [38] and is similar in spirit to lattice model setups in which a metal-
to-insulator transition is induced by gradually increasing an on-site interaction.

Analytically, the convergence behavior is determined by the properties of the expanded
quantity (e.g. E[£]) as a function of the coupling constant £ on the complex plane, similar
to the convergence analysis for many-body perturbation theory (MBPT) calculations at T =

0 [116-120]. We evaluate the electron energy E[&] for complex values of ¢ near ¢ = 0 using
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Figure 7.4: Total energy E,,, with Monte Carlo errors for H,, STO-6g, T = 50! E;,. Top panel: com-
parison of ED and CDet at different k.. Middle panel: total energy with HF contribution
removed. Bottom panel: difference between ED and CDet.
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Figure 7.5: Analytic structure of electron total energy evaluated with ED as a function of the com-
plex coupling constant £&. H,, STO-6g. Colors represent complex phases and brightness
indicates the magnitude (see color bars). The black dot at £ = 1 represents the “physical”
result. The dashed black circle indicates minimum convergence radius necessary for the
perturbation series to converge at ¢ = 1. (a) Effect of changing r at fixed temperature
T =50 Ey. Atr = 1.4 a, and r = 2.0 a,, no singularity is visible in the unit circle and
the series is convergent at ¢ = 1. Atr = 2.8 a;, and 3.6 a,, poles appear in the unit circle,
resulting in a divergent series at £ = 1. (b) Effect of changing T at fixed r = 1.4 a,. The
real-axis locations of the vertical “walls” of poles does not change significantly as temper-
ature decreases, while the imaginary-axis spacing of the poles decreases proportionally
with T.
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ED atr = 1.4, 2.0, 2.8, and 3.6 a,, following

Z[g] =Tr {e_ﬁ[(ﬁo+ﬁa)+§(ﬁV_I:Ia)_HN]}, (758)
1 . . . .
E[£] = Z[E Tr{[(Ho + Hy/2) + £(Hy — Hy /2)]
x ALy B+ E(Hy—Ho)—uNTY (7.59)

where H,, is the HF counter term introduced in Sec. 7.2.5. One can show via a straight forward
substitution that E[1] gives the “physical” electron energy and E[0] recovers the HF energy.
Figure 7.5.a shows the interaction correction E[¢] — E[0] to the total energy, where the black
dot represents the physical value at £ = 1. Since the convergence radius of the power series
around & = 0 is determined by the singularity (pole or branch cut) closest to the origin, the
series is convergent at the “physical” point ¢ = 1 if and only if there are no singularities in
the unit circle (dashed circles in Fig. 7.5). Atr = 1.4 a, all poles are far outside the unit
circle, indicating a rapidly convergent series. As we increase r, poles move closer to the unit
circle at r = 2.0 a(, implying a slower convergence of the series, and finally enter the unit
circle at r = 2.8 ay and 3.6 a,, resulting in divergent series at £ = 1.

The analytic properties are reflected directly in the convergence behavior of the CDet
results. For a direct comparison, we calculate the contribution of each order k to the total
energy Et((l,ct) up to kpax = 8 for the same values of r, as shown in Fig. 7.6. Atr = 1.4 a,,
Eg;t) quickly converges to zero at k > 4. Atr = 2.0 aj, we observe tendency to converge
at k = 8 but non-zero systematic deviations remain. For r = 2.8 a; and 3.6 ag, no signs of
convergence are observed up to k = 8.

The CDet approach can be applied to different temperatures without adding significant

computational cost, as we will show in Sec. 7.3.2. This is fundamentally different from meth-

ods such as CT-QMC, where reaching lower T is only possible at an exponential cost away
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Figure 7.6: Contribution Et(ft) of each order k to total energy. H,, STO-6g, T = 507! E;,. Convergence
is observed at bond lengths r < 2.0 a, but not at r > 2.8 a,.

from half filling [14]. In Fig. 7.7, we show the temperature dependence of the CDet total en-
ergy for Hy, STO-6g at k., = 6, from T = 10.0"! E, down to T = 500.0"! Ej,, in comparison
to the ED solution at T = 0. All calculations use the same algorithmic setup and the same
number of Monte Carlo steps. Convergence to the zero-temperature solution is observed as
T decreases, while the stochastic error estimation does not change significantly. Systematic
deviations can be observed at similar locations (r > 2.0 a;) for different temperatures, in-
dicating similar convergence behavior for the same system at different temperature. This
can be shown by the temperature dependence of the analytic structure of E[¢], as plotted
in Fig. 7.5.b. As temperature is reduced, the spacing of the poles along the imaginary direc-
tion decreases proportionally, but the real-axis locations of the vertical “walls” of poles stay
almost unchanged, which leads to similar convergence radii at different temperature.

The HF shifted action plays an important role in achieving better series convergence in
CDet. Figure 7.8 compares the ED analytic structure of the total energy E[¢] with and with-

out the HF shift. Without the shift, even for the equilibrium distance r = 1.4 a, (usually con-

104



—————— ED (T=0) —4— T=50.0"'E,
—#— T=10.0"1F, —k— T=100.0"1E,
—$— T=20.0"1F, —&— T=500.0"1E,

r [ao]

Figure 7.7: Temperature dependence of CDet total energy E,,, for Hy, STO-6g, k.« = 6. Top panel:
comparison of ED at T = 0 and CDet at different T. Middle panel: total energy with HF
contribution removed. Bottom panel: difference between ED and CDet.
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Figure 7.8: Analytic structure of electron total energy as a function of a complex coupling constant ¢
with and without HF shift. Left (right) panel presents values of E[¢] — E[0] evaluated on
the complex plane for Hy, STO-6g, T = 50! E;, and r = 1.4 a, with (without) HF shift.

sidered “weakly correlated”), there are poles deep inside the unit circle, implying a highly

divergent series at { = 1. In contrast, the HF shift pushes the poles away from the origin,

which leads to a convergent series as seen in Fig. 7.4 and Fig. 7.6.

The CDet approach gives access to dynamic quantities, such as the Green’s function G and
the self-energy X, through the scattering amplitude M. The left column of Fig. 7.9 shows the
CDet measurement of M(iw,) in Matsubara frequency space up to k., = 6 for Hy, STO-6g at
r=1.4apand T = 50! E},. As we increase the expansion order, CDet results gradually con-
verge to the ED solution (black lines), and at order 6 we observe only a small systematic error
due to order truncation. The CDet self-energy X is calculated from M following Eq. (7.45).
Both quantities exhibit similar behavior, as shown in the right column of Fig. 7.9. At order 3
and higher, the real part of >(iw,) takes non-zero value at high-frequency limit, correspond-
ing to the correction to the frequency-independent HF self-energy Xyp. The CDet Green’s
function, derived from M following Eq. (7.44), is shown in Fig. 7.10. Good agreement with

ED is observed at k;,x = 6 on the top panel, where both the Monte Carlo error estimation
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Figure 7.9: CDet dynamic quantities for H,, STO-6g, T = 50! E;, r = 1.4 a,. Shadings indicate Monte
Carlo error estimates. Left column: Measured CDet ReM(iw,) (top panel) and ImM (iw,)
(bottom panel) compared to ED. Right column: CDet self-energy in comparison to ED
(excluding HF contribution Xig), top (bottom) panel showing real (imaginary) part of
X (iw,). Here we show the diagonal matrix element at orbital 1 for both M and X.
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Figure 7.10: CDet Green’s function in comparison to ED. H,, STO-6g, T = 507! E,, r = 1.4 a, Top
panel: values of G(iw,) at orbital 1. CDet results at ky,,, = 6 are plotted as symbols and
ED values as lines. Error bars are indicated but much smaller than symbol size. Bottom
panel: deviations of CDet results from ED at different k.. Solid (dashed) lines represent
real (imaginary) part of éll(iwn). Shadings indicate stochastic uncertainties of CDet.
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Figure 7.11: Total energy E,,; with Monte Carlo errors for H, with cc-pVDZ (left column) and cc-
pVTZ(right column) basis sets, T = 507! E,. Top panels: comparison of ED and CDet at
different k.. Middle panel: total energy with HF contribution removed. Bottom panels:
difference between ED and CDet.

and the systematic error due to order truncation is much smaller than the symbol size. The

bottom panel shows convergence of CDet Green’s function to ED by increasing k,,y, with

a small but visible systematic deviation at low frequency when k., = 6.

The generality of our CDet implementation allows a straightforward extension to much
larger basis sets. Going beyond the minimal basis, we compute the CDet total energy of H,
using cc-pVDZ and cc-pVTZ basis sets with 10 and 28 orbitals in total, respectively, and com-
pare to the ED solution as shown in Fig. 7.11. For r < 2.0 a;, CDet gives decent convergence

to ED at k;,x = 4, with both stochastic and systematic error below 1 mE;,. The 2s and 2p

orbitals added by cc-pVDZ basis and 3 s, 3 p and 3 d orbitals by cc-pVTZ basis are mostly un-
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occupied, and the most electron excitation occur near the lowest 1 s orbitals. Consequently,
the convergence behavior and computational cost of CDet do not change significantly from
the minimal basis STO-6g.

Finally, we extend our method to bigger molecules by adding more hydrogen atoms to the
system. We consider a chain of 10 hydrogen atoms on a straight line with equal spacing r,
the same benchmark system used in Ref. [44]. At minimal basis STO-6g, all ten 1s orbitals
contribute equally to the active space of 10 electrons. Compared to H, with cc-pVDZ, which
has the same number of orbitals, H;y with STO-6g has more orbitals relevant to electron
correlations, and the cost of CDet is higher (for a detailed analysis see Sec. 7.3.2). The left
column of Fig. 7.12 plots the CDet total energy up to ky,,x = 4 in comparison to ED solution
at T = 507! E;,. Convergence within 5 mEy, is achieved at ky,, = 4 for r < 2.4 aj, and
systematic deviations are evident for r > 2.4 a;. Similar behavior can be found in the the
zero-temperature coupled cluster (CCSD) result (dotted lines), as both methods rely on the
perturbative expansions of electron-electron interactions in different forms. The computa-
tional cost becomes much higher as we go to a bigger basis for Hy,. With cc-pVDZ, there are
50 atomic orbitals in total, with potential excitations to the empty orbitals from all 10 elec-
trons. As shown in the right column Fig. 7.12, CDet still agrees with the reference method
(MRCI+Q data from Ref. [44] at T = 0) for small values of r, but the Monte Carlo errors are
significantly larger. Although our generic implementation has achieved decent extensibil-
ity without fine-tuning for each specific system, more efficient Monte Carlo estimators and
sampling schemes as well as analytical resummation techniques should advance the limit of

CDet to more complex systems.
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Figure 7.12: Total energy E,,; with Monte Carlo errors for H;, with STO-6g (left column) and cc-
pVDZ (right column) basis. ED results are used as reference for STO-6g and MRCI+Q
(T = 0) from Ref. [44] for cc-pVDZ. Top panels: comparison of reference data and CDet
at different k., at finite temperature T = 50! Ej,, along with ED and CCSD results
at T = 0 for STO-6g basis. Middle panel: total energy with HF contribution removed.
Bottom panels: difference between CDet and reference data at finite temperature, (for
STO-6g) in comparison to difference between CCSD and ED at zero temperature.
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Figure 7.13: Empirical cost analysis of CDet simulations of hydrogen chain H, at r = 1.4 a;. In each
panel, all simulations are carried out using the same setup of Monte Carlo updates and
number of iterations. We estimate the contribution of integrated autocorrelation time
Ty to the stochastic error (blue), the computational cost (orange), and the total stochastic
uncertainty of energy AE,; (green) for each simulation, and scale them to the same range
on double-logarithmic plots. (a) Temperature dependence, Hy, STO-6g, k., = 6. (b)
Basis set dependence, Hy, T = 507! Ey, ke = 4. (c) System size dependence, H,, cc-
pVDZ, T = 507! By, kppoy = 4.
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7.3.2 Analysis of computational cost

The computational cost of a Markov chain Monte Carlo simulation, measured as the compu-
tational time needed for reaching a result for observable X within a desired accuracy AX, is
determined by three factors. First, the cost of each individual update, which is O(k3 2k) for a
configuration at expansion order k according to Algorithm 1. Second, the number of config-
uration updates needed to reach an independent sample by transversing a Markov chain of
potentially correlated configurations, described by the integrated autocorrelation time 7.

Finally, the variance Var(X) of the estimator of the quantity of interest (Table 7.1), such that

AX = J Va]r\(fx) (27 + 1). (7.60)

To assess the computational cost of our CDet implementation for reaching a certain uncer-
tainty level, as well as how the effort changes with respect to temperature, choice of basis
set, and system size, we perform a series of simulations of convergent series for the hydro-
gen chain H,, with the same Monte Carlo updates and measurements for a fixed number of
Markov chain iterations. In Fig. 7.13, we show estimates of autocorrelation effects, actual
computational costs, and stochastic uncertainties in total energy, as functions of tempera-
ture T, the number of orbitals N, or the number of hydrogen atoms n in log-log plots.
We rescale the y-values by an arbitrary factor to emphasize the respective scaling of these
quantities in the same plot.

Figure 7.13.a shows the temperature dependence of CDet simulations of a fixed system
(Hy, STO-6g, r = 1.4 a)) at ko = 6. We observe that the simulation time does not change
significantly as we decrease temperature, indicating similar distributions of the expansion
order (usually tilted to the highest order). The error estimate in total energy follows almost

the same tendency as the factor of the autocorrelation effect /27,,; + 1, indicating the under-
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lying energy estimator does not have strong temperature dependence. The autocorrelation
effect shows a slow power-law increase as temperature is lowered, implying that our Monte
Carlo updates remain efficient at low temperature.

A similar analysis is shown in Fig. 7.13.b for the basis set dependence of the same system
(Hy, r = 1.4 ay) at fixed temperature. We perform CDet simulations with k;,,, = 4 for basis
sets STO-6g, cc-pVDZ, and cc-pVTZ, with 2, 10, and 28 atomic orbitals, respectively. As we
add more “virtual” orbitals to the system, the computational time increases slowly, and the
autocorrelation time even decreases as the additional orbitals improve the connectivity of
Monte Carlo configurations. However, the stochastic error shows a different trend from the
autocorrelation effect and increases (a fit with a power law results in ~ Ngr'%z), meaning that
the additional orbitals introduce more diagrammatic configurations with alternating signs
that lead to stronger Monte Carlo fluctuations.

As we increase the systems size in Fig. 7.13.c by adding more hydrogen atoms, the stochas-
tic error (normalized by the system size n) at fixed computational time increases with a

3'48), while the autocorrelation time barely

much larger power law than Fig. 7.13.b (fitted ~ n
changes. This implies that adding electrons that contribute to excitations near the Fermi
level rapidly increases the complexity of the diagrammatics. The result is very different
from the situation where additional basis states for the same number of electrons are added
(Fig. 7.13.b).

The behavior illustrated in Fig. 7.13.c also differs from DiagMC with short-range or on-site
interactions, which are formulated directly in the thermodynamic limit [18-20] and usually
do not show strong scaling dependencies on system size. We suspect the difference is caused
by the long range nature of the bare Coulomb interaction, which introduces significant non-

local electronic correlations as the system size increases. In this case, the use of “bold” (or

“screened”) interactions instead of the bare Coulomb interactions, as performed in Ref. [44],
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may alleviate the problem. However, “bold” methods must deal with intrinsic issues of mis-
convergence to unphysical solutions [58]. Moreover, adapting such a method to the CDet
framework requires further algorithmic development. This topic is under active develop-
ment [26, 48].

Thus, through the empirical analysis above, we have shown that for convergent series,
the computational cost of our CDet implementation is not very sensitive to changes in tem-
perature or basis sets, but depends strongly on the size of the system, or more specifically,

on the number of valence electrons directly participating in electron excitations.

7.3.3 Realistic impurity: SEET for NiO

Finally, we test our CDet implementation in a general quantum impurity problem setup
that includes the coupling to a non-interacting bath. We employ the SEET framework [95]
for the antiferromagnetic compound NiO, which was studied by Mott [121] as one of the
original correlated insulators. Following the computational setup in Ref. [112], we choose
fcc NiO with lattice constant a = 4.1705 A at temperature T ~ 451 K (8 = 700 E, ).
The unit cell is doubled along the [111] direction to capture the antiferromagnetic ordering,
which contains two nickel atoms and two oxygen atoms. We use a 4 x 4 x 4 momentum
discretization and the gth-dzvp-molopt-sr basis set [122] with gth-pbe pseudopotential [123].
The Coulomb integral is decomposed using density fitting with the def2-svp-ri auxiliary
basis [124]. For benchmark purposes, we select the e, orbitals of both Ni atoms in the unit cell
as the strongly correlated ‘impurities’, which is the minimal choice of impurities to capture
correlation effects. This yields two independent impurities each with two orbitals. ‘Non-
interacting’ impurity propagators are generated from a converged GW simulation of the

complete unit cell following the SEET framework (for details of the computational setup see
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Figure 7.14: Matsubara Green’s function for a NiO e, impurity. Top (bottom) row shows the real
(imaginary) part of the Green’s functions, and left (right) column shows values for spin
up (down). Red solid lines: Impurity Green’s function from CDet with k., = 8. Monte
Carlo error estimations are plotted as color shadings but smaller than line width. Blue
dashed lines: Impurity Green’s function from ED, mostly overlapping with the CDet lines
within line width. Green dash-dotted lines: “Non-interacting” impurity propagator with
discretized hybridization from ED. Purple dotted lines: Impurity Green’s function with
HF counter term as the starting point of CDet.

Ref. [112]).

As a benchmark, we compare our CDet impurity solver to the ED [125] results used in
Ref. [112]. ED requires the discretization of the continuous bath spectrum and its approx-
imation by a few states. In order to separate ED bath fitting errors from the performance
of the CDet method, we run our method for the “non-interacting” impurity Green’s func-
tion g corresponding to the discretized non-interacting problem solved by ED. Figure 7.14
shows the impurity Green’s functions for one of the two e, impurities. At kp,y = 8, the

impurity Green’s function from CDet agrees with the ED solution within line width, and
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Figure 7.15: Difference of CDet impurity Green’s functions to ED at different truncation order k..
Top (bottom) row shows the real (imaginary) part, and left (right) column shows values
for spin up (down). Shadings indicate stochastic uncertainties of CDet.

the stochastic uncertainty is almost invisible. The spin polarization due to the antiferro-

magnetic ordering is greatly enhanced in both the ED and the CDet solutions, indicating

that dynamical correlations plays an important role and are well captured by the selected
impurity.

In Fig. 7.15, we take a closer look at the convergence of CDet series in comparison to ED by
plotting the differences of CDet impurity Green’s functions to ED at different order trunca-
tions up to ky.x = 8. We observe that for both spins, the CDet result consistently converges
to the ED result, giving agreement to within a percent for k,,, = 8. The convergence of the
spin down component is slower than spin up, which is consistent to what can be observed in
Fig. 7.14, i.e. the Hartree-Fock contribution already accounts for a greater part of the overall

interaction contribution for the spin up component than for spin down.
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The comparison to ED illustrates that our CDet solver can be reliably applied to general
impurity problems as part of a quantum embedding theory using the exact same framework
as developed for molecules. We emphasize that, at the same complexity, systems with con-
tinuous bath states can be solved. Our method is therefore a controlled method for quantum
impurities with general multi-orbital interactions and hybridizations, not limited by the sys-
tematic error introduced by the bath discretization procedure. The application of the solver
to more complex impurities, where ED calculations are impractical, is a topic of subsequent

publications.

7.4 Conclusion

In conclusion, we have presented a diagrammatic Monte Carlo method for quantum impurity
models with general interactions and hybridizations using the connected determinant for-
malism [22]. We have tested the method at the example of molecular systems, which presents
a systematic way of changing correlation strength, system size, basis size, and temperature.
We have also tested our method for impurity problems occurring in realistic quantum im-
purity calculations.

Our method is formulated in the language of Green’s functions and self-energies. As
a grand-canonical finite-temperature method, it is able to describe systems with particle
number fluctuations and excited states. However, similar to other perturbative methods, the
diagrammatic series breaks down in the strong correlation regime. This breakdown is clearly
evident in the order-by-order convergence of the series and, as we have shown in detail, can
be traced back to the pole structure of the diagram series.

Our method fills a crucial need of impurity solvers able to treat general four-fermion in-

teraction and general off-diagonal hybridizations in large multi-orbital problem. It should
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therefore find applications in moderately correlated real-material simulations such as those
occurring in DMFT [15, 16] and SEET [35-37, 95].

Further methodological progress, such as the use of higher order counter terms [26], better
integration methods [126], complex conformal mapping techniques [34, 49, 127], and other
types of Monte Carlo updates will expand the accessible parameter regime of the method

and may make simulations in the strongly correlated regime possible.
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Chapter 8

Inchworm Algorithm for Interaction

Expansion

This chapter is based on JL, Yang Yu, Emanuel Gull, and Guy Cohen: “Interaction

expansion inchworm Monte Carlo for lattice and impurity models.” (in preparation.)

In a perturbative method described in Chapter 3, it is typically assumed that the non-
interacting Hamiltonian H, is close to the physical one H and captures the majority of the
physics in the system. The perturbation series is expected to converge within expansion
orders that is numerically accessible. However, as the interaction strength of the system
becomes stronger, the perturbation expansion of the system becomes increasingly difficult
to converge. Any finite order cutoff in this scenario leads to large truncation errors.

In this chapter, we introduce a Monte Carlo algorithm based on incremental perturbation
expansions of the electron interaction, where each expansion is based on the result of the
previous one. Such a gradual increase of complexity is analogous to the “inchworm” Monte

Carlo algorithm for hybridization expansion methods [27, 29, 31, 33].
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8.1 Imaginary time perturbation theory

We solve electronic systems given by the general Hamiltonian (2.19)

H = I:IO + ‘7,
=S hnele
0 ijCicCios

ij,o

A1 R
V= 2 Z Z UijkiCigC o Clo” Cjc
ijkl oo’

(8.1)

where éiT, G; are electron creation and annihilation operators in orbital i, h is the single-particle

Hamiltonian, and U the electronic interaction tensor.

We take a perturbative approach following the interaction-expansion formalism, by treat-

ing the non-interacting Hamiltonian H; as the unperturbed system and the interaction V

as the perturbation. The partition function of the system at inverse temperature f can be

expanded as a Dyson series in the interaction picture [46, 128],

Z = Tre P = Te[e PR0(B)] = Zo(U1(B)bo,

R . o o kP p
ﬁ](ﬂ) .= ePHoe=PH — Z %J dflj dz, -
k=0 ’

0 0

B . R .
L dne TV (r)Vi(e) -+ Vy(z)}

(8.2)

where the subscript I denotes operators in the interaction picture, Uj(r) = e ™H the

time evolution operator, Z, = Tr e PHo is the non-interacting partition function, {-)y =

Vi Tr[e #Ho()] is the non-interacting thermal expectation value, and I, the time order-
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ing operator. Similarly, the electronic Green’s function in imaginary time, defined as
Gy(r.7) = Gy(r = 7') = ~(T&(0)e (7 + 07, (83)

where () = Z71 Tr[e_/m()], can be expanded as [9, 14, 46]

< )k P B B
G(r,7’) = _4 Z ) J dr; J dr, J drx
0

Z= k) 0

(T2 (e (Wi (e)Vi(a) - Vi(mo)o.

(8.4)

We introduce a control parameter 0 € [0, ], and define an “auxiliary” partition function
Zg = Zo(Uy(8))g = Tr[e"B-OHoo—0H], (8.5)

Since U;(0) is the identity operator, Zy connects Zy = Zo(U;(0))y and Z = Zy(U;()), contin-
uously via the parameter 0, such that Zy_, = Z, Zy_p = Z. With U; from Eq. (8.2), Zy can be

expanded as

00 (_1)k 0 0 0
Zy = 7y Z —J dTlJ dr, J drx
= ko 0 0

< TV (r)Vi(zy) - Vi(z))o,

(8.6)

which corresponds to replacing all upper integration bounds from S to 0 in the expansion
of the physical partition function Z. Zy = Tr[e_(ﬂ_e)goe_eg ] can be understood as a trace
of a “partially dressed” time evolution: from 0 to 0 the system is propagated with the full
Hamiltonian H, and then from 6 to f with the non-interacting Hamiltonian H,.

We can similarly apply this parametrization to the Green’s function, by changing the

bounds of the imaginary time integrals in Eq. (8.4) to 6. This defines an “auxiliary Green’s
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function”

AN 0 0
Gy(r, ") = -2 Z uj dr J dr, J drx
Z@ k=0 k! 0 0 0 (87)

< (T2e1(2)e] @ Wie)Vi(ra) - Vi(@)o-

Gy recovers the non-interacting Green’s function at 6 = 0 and the full Green’s function G at
0 = B, and thus continuously connects the two. In Appendix D we show an explicit non-
perturbative definition of Gy. Since 8 breaks the time-translational invariance, Gy cannot be

formulated as a function of a single time parameter as in Eq. (8.3).

8.2 Diagrammatic evaluation of auxiliary quantities

The expansions of physical quantities Z and G, when applied to the electronic Hamiltonian
(8.1), can be represented graphically as a sum over Feynman diagrams [128]. A diagram at
order k is composed of k interaction vertices representing U;j;, each assigned to an imaginary
time index 7; € [0, f],i = 1,..., k. Propagator lines representing the non-interacting Green’s
function G, connect these vertices. For the partition function Z, the non-interacting expec-
tation values in Eq. (8.2) can be evaluated using Wick’s theorem, which generates closed
“vacuum” diagrams which can be either connected or disconnected. The Green’s function
expansion in Eq. (8.4) involves two “external” operators ¢;(r) and é}L(T’ ) which become ex-
ternal “legs” in Feynman diagrams, and the disconnected components are canceled by the
partition function diagrams of Z in the denominator, leaving diagrams in which all internal
vertices and external legs are fully connected [39, 128]. Figure 8.1 shows examples of such
“bare” Feynman diagrams.

Since expansions of the auxiliary quantities, Egs. (8.6) and (8.7), only differ from Eqgs. (8.2)
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Figure 8.1: Examples of bare Feynman diagrams. Diagram (a) is a third order diagram for Z, which
can be either connected or disconnected. Diagram (b) is a third order diagram for G(z, "),
which can only be connected. In both diagrams, filled squares are internal vertices rep-
resenting Uy, lines with arrows are bare propagators representing G, and open/closed

circles represent the external operators.

and (8.4) in the integration bounds of internal time indices, the same diagram rules can be

applied to compute Zy and Gy, as long as the vertices U are confined to the imaginary time

interval [0, 0], as illustrated in Fig. 8.2. The expansions of G and Gy can be formally written

as
00 (_1)k B B B
G(r,t’) = —J dr J' dr. J drpx
(r,7') I;) ao ), 9 dr) dn

X Dbare(f, /571, Ty ee s Tk,

0 0

Go(r T'):iﬂJger dr. J drgx

X Dbare(f, /5T, Ty ee s T,

where DPa® denotes the sum of all connected bare diagrams [39, 128].
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Figure 8.2: Examples of valid vertex locations of bare expansions. (a) shows vertices contributing to
expansions of Z or G, which can be inserted at any imaginary times in [0, ]. In (b) we
show valid vertices contributing to expansions of Z, or Gy with solid color, which are only
allowed in [0, 0] shown as the solid segment. The shaded vertex in the red dashed circle
is excluded.

Assuming that we know Gy for some 0, we aim to express Gy for 8’ > 6 as a diagrammatic
series in terms of Gy instead of Gy, i.e. using Gy as partially “dressed” propagator lines. As
each Gy contains infinitely many bare diagram components, each of which is a valid bare
diagram for Gy where internal vertices reside in the interval [0, 6], diagram topologies for
Gy which can be obtained from replacing the Gy propagator with these bare components
would be overcounted if the unmodified diagram rules were applied. Therefore, diagram
rules need to be modified to exclude the overcounted diagram topologies. Panels (d) and (e)

in Fig. 8.3 illustrate an example of such overcounting. We summarize the updated diagram

rules for computing Gy from Gy as follows:
1. For a given set of vertices U at 7y, ..., 7 € [0,6’] and external operators ¢, ¢tatr, o

2. Generate all possible graphs by connecting vertices and operators with propagator

lines;
3. Eliminate all disconnected graphs;

4. Sort the vertices into two categories:
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« “Type 17if 0 < 7; < 0,

« “Type2”if0 <7 <0
5. Eliminate all graphs that only contain Type-1 vertices;

6. Eliminate all graphs that contain subgraphs of Type-1 vertices connected with exactly

two propagators to the remainder of the graph.

Figure 8.3 illustrates these rules. The first three rules are the same as in a bare diagram [39,
128], and the additional rules exclude overcounted diagrams. Note that rule 6 is analogous
to the “skeleton” diagram rules of the self-energy for bold-line perturbation theory [52].

The diagrammatic series can be formally written as

0 0

’ - (_1)k v
Gy (r,7") = Z — | dng | dp--| dgx
= ko 0 0

x Dp(t, 7’511, T95 v, T)

(8.9)

where Dy denotes the sum of all diagrams following the updated diagram rules in which Gy
is used as the propagator. We emphasize here that all the internal time indices 7y, ..., 73 are
integrated from 0 to 6’, whereas the external indices 7 and 7’ are unconstrained and take
values from 0 to S.

For 0’ — 0, Gy continuously approaches Gy, and the expansion Eq. (8.9) includes substan-
tially fewer diagrams than the bare expansion Eq. (8.8). As we will show in Sec. 7.3, Gy is

typically a much better starting point than G, for a perturbation expansion of Gy.
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Figure 8.3: Diagram rules for the inchworm expansion from Gy to Gy with 6 < 6’. (a) Thin lines stand
for the bare propagator G, and the “dressed” lines for Gy. Green (red) crosses represent
Type 1 (2) vertices. (b) Type 1 vertices can only be inserted in [0, 0] (green segment), and
Type 2 vertices in (0, 0’] (red segment). Neither type of vertices are allowed in the dashed
segment. (c) Each “dressed” line can be expanded in to a bare series following Eq. (8.7),
in terms of connected diagrams with only Type 1 vertices. Diagram (d) is an example of
a connected diagram that needs to be excluded from the inchworm expansion, since it is
already included in Diagram (e). In Box (f), the top row of diagrams are excluded by the
diagram rules, where the overcounted components are circled out by dashed red curves;
the bottom row shows valid diagrams for the expansion Eq. (8.9).
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8.3 Inchworm Monte Carlo algorithm

The ability to efficiently obtain Gy from Gy with 6 < 6’ suggests an iterative algorithm where
a sequence of N simulations for 6, ..., Oy is performed to obtain Gy, from Gy, with 6y = 0
and Oy = f. The proximity of Gy and Gy _, reduces the number of diagrams to be evaluated
and thereby accelerates the simulation. Due to its similarity to the inchworm algorithm for
the hybridization expansion [27, 33, 129, 130], which utilizes the same strategy for gradually
increasing the the propagator intervals, we term the parameter 0 the “inchworm time”, and
the expansion from Eq. (8.9) as the “inchworm expansion”. The final solution is guaranteed
to be exact if (1) the perturbation series converges in each inchworm expansion calculation,
and (2) the series is computed to infinite orders.

By making the difference in inchworm time A6 = 6’ — 0 sufficiently small, such that Gy
is well approximated by Gy, we observe that in practic the first assumption is satisfied for
all systems we study in Sec. 7.3. In Appendix E, we connect the convergence of inchworm
series to the skeleton expansion [52], which is typically obtained self-consistently and may
converge to an unphysical fixed point [58].

Satisfying the second assumption is harder as the summation of all diagram is not possible
in practice. However, one may hope that contributions to the observable decay with in the
accessible orders. This behavior is dependent on the systems studied. Section 7.3 shows
examples where this assumption is valid, and systems where contributions do not decay
within the accessible orders.

A complete inchworm simulation proceeds as follows. We first construct two imaginary
time grids: one “inchworm grid” {,/n = 0,...,N,0,,; > 6,} for the sequence of inchworm
times 6, and one “interpolation grid” {z;li = 0,..., N;} for measuring and interpolating the

auxiliary Green’s function. The final Green’s function is then computed via N “inchworm
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Figure 8.4: Comparison of bare and inchworm Monte Carlo for Green’s function. (a) shows a vertex
configuration for the bare expansion in Eq. 8.4 which is equivalent to an inchworm sim-
ulation with N = 1. (b) shows configurations for an inchworm Monte Carlo simulation
with N = 4 at each inchworm step. In Monte Carlo samplings of each expansion, Type-1

(Type-2) vertices are sampled in green (red) segments on the imaginary time axis.
steps”: In the n-th step, we perform an inchworm expansion of Gy with respect to Gy, and
calculate ng(fi, Tj) for each pair of i,j = 0,..., N, using Monte Carlo as detailed in Sec. 8.4,
with the non-interacting initial condition Gy, = G,. Figure 8.4 illustrates the “inching” pro-
cess, in comparison with the bare expansion which is equivalent to doing only one inchworm
step. Gy, is interpolated on the interpolation grid for continuous-time evaluations of the next
inchworm step. Since Gy(z,7”) is generally not smooth when 7 = 0 or 7/ = 6, the interpo-
lation grid {z;} should be chosen to include all points on the inchworm grid {6,} for good

interpolation results.

In this work, we choose equidistant time points for both grids, and perform linear inter-
polation for measured auxiliary Green’s functions, which provide decent accuracy at high

temperatures. More advanced time grids or interpolation schemes may be employed to op-

timize the method for lower temperatures.
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8.4 Continuous-time Monte Carlo evaluation of inchworm
expansions

We evaluate each inchworm expansion (8.9) using the standard continuous-time quantum
Monte Carlo approach [9, 12, 14, 17, 18, 22, 131]. We employ a finite cutoff of the expan-
sion order k., and perform a Monte Carlo importance sampling of the internal spacetime

coordinates following the a priori distribution
p(€) o |Dy(z,7";6)|, (8.10)

where € = {r1,..., 7} is a Monte Carlo configuration. Since Dy has varying signs due to
its fermionic nature, the absolute value is necessary to ensure p(&) is positive, whereas the
fermionic sign sgn(Dy) enters measurements of all physical observables. For a given vertex
configuration, Dy is computed explicitly by summing over all proper inchworm diagrams
according to the diagram rules. In our implementation, we use a graph theory routine to
precompute and save all valid diagram topologies for each expansion order.

We generate Monte Carlo samples as Markov chain via the Metropolis-Hastings algorithm.
From each configuration €, a new configuration €’ is proposed following some proposal
probability distribution wP™P(€”’|€). To ensure detailed balance, an acceptance ratio R is

calculated after each proposal as

wPrP(E|E")p(€”)

R(€’'|€) = . 8.11
1 = @ e 10

The proposal € — "’ is accepted with probability
wa(€’|€) = min(1, R(€’|¥)). (8.12)

130



This ensures the detailed balance of the Markov process, i.e.

w(&'[€)p(%) = w(€|E")p(€"), (8.13)

where

W@’ |€) = wi(B'|€)WPP(B’|B). (8.14)

which guarantees that samples obtain the equilibrium distribution p(%) after thermalization.
We employ the same Monte Carlo updates as in CT-INT [9] which guarantees ergodicity for
all systems we study in this work, including random insertions and removals of a single
vertex or a pair of vertices. Auxiliary Green’s function Gy is measured from the Monte
Carlo procedure and normalized against quantities that are analytically available, such as

low-order diagrams.

8.5 Generalization of the inchworm construction

The inchworm parametrization scheme we have introduced so far performs a partial “dress-
ing” in the interval [0, 6] in the imaginary time evolution. This can be generalized to any
open set of the imaginary time © C [0, §], such that imaginary time evolves with H in all
disjoint intervals in ©, and with Hy in the rest of [0, f]. This gives auxiliary quantities Zg
and Gg that are “dressed” in ©. The bare diagrammatic expansions of these quantities are
the same as in Eqgs. (8.6) and (8.7), except that the interaction vertices can only be inserted in
.

Incremental inchworm expansions of Gg- with respect to Gg can be formulated in analogy
to Eq. (8.9) for © C ©’, by simply changing the classification of vertices. A Type 1 vertex

now has imaginary time 7 € 6, and a Type 2 vertex has r € ©’\O. The inchworm grid of
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the imaginary time is thus replaced by a sequence of open sets 6, O, ..., Oy, where 6y = @
and Oy = [0, ], and ©, € 6,1 forn = 0,..., N — 1. This brings flexibility to the inchworm
Monte Carlo setup, which can now choose a different sequence of intervals or sets when

left-to-right “inching” is unsuitable.

8.6 Results

This section presents preliminary results obtained from our prototype implementation of
the inchworm algorithm.

We first apply the algorithm to two Hubbard atoms with on-site interaction U = 2, coupled
with a hopping amplitude of t = 1. In Fig. 8.5, we show inchworm calculation results of the
Green’s function (blue lines) in comparison to bare diagrammatic series (orange lines) and
ED results (dashed black lines), computed at different temperatures. Series expansions in
both the inchworm simulations and the bare ones are truncated at k;,,, = 6. Hartree-Fock
shift (see, e.g., Sec. 3.5 or Sec. 7.2.5) is applied to remove the tadpole diagrams. We observe
that inchworm agrees with ED at all temperature points we compute here. The fact that bare
simulations also give decent agreement indicates that this problem is weakly-interacting and
the bare series converges fast.

Once we remove the Hartree-Fock shift and simulate directly from the non-interacting
Green’s function g, the bare series starts to break down, as shown in Fig. 8.6 where the same
system is calculated without the shift. The bare series results do not converge at k. = 6,
whereas the inchworm show decent agreement with ED. A closer look at the convergence
behavior is presented in Fig. 8.7, in which the top panel shows the same results as the bottom
panel of Fig. 8.6, the middle panel shows the order-by-order contributions in the final inch-

worm step, and the bottom panel shows order-by-order contributions to the Green’s function
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Figure 8.5: Results at different . Hubbard dimer with U = 2 and Hartree-shift, half-filling.
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Figure 8.6: Results at different . Hubbard dimer with U = 2 without Hartree-shift, half-filling, com-
pared to bare.

in the bare calculation. The inchworm calculation converges rapidly and only the first three
expansion orders show significant contribution, whereas in the bare case no convergence
can be observed within k,,, = 6. This shows that inchworm avoids the slow convergence
or divergence problems of the bare series.

We now move on to a slightly more complex system: a triangular cluster of three Hubbard
atoms atU = 2. As shown in Fig. 8.8, even if the system is away from particle-hole symmetry

and a Hartree—Fock shift becomes difficult, inchworm calculations at k;,,, = 6 agrees with
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without Hartree-shift, half-filling.
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Figure 8.8: Results at different . Hubbard trimer with U = 2 and p = 1, no Hartree-shift.

ED within line width, whereas the bare calculation with the same order truncation fails.
Figure 8.9 illustrates individual inchworm steps and the behavior of the auxiliary Green’s
function Gy. At each 6, Gy(r,7’) shows discontinuity of the first derivative that r = 6 or
7’ = 0. For each inchworm step 8, — 0. ;, the inchworm expansion corrects the “kink” from
Gp, and introduces a new “kink” to Gy, , as shown by the “strips” in the bottom panel.
In Fig. 8.10, we show the deviations of inchworm results from ED when using the gen-

eralized inchworm scheme with different choices of “dressed” intervals. Results labeled as
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Figure 8.9: Auxiliary Green’s functions at each inchworm steps for Hubbard dimer, U = 2, f = 2.
Top panel: Gy(7,0) at each step, compared to Gy_ (r,0) and ED. Bottom panel: Gy (7,7") —
G@i (r,7"). Colors not to scale. Red means positive, blue means negative. Hubbard dimer

with U = 2, f = 2 and Hartree-shift, half-filling.

“left” are obtained from the original formulation where 6, = [0,nAf]. The meanings of

the other labels are: “right” corresponds to ©, = [ — nAd, f], “both” corresponds 6, =

[0,nA0/1]u[f—nA8/2, B], and “middle” corresponds to 6, = [/2—nAb/2,beta/2 +nAb/2].

Since the system is particle-hole symmetric, the bare Green’s function g already captures

the physics near 7 = 0 and 7 = f well. The “both” mode therefore show the largest devia-

tion, whereas the “middle” result shows a much better agreement. This shows that one can

achieve better inchworm results by choosing different propagation schemes according to the

physical properties of the systems. Note that this only matters if the finite order truncation

is applied, not if the series converges.
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Figure 8.10: Difference of final inchworm GF vs ED with different propagation modes. Hubbard dimer
with U = 2, f = 2 and Hartree-shift, half-filling.

8.7 Future directions

The inchworm algorithm introduced in this chapter is the first attempt in applying incre-
mental diagrammatic expansions to the interaction expansion scheme. In this section, we
list a few directions for future developments along this route.

Algorithmic improvements and extensions can be applied to the current theoretical setup:

+ The on-site Hubbard interaction can be extended to general four-fermion interaction
tensor Ujjx;. Monte Carlo updates may need to be adjusted to a similar scheme to ones
used in Chapter 7. This will enable applications to realistic impurities with general

interactions.

« The maximum expansion order is the main limitation of this method. Potential im-
provements include: in-memory caching of diagram topologies, e.g., using the least-
frequently-used (LFU) cache; direct sampling of diagrammatic topologies (which re-
quires carefully designed Monte Carlo updates); CDet-like recursion relations (may

require two-particle objects).
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On the theory aspect, one could explore one of the following directions:

« Different integration scheme. In the current integration scheme with finite order cutoft
kmax, in early inchworm steps where the dressed interval is small, the effective “den-
sity” of vertices is higher than in later steps, which lead to the asymmetry observed
in the results. If the series can be reformulated to separate integrals over the “old”
interval from those over the “new” interval, the situation may be improved. Note that
this implies a different perturbation series, not simply reweighing the Monte Carlo

integration, which only affects the stochastic error, not the truncation error.

« If we have dressed an interval © = [0, 0], by the circular property of the trace, we also
obtain auxiliary quantities with dressed interval © = [A6, 0 + A0] for some A auto-
matically. It would be interesting to see if one can “merge” two dressed propagators,
such that [0,0](+)[6, 20] — [0, 260]. This implies that in the diagrammatic series, we
now have three types of vertices: vertices belonging to either interval or neither of

them, as well as (at least) two types of propagators.

+ The diagram rules are designed assuming the perturbation expansion is summed up to
infinite order, whereas in practice we only perform a finite order simulation. One might
gain additional insight by formulating the incremental expansion in a “partially-bold”

scheme [48].
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Chapter 9

Numerical Representations of the Green’s

Function

This chapter is partially based on JL, Markus Wallerberger, Naoya Chikano, Chia-
Nan Yeh, Emanuel Gull, and Hiroshi Shinaoka: “Sparse sampling approach to effi-

cient ab initio calculations at finite temperature.” Phys. Rev. B 101, 035144 (2020).

The key quantity in diagrammatic methods for correlated electrons is the electron Green’s
function G(r), both as a component (the “propagator”) in diagrammatic evaluations and as
the target quantity of these methods. In ab initio calculations, the difference between the
scales of the bare Hamiltonian (which sets a frequency range), temperature (which dictates
the frequency resolution), and the energy scales for competing quantum phenomena spans
many orders of magnitude. As a consequence, a naive representation of the Green’s function
requires an imaginary-time grid too large to store in memory, and solving equations such
as the Dyson equation to the required accuracy becomes prohibitively expensive. This issue
becomes even more pronounced for two-particle response functions, which are generically

a function of multiple time and orbital indices.
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Compact representations of Green’s functions are crucial to address this problem. Repre-
sentations based on power meshes [132, 133], Legendre polynomials [134, 135], Chebyshev
polynomials [136, 137], intermediate numerical representations (IR) [138-140], quadrature
rules [141, 142], and spline interpolations [143] have been proposed, as well as high fre-
quency tail expansions [5, 144, 145]. In this chapter, we briefly review some of the rep-
resentations, and introduce the sparse sampling method [146, 147] which allows compact
representations of the Green’s function in both frequency and in time, and provides efficient

transformations between the two.

9.1 High-frequency expansion

We start with the non-interacting Green’s function of a single-band atom at energy level

¢ = 0 as an example. Following (3.13), we have

gliwy,) = = =—. (9.1)

The inverse Fourier transform writes

—iw,T

== Y &

ﬂ n=—oo la)n ‘

(9.2)

If we take the limit 7 — 07, which corresponds to the density matrix, the Fourier transform
become a harmonic series, which does not converge absolutely and requires to be evaluated
as principle values. As a result, any truncations of the frequency, which is necessary in
numerical methods, results in incorrect results. A common solution to this problem [144,
145] is to remove the high-frequency “tails”, defined as polynomials of the inverse frequency

1/iw,, when performing Fourier transforms, and add back the corresponding functions in ¢
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representation afterwards:

, I it
Gtaﬂ(iwn) p— i + G_ + e
1oy, (M)n)z

Gliwn) := Gliw,) — Gl(ia,), (9.3)

~ Inverse Fourier ~
G(r) «——— G(iw,),

G(r) = G(z) + GRil(p),

where G'l(7) is obtained from inverse Fourier transforms of 1/(iw,)*. Here we list examples

of Fermion “tails” for the first three orders:

1 1
iw, 2’
1 2r—f
(iwn)z 4 , (94)
1 (-0
(iwy)? 4

Suppose we have a time-ordered correlation function defined as F(r) = (F.A(1)B(0)),
where A and B are Heisenberg picture operators of the same (Bosonic/Fermionic) statistics.

The Matsubara representation of F is

p .
F(iw,) = L F(r)e'“nr"dr, (9.5)

where iw, are the corresponding Bosonic/Fermionic Matsubara frequencies.
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The high frequency moments of F(iw,) can be derived from integration by parts, i.e.

g

F(iw,) = J F(r)el“nTdr
0
i, T p B
_ F(lt)e _ LJ' F,(T)eiw”TdT
iw, |o o, Jo (9.6)

_IFB-FO) _FE-FO FH-F©

tn (i) (i)’

where { = +1 for Bosonic/Fermionic statistics. We can induce from above that the high

frequency expansion of F(iw,) is

(o]

Flay) = Y —% - (9.7)

k=1 (iwy,)

where

mye = (1) [{FE-D () — FE-D(0)]
= (—)f! [F&=D(07) - F&=D(0)] (9.8)

= (-1 [F&D(0%) - F&D(0)]

is the k-th moment. Using the equation of motion of the Heisenberg picture operators, we

have

FD(r) = (F.0F A(T)B0)) = (T, [H, Algo(1)B(0)), ©:9)

where [, -]i) is the sequential commutator defined as

[H, Al = [H.[H, Alg_p].  [H, Al = A. (9.10)
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With this, the high-frequency moments can be expressed as

mi = (-1 [F&D(0*) - FE=D(07)]
= (-1 [([H. Al 1y BY — L(BIH, Ale_1)] (9.11)

= (DA, Alge-ry, B,

where [, -] ¢ is commutator for Bosons, anticommutator for Fermions.
In Appendix F, the first three high-frequency tails of the Green’s function are derived for

the general Hamiltonian (2.24).

9.2 Chebyshev polynomials

The Green’s function G() is a continuous and bounded function in the interval [0, f]. When
mapped into the interval [—1, 1], it can be exactly represented by orthogonal polynomials,
such as Legendre or Chebyshev polynomials. These polynomials can serve as efficient basis
representations of the Green’s function (see, e.g., Refs. [134, 135] for Legendre, Refs. [136,
137] for Chebyshev.) In addition, these orthogonal systems are accompanied by Gauss
quadrature rules for numerical integration, which provides a natural replacement to the
uniform imaginary time grid which is inefficient in realistic calculations. In this section, we
briefly summarize properties of the Chebyshev representation.

The Chebyshev polynomials of the first kind Tj(x) form an orthogonal system in the in-

terval [—1, 1], which can be mapped in to the interval [0, f] via

_ Plx+1)

> (9.12)

I T(x
x(r) = 5 b (x)

such that T*(r) = Tj[x(r)]. We use the notation Tj(r) to represent the order I Chebyshev
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polynomial mapped onto the interval [0, f].
Approximating an analytical function with the first N Chebyshev polynomials is conve-
nient due to the discrete orthogonality on the roots of the (N + 1)-th Chebyshev polynomial
N-1
1 1+ 5"0
N 2 TEIT0) = —=4; (9.13)
k=0
where x;. are the roots of Ty(x). The Chebyshev coefficients are therefore well approximated

by Clenshaw—-Curtis quadrature:

N-1

o _ 2 o -N
G = NG+, kZ:; G*(m)Ty(m) + 0(27) (9.14)

where 73 = 7(x;) defined in (9.12).
With the Chebyshev coefficients G, one can perform fast interpolation of G*(r) at any
7 € [0, B] using recursion relations. Fourier transforms of the basis function fl“(ia),‘f ) can also

be computed, see Ref. [136].

9.3 Intermediate representation

The intermediate representation (IR) basis introduced in Refs. [138, 139] is designed to better
capture properties of Green’s functions in physical systems rather than arbitrary analytic
functions. The IR basis has been applied to numerical analytic continuation [148] and DMFT
calculations [149]. This section provides a brief description of the IR basis following the

notation used in Ref. [140]. The IR basis originates from the Lehmann representation of the
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single-particle Green’s function

wmax

G%(r) = —J dwK%(r, 0)p*(w), (9.15)

wmax

where a denotes the statistics (F for fermions and B for bosons), and the spectrum p*(w)
is bounded in the interval [—©pax> ©max] (©max 1S @ cutoff frequency). The kernel K*(z, w)

reads

—Tw

K% (1, 0) = B (9.16)

1+ e o

for r € [0, B], where the + and — signs are used for fermions and bosons, respectively. The
extra o factor for bosons in Eq. (9.16) is introduced in order to avoid a singularity of the
kernel at w = 0.

For a fixed value of f and wp,,y, the IR basis functions are defined through the singular

value decomposition (SVD)

K%(r,0) = ) SFUA )V (o) (9.17)
=0
where one observes an exponential decay of the singular values S/ (> 0) with increasing I.
U(r) and Vj(w) form an orthonormal system for 7 € [0, f] and y € [—®max> ©max]> rESPEC-
tively.

A Green’s function can be expanded as

m@=ZWW@’ (9.18)
=0
GF = =S¥ pf, (9.19)
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Figure 9.1: (From Ref. [147].) (a) Singular value S/ computed for various values of f, (b), (c) IR ba-
sis functions U*(r) and V*(w) computed for f = 100. Here, we present the results for
fermions and w,,, = 1. The data were calculated using irbasis [140].

where

pf = J - dwp® )V (w). (9.20)

wmax

If |pf’| does not grow, the exponential decay of S ensures exponential convergence of Gf'.
The accuracy of the expansion can be controlled by applying a cut-off on the singular values.

U () can be Fourier transformed to Matsubara frequencies:

U (iwf) = Lﬁ deUf(r)eln, (9.21)
where the “hat” indicates quantities in Matsubara frequency representation. Figure 9.1 shows
examples of the IR basis functions.

Note that (jl“(ia),o,‘) does not compactly describe a constant shift in Matsubara frequency
which corresponds to an unbounded spectrum. Thus, any constant term must be subtracted
beforehand particularly when expanding the self-energy. Also, UIB(T) does not describe a
constant shift in imaginary time, corresponding to a zero-energy mode. Such terms must be

treated separately as well [139].

In calculations of realistic systems, one can set w,,, large enough to capture the expected
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spectral width. The basis functions change their shapes through the change of the dimen-
sionless quantity A = Pwy.x as temperature is lowered. This leads to a logarithmic growth
of the basis size with respect to S.

The dimensionless form of the IR basis is defined as

Uf(e) = J%uf(x@)), (022
@“(iwﬁ) = \/Eufr‘l
1
_ \E J_l doee 1/ 265G D) ), (9.23)

where u"(x) form an orthonormalized basis for x € [-1, 1].

9.4 Sparse sampling

Green’s function representations, in addition to being compact, also need to enable effi-
cient calculations. The two main stages in most methods introduced in Chapter 5 are the
evaluation of self-energy diagrams (usually best done in imaginary time, as the interaction
is instantaneous) and the solution of the Dyson equation (usually best done in Matsubara
space, where the equation is diagonal in frequency). Some representations, such as the cubic
splines [132, 133] or the high frequency tails, are only compact in either time or frequency,
and transforming between those domains is expensive or involves a loss of accuracy. Oth-
ers, such as the orthogonal polynomial bases, can efficiently and accurately be transformed
between coefficients and imaginary time sampling points, but frequency transforms result
in a loss of compactness.

It is therefore natural to ask if there is a set of “sparse” sampling points in both frequency

and time such that, if the Green’s function is evaluated on these points, one may reconstruct
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the continuous Green’s functions in both time and frequency to high precision. This will
then allow to perform diagram calculations in time, Dyson equation solutions in frequency,
and transformations in between with minimal loss of accuracy.

The sparse sampling method [146] is a framework to generate compact representations
in both time and frequency by proposing a sparse sampling scheme for finite temperature
Green’s functions, following prior efforts using frequency interpolation [143, 150] and MP2
quadratures [142]. We illustrate our scheme at the example of Chebyshev [136] and IR basis
functions [138]. It accurately resolves all the information contained within finite tempera-
ture Green’s functions in a compact set of sampling points, and enables efficient and accurate
transforms between imaginary time and Matsubara frequency. The sparsity of the sampling
points directly corresponds to the compactness of the basis representation, which leads to

system-independent time and frequency grids with few control parameters.

9.4.1 General description and notation

We expand the Green’s function G* into a compact representation in terms of N basis func-

tions, such that in imaginary time and Matsubara frequencies

N-1
G*(r) = ), GFFX (1), (9.24)

=0

A N_l A

G iof) = ) GFF (if) (9.25)
=0

A p -

Fo (i) = J deFF(r)eln?, (9.26)
0

where G are expansion coefficients, F*(r) imaginary time basis functions with Fourier

transform 131“(10)2‘ ) (the “hat” denoting frequency representations), wy; = 7(2n+ 6, )/ Mat-
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subara frequencies, and @ denotes the statistics (F for fermions and B for bosons).

In the Chebyshev representation,
R () = Tix(@), 9.27)
where Tj(x) are Chebyshev polynomials of the first kind and x(z) = 27/ — 1. In the IR basis,
F(r) = U () (9.25)

where U/ (1) depend on the statistics and a dimensionless parameter A = B,y with a cutoff
frequency wpax-

To determine Gl“ from G%(r), we choose a finite set of M sampling points 7§, ..., Tj_; €
[0, B] (M > N). If these points are chosen such that the discretized basis vectors {F§ (7} )}, ...,
{FN_1(Z{)} are linearly independent, the exact values of G can be computed (transformed)
from sampled values of G*(r). Similarly, if a subset of Matsubara frequencies {i@y } is chosen
such that the basis functions are linearly independent, Gi* can be obtained from é“(ia'),‘i‘).

If as many sampling points M are chosen as imaginary time points N, these transforma-

tions are

N-1

G = Y [F 1nG(z) (9.29)
k=0
N-1 . .
= ) [F " 1uG Gap), (9.30)
k=0
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where F, and F, are N x N matrices:

[Fol = F (%) (9.31)
[F, i = EF (). (9.32)

This procedure only requires evaluating the Green’s function on N sampling points, and
linear transforms between the time or frequency domain and the basis representation G
become invertible. G/ can thus serve as a proxy to transform between imaginary time and
frequency sampling points, as well as evaluation at arbitrary 7 and iw, values, as illustrated
in Fig. 9.2.

For M > N (more sampling points than basis coefficients), the inverses in Egs. (9.29)
and (9.30) are replaced by the corresponding pseudoinverses F* = (FTF)'F', and the exact
transform is replaced by a least squares fitting procedure.

In practical calculations, different choices of basis functions and sampling points lead to
differently conditioned equation systems. A naive choice of sampling points, such as uni-
formly distributed time or frequency grids, results in almost linearly dependent basis vec-
tors and ill-conditioned transforms, which improve very slowly when additional grid points
are added. For an efficient method, a minimal set of sampling points that generates well-
conditioned transformation matrices is desired in order to minimize the number of function
evaluations and the loss of accuracy during transforms.

In the remainder of this section, we show that such a set with M = N can be generated

according to the distribution of the roots of the basis functions.

151



A A

G(iw?) G(iwy)

Figure 9.2: Schematic illustration of relations between different representations. Solid lines denote
transformations between the basis representation coefficients G/ (center) and Green’s
functions evaluated at imaginary time or frequency sampling points via transformation
matrices. Dashed lines represent basis expansions of G/ to arbitrary imaginary time or
frequency points.

9.4.2 Imaginary time sampling

Chebyshev.— For a truncated Chebyshev basis of size N, the N sampling points in 7 are

naturally given by the roots of the (N + 1)-th basis function Ty(7) as

=T (cos (n 2];; ! )) , (9.33)

fork = 0,..., N — 1 with the mapping 7(x) = f(x + 1)/2. These sampling points lead to very
well conditioned transformation matrices due to the discrete orthogonality of Chebyshev
polynomials, and the condition number of F,, (defined as |F,|,|F,!|,) takes the constant
value of /2.

IR basis.— For the IR basis with N basis functions and given f and wy,,x, we choose the
sampling points {7’} to be the midpoints of the grid composed of the N — 1 roots of the
highest order basis function Ug;_, () and the boundary points 0 and 5. We choose not to use

the roots of the next basis function Ug;(7) like in the Chebyshev case due to the fact that the
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IR basis is a numerical basis, and thus it is more convenient to determine sampling points

from the available basis functions.

9.4.3 Matsubara frequency sampling

We generate sampling points in Matsubara frequencies following an algorithm similar to
the imaginary time cases, with two additional considerations. First, function values should
only be evaluated on the discrete Matsubara frequencies. Second, fermionic and bosonic
Matsubara frequencies have to be treated separately, and the zero bosonic frequency (which
represents static physics) has to be considered explicitly.

Chebyshev.—In the Chebyshev representation, we follow the same heuristics as in the 7
sampling by finding or approximating zeros of the next basis function fﬁ(ia)ﬁ) defined in
Matsubara frequency.

For fermions and even N, when continued to continuous Matsubara frequency space,
ff,(ia)fl‘) has N roots on the imaginary axis (—ico,ic0). We take N Matsubara frequencies
closest to these roots as sampling points.

For bosons and odd N, fﬁ(iwﬁ‘) has N — 1 roots. We define N — 1 sampling points as the
Matsubara frequencies closest to the roots. We take the zero bosonic frequency iw2 = 0 as
the last sampling point. The zero bosonic frequency, which corresponds to a constant offset
in 7 and often has to be treated separately, serves as a natural complement.

The requirement that even N should be used for fermions and odd N for bosons is nec-
essary because the other cases (odd N for fermions or even N for bosons) will not yield
adequate number of sampling points due to the analytic structure of fﬁ,(iwﬁ{ ).

IR basis.—For the IR basis, the procedure for getting frequency sampling points is more

empirical due to the numerical nature of the basis function. We partition all Matsubara
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frequencies into contiguous groups such that the highest order basis function Uﬁax (iwf) has
the same sign within each group (,,x = N — 1). l}'ﬁax(iw,”f) is either purely real (for even
Inax) or purely imaginary (for odd [,,,). We therefore use the sign of the corresponding real
or imaginary part as the sign of (A]lzax(ico,?). The sampling points i{ are chosen to be those
that maximize |0l1(flax (iwf)| in each group.

By checking the resulting sampling points numerically, we conclude that by requiring N
to be even (I, 0dd) for fermionic basis and odd ([, even) for bosonic basis, the number

of sampling points is exactly N, and the bosonic sampling points naturally include zero.

9.4.4 Numerical demonstration

The transformation defined in Egs. (9.29) and (9.30) is exact if the Green’s function is a lin-
ear combination of a finite set of basis functions (9.24). With physical Green’s functions,
this is seldom the case, and any finite expansion incurs a truncation error. Fortunately, in
both the IR and the Chebyshev expansion, the truncation error is controlled: the analyticity
of the finite-temperature Green’s function in (0, §) guarantees exponential convergence of
the Chebyshev expansion, and the construction of the IR basis from analytic continuation
guarantees the same thing for the IR expansion [138].

To demonstrate the behavior of the sparse sampling scheme when applied to physical
Green’s functions, we consider a model with semicircular density of states (full bandwidth

is 2) for the IR basis in Fig. 9.3:

p(w) = E\/1 — w?. (9.34)

T

As an example, the top left panel shows U3F4 as a function of imaginary time (blue lines)

and illustrates the N = 34 sampling points for the fermionic basis of f = 100 and w,x = 1
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Figure 9.3: Distribution of sampling points and results transformed from imaginary time (left panels)
and Matsubara frequency (right panels) for the IR basis by sparse sampling. We consider
a model of a semicircular density of states of half width 1 at f = 100 defined in Eq. (9.34).
We take wp,, = 1 for the IR basis. The sampling points are denoted by crosses. Top row:
The basis functions used to generate sampling points (I = 33). Bottom row: Comparison
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of the reconstructed Green’s function to exact results.
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(red crosses). The sampling points cluster near 7 = 0 and f, where this basis function is
rapidly oscillating.

The top right panel of Fig. 9.3 shows the distribution of the Matsubara frequency sampling
points generated for the same basis for N = 34. The Fourier transformed basis function
UL, (iw,) (blue lines) exhibits N — 1 = 33 sign changes, which define N = 34 sampling points
(red crosses). The sampling points are distributed almost logarithmically, which allows us
to capture all the features of Uliax (iwy,) from low to high frequency.

In the bottom row of Fig. 9.3, the left and right panels illustrate the sampling of G(r) and
é(ia)n), respectively. The sampling points capture relevant features of the Green’s function
in both cases. We compare the interpolated and extrapolated results with the numerically

0712 in the whole

exact values. For imaginary time, one can see agreement at the level of ~ 1
interval of [0, ], which matches the singular value cutoff we used (10~'%).For Matsubara
frequency, the coefficients obtained by the sparse sampling not only interpolate G(iw,) but

also extrapolate it precisely beyond the highest sampling frequency.

9.4.5 Technical details

In practical applications, it is advisable to precompute the sampling points and transforma-
tion matrices for the basis functions employed, to avoid unnecessary evaluations of fla(iwﬁ‘ )
and lA]l“(iw,o,‘ ).

The irbasis library [140] provides numerical data of the IR basis functions in the dimen-
sionless form for selected values of A from A = 10 up to A = 107. The numerical evaluation
of the basis functions in Matsubara frequency is also implemented.

The procedures we have presented are not unique, and we do not claim that they are

optimal definitions of sampling points. One may design other choices with similar or, po-
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tentially, better numerical performance. The number of sampling points may also exceed
the basis size N, as long as inversions in Egs. (9.29) and (9.30) are replaced with a pseudoin-
verse, and the resulting transformations are well-conditioned. Nevertheless, the algorithms
introduced in this section provide a systematic and unambiguous way to obtain the mini-
mum sets of sampling points which yield well-conditioned numerical transforms and high

accuracy.

9.4.6 Application to GF2 and GW

We first briefly recap definitions of GF2 and GW introduced in Chapter 5. The self-consistency

in GF2 and GW is defined by the Dyson equation (3.34)
GGal) = [(if + I — F — (D)L (9.35)
The Fock matrix F = h+ X1 includes the frequency independent Hartree-Fock contribution
S = (2Vija — Vi) pid» (9.36)

where i, j, k, [ are orbital indices. GF2 approximates the frequency-dependent self-energy >

as

ZN‘ij(r) = _le(T)qu(T)an(_T)X

X Vikpq(zvljmn - mjln)s (9.37)
while GW approximates X as

5i(2) = —Gp(D)Wigk;(r), (9.38)
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Figure 9.4: Ilustration of GF2 and GW procedures using the sparse sampling scheme. The red and
blue lines denote GF2-only and GW-only steps, respectively. Dashed arrows indicate
evaluations that change the statistics of the representation.

where W = W — V is the frequency-dependent part of the screened interaction W. W is

calculated by the random phase approximation (RPA) [151] as
Wit (R = Vija + Vijpg Papsr G0RIWyga (lop), (9.39)
where the bare polarization is given by
Pyjri(7) = —Gy(r)Gjr(—=1). (9.40)

At self-consistency, physical properties are evaluated from G and Y. For example, density

matrix p is given by p;; = G;;(07) = —Gj;(), and the total electronic energy is

1
E=Tr[pH,] + 5T [p21ir]

+ % E Tr [3Gef) (D). (9.41)

Fig. 9.4 illustrates how the self-consistent calculations can be performed by sparse sam-
pling. In a GF2 calculation, we first evaluate Green’s function at sampling points f,f , and con-

struct the self-energy f(i',f ) following second-order approximation (9.37). The self-energy is
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then transformed to the basis representation le following Eq. (9.29), which is then evaluated
on the frequency sampling points to get Z:(lcblf) The Dyson equation (3.34) is solved for each
icZ),E to obtain é(icb,lj ). We then transform the Green’s function to its basis representation GlF
following Eq. (9.30). The updated Green’s function in 7 is recovered by evaluating GIF on
sampling points f,f . The procedure is repeated using the updated Green’s function until self-
consistency, which corresponds to the inner loop in Fig. 9.4. We can see that the compact
basis representations GIF and le serve as proxies to convert back and forth between 7 and
frequency domains, all evaluated on corresponding sampling points.

While all quantities involved in GF2 are fermionic, in GW we have to switch between
fermionic quantities (G and X) and bosonic quantities (P and W). This is achieved again
by using compact basis representations as proxies: when calculating the polarization P, we
evaluate GIF on the bosonic sampling points 1",13 and assemble P(z"]]?) following Eq. (9.40). We
then carry out the calculation of W on the frequency sampling points icf),l?, and obtain the
compact basis representation VVZB. Finally we evaluate I/VZB back on the fermionic sampling
points ko , and compute self-energy using the GW approximation (9.38). The rest of the
procedure is identical to GF2. Two additional matrices may be precomputed to allow fast

switching between fermionic and bosonic representations in GW:

[FFB 0 = FF (&) (9.42)

[F*~Fla = FP(@). (9.43)

Note that the inverse transform of those matrices are not well defined in general, since sam-
pling points generated for one type of statistics usually do not serve as good sampling points
for the other.

In the total energy evaluation (9.41), the frequency summation term can be rewritten using
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an auxiliary scalar quantity S such that

i Z Tr [SGE)GeE)] = i Z SGief)
1 _ 1
= 25(07) = =>5(6) (9.44)
where
$GiF) = Tr [2Geb)C(Geb)]. (9.45)

We first evaluate §(id)£) on the frequency sampling points icZ),E, which is then transformed to

the basis representation SlF. The value of S(f) is now a straightforward basis expansion at

r=p

N-1
SB =Y, SSEPB). (9.46)
=0
For the Chebyshev basis we simply have Tj(ff) = 1. In the case of IR basis, it is desirable to also
tabulate the values UlF(ﬁ) along with the transformation matrices for efficient evaluations of
relevant quantities.

Similarly, the calculation of the density matrix p is a straightforward evaluation at 7 = 8
from GIF. In calculations where the number of electrons is fixed, the chemical potential u
needs to be adjusted in each self-consistent iteration through a root finding procedure to
conserve particle number [4]. This step involves repeated density evaluations and solutions
of the Dyson equation using the frequency-dependent self-energy, and sometimes becomes
the bottleneck of the calculation. The sparse sampling scheme massively reduces the num-
ber of frequency points needed in this process, which leads to a significant speedup over
traditional approaches.

Note that since most basis functions, including Chebyshev and IR, cannot capture constant
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shifts in frequency (which correspond to a delta function at 7 = 0), it is important that one
only expands the frequency-dependent components such as 3 and W using compact basis
representations. One also needs to be careful when zero-energy mode exists in a bosonic
quantity, in which case the IR basis function cannot describe the constant shift in imaginary

time [139].

9.4.7 Results
Hydrogen chain

We first apply our sparse sampling scheme to GF2 and GW caculations of a system composed
of 10 hydrogen atoms placed on a straight line with equal spacing r. The hydrogen chain, due
to its simplicity, serves as a benchmark platform for testing numerical methods of correlated
electrons. Reference data for the hydrogen chain were carefully compared and analyzed in
Ref. [44] with many methods including GF2 and GW. It is therefore convenient to use this
system to analyze the sparse sampling scheme.

We perform GF2 and GW calculations for Hyy with r = 1 a; and f = 1000 Eh_1 (T ~
315.8 K). We use the minimal basis set STO-6g with only one 1s orbital per atom. Hartree-
Fock calculations show that the difference between the highest and the lowest Hartree-Fock
energy levels is about AE = 5.76 E}, (~ 156 V). The dimensionless parameter for the IR basis
can thus be estimated by taking A to bound the value BAE = 5.76 x 10>. We take A = 10° in
all our calculations.

Both Chebyshev and IR basis functions are used together with the sparse sampling scheme.
To demonstrate convergence, we examine a series of calculations with different sizes of basis
functions. Typically we choose N to be an even number, which is then used as the size of the

fermionic basis. For corresponding bosonic basis functions in GW, we used the closest odd
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number N — 1 as the basis size. The Python library irbasis version 2.0.0b1 [140] is used for
calculating IR basis functions.

With each basis of fixed size N, we perform self-consistent GF2 and GW calculations fol-
lowing the procedures described in the previous section. The initial guess of the Green’s
function is constructed from Hartree-Fock calculations using the PySCF library [152]. Self-
consistent calculations, as illustrated in Fig. 9.4, are then executed repeatedly until the energy
difference is below the convergence tolerance E;,; = 108 Ej, between two consecutive itera-
tions. Energy values converged with respect to basis size N are cross-checked with reference
data to ensure correctness. All results are then compared to converged values to assess errors
in energy and density matrix as a function of basis size N.

In the left panel of Fig. 9.5, we show the convergence of errors in total energy with re-
spect to N. GF2 and GW share similar convergence behavior, in that the error decreases
almost exponentially with respect to N in either basis representation. In the Chebyshev rep-
resentation, we obtain convergence of the total energy below the tolerance E;, with around
350 Chebyshev polynomials. With IR basis, convergence is reached with less than 100 basis
functions. Similarly, the right panel of Fig. 9.5 illustrates the convergence of the maximum
error in density matrix, exhibiting an exponential decay of errors. This indicates that with
a reasonable number of sampling points, we can reach very high precision in both global
observables such as the energy and local properties like the density matrix. The observation
that GW shows a convergence behavior similar to GF2 indicates that no substantial addi-
tional errors are introduced during the frequent switching between fermionic and bosonic
representations.

The sparse sampling scheme is stable thanks to the well-conditioned transformation ma-
trices generated from the sampling points. We demonstrate this in Fig. 9.6, which shows the

relative magnitude of basis expansion coeflicients for the converged solution. N is chosen
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large enough to ensure that all quantities are well approximated by the basis representations,
with N = 600 for Chebyshev and N = 130 for IR with A = 10°. Even after several iterations
with multiple transforms forward and backward between different types of sampling points,
we see that for all quantities, expansion coeflicients decay at least exponentially as we ex-
pect from the properties of the basis, down to a relative size below 107'2. The truncation
error due to the finite basis expansion is therefore controlled, and no amplification of error
is observed during the self-consistent iterations.

The sparse sampling scheme ensures that the number of 7 grid points and the number of
Matsubara frequencies is the same as the basis size N. We reach a precision of 8 digits in total
energy with only hundreds of 7 points and Matsubara frequencies, a significant improvement
from the conventional approach used in Ref. [44], where ~ 10? Matsubara frequencies were
used for higher temperature (8 ~ 100 Eh_l) and bigger convergence threshold (E,] ~ 107% E,
or 1077 E;). This greatly reduces the computational cost and memory requirement in all
parts of the calculations while still being accurate. The sparse sampling scheme thus allows
to tackle problems that were too costly to calculate, especially low temperature calculations

of systems with large energy scales.

Noble gas atoms

Noble gas atoms such as Kr have deep core states, if no pseudopotentials are employed. Due
to the large energy scale caused by the core states, it is computationally very demanding for
conventional methods to resolve sharp features close to 7 = 0 or f in G(r) or the slow de-
cay of G(iw,) at high frequency. Even with a compact polynomial basis such as Chebysheyv,
thousands of basis functions are required to represent the Green’s functions [136], and effec-
tive core potentials (ECP), which absorb electron in inner orbitals to the ionic potential, have

to be employed in most practical calculations. We choose this problem to demonstrate the
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power of the sparse sampling method when dealing with large energy scales, while avoiding
additional physical or technical difficulties.

The IR basis is a natural choice for systems with large energy scales. Aslong as the spectral
cutoff wy,x is chosen to include all energy scales in the system, exponential convergence of
the coefficients is guaranteed by construction, usually with no more than a couple hundred
basis functions [138]. The full potential of IR basis is realized when combined with the sparse
sampling scheme developed in this paper. Numerical difficulties in either 7 or frequency
domain are reduced to a single issue: whether the basis functions can capture all relevant
quantities well. Therefore, by using a sparse sampling method with the IR basis, we are able
to treat noble gas atoms efficiently even in all-electron calculations.

We choose the all-electron correlation consistent basis set cc-pVDZ [43], and perform GF2
and GW calculations of four noble gas atoms: He, Ne, Ar, and Kr, at f = 1000 Eh_l. Similar
to the case for Hy(, we estimate the dimensionless parameter A according to the Hartree-
Fock energy spectrum for each individual atom: A = 104 for He, A = 10° for Ne, and A = 10°
for Ar and Kr. The sparse sampling scheme is used in all calculations, and we vary the basis
size N to explore the convergence behavior. The energy convergence threshold is set to
Eio) = 1078 E;,, which is much smaller than the energy scale of Kr (~ 10 Ey).

Fig. 9.7 shows the energy convergence of all four atoms with respect to basis size N with
GF2 (left column) and GW (right column). The upper panels indicate that the basis converges
for all atoms, with absolute difference in energy dropping in an exponential trend below the
convergence tolerance E;,. The lower panels put the convergence in a relative scale, where
all atoms in both GF2 and GW can reach ~ 101 relative convergence.

Our results show that we can obtain fast basis convergence with around 100 basis func-
tions for all systems studied. This is consistent with the property of IR basis that the basis

size N scales only logarithmically with A [139].
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black horizontal line illustrates the energy convergence threshold of 1078 E;. Bottom row:
relative differences in total energy.
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9.4.8 Numerical stability of sparse sampling

When the expansion coefficients are numerically evaluated using the sparse sampling proce-
dures, numerical errors, such as round-off errors from floating point operations or truncation
errors from a finite basis cutoff, may be amplified due to the (pseudo-)inversion process. This
error amplification can be quantified by the condition number of the transformation matrices
F, and F,, defined as the product of the 2-norms of the matrix and its inverse. In Fig. 9.8 we
show the behaviors of such condition numbers for the IR basis as a function of the basis size
N = L (left panel, compared to the Chebyshev representation), and as a function of A (right
panel). We can see that up to a significant number of basis functions, the condition numbers
are < 10%, which indicates well-conditioned inversion problems. In addition, the condition
numbers show an approximate scaling of O(L!/2), which is slower that of the Chebyshev
representation O(L3/ 2). Since the values of L and A shown in Fig. 9.8 cover most values used
in the calculations reviewed in this paper, the sparse sampling scheme guarantees stable
numerical routines to get accurate results.

In practical applications of the sparse sampling method, one should take care not to in-
troduce large systematic errors in the basis representation, such as large truncation errors
due to insufficient basis size L or control parameter A. For example, a systematic error at
the level of 1072 in the basis representation, amplified by a condition number of 10° of the
“fitting” procedure, may lead to a numerical error greater than the actual result. As shown
in Fig. 9.9, such a situation could make the simulation unstable. Therefore, to ensure stable
numerical calculations with the sparse sampling method, one should choose the appropriate
basis parameters L and A such that the basis representation stays accurate.

Figure 9.9 shows examples of stable and unstable GW calculation of the Krypton atom

in cc-pVDZ basis with f = 10000 | using sparse sampling. We carried out five GW
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number of both 7 and iw, transformation matrices with respect to A, where N is chosen
to be the maximum number of coefficients with the same cutoff in singular values S},
provided in the irbasis library [139].

iterations with different choices of A, and plotted the norms of G; from each iteration. The

left panel of Fig. 9.9 shows results for A = 10”. At each iteration, the Green’s function is well

approximated by the IR basis and the basis truncation error is small, resulting in a stable

simulation. In the right panel, a smaller A = 10° is used, which is insufficient for this system

and introduces a large systematic error (around 1072), while the condition number of F is

~ 103. The systematic error is amplified by fitting procedure, rendering the GW simulation

unstable.
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Figure 9.9: Examples of stable and unstable GW calculations of the Krypton atom.

169




Chapter 10

Conclusion and Outlook

The ability of computing the electronic properties of strongly-correlated materials from the
first principles would profoundly deepen our quantitative understanding of electron corre-
lation effects, and potentially enable predictive calculations for discovering new correlated
materials with desired functionalities. Numerous theoretical and numerical methods are
being proposed to achieve that goal. Among these developments, diagrammatic methods,
based on a straightforward perturbative expansion in terms of the electron—electron inter-
action, have seen rapid progress and show significant potential, due to their theoretical sim-
plicity, flexibility in formulation, and improving efficiency in numerical calculations. This
thesis provides an overview of the fundamentals for developing diagrammatic methods for
realistic systems, and presents our progress towards a truly general diagrammatic solver for
realistic systems.

The first half of the thesis briefly summarizes basic notations and concepts common in
diagrammatic methods, especially DiagMC. In Chapter 2, we define the general mathemat-
ical problem we aim to solve — the electronic Hamiltonian, as well as its atomic basis sets

representation. In Chapter 3, we introduce the general formalism for performing pertur-
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bation expansion of the electron Hamiltonian, and basic rules for Feynman diagrammatic
representations. Chapter 4 reviews the Monte Carlo integration technique with importance
sampling and its application to diagrammatic series. In Chapter 5, we review the defini-
tion of the Luttinger-Ward functional, the general self-consistent diagrammatic framework
based on the functional, and examples of such self-consistent methods.

Chapter 6 summarizes two benchmark projects for state-of-the-art many-body methods
in realistic systems, including many diagrammatic methods. Strengths and limitations of
these methods are investigated systematically, and the results are carefully cross-checked
with other methods. These benchmarks demonstrate a systematic approach for reaching a
theoretical “consensus” of methods with different areas of applicability, and provide valuable
reference for future developments

Chapter 7 proposes a general DiagMC solver for systems with realistic interactions fol-
lowing the CDet approach, and systematically tests the solver on realistic molecules. The
method handles multiple orbitals, low temperatures, and sparse interaction matrices well at
moderate electron correlation. In the strongly-correlated regime, the method is limited by
the potential divergence of the perturbation series.

Chapter 8 shows our attempt to mitigate the convergence problem from a direct diagram-
matic expansion as used in Chapter 7. The interaction-expansion inchworm Monte Carlo
method introduced in this Chapter obtains the physical observables via a sequence of in-
cremental diagrammatic expansions. Preliminary results from inchworm show convergent
solutions in systems where bare DiagMC fails.

Chapter 9 summarizes the technical methods for representing the electron correlation
functions efficiently. We reviewed multiple compact representations, and introduced the
sparse sampling method which enables efficient storage and fast computation in both imag-

inary time and Matsubara frequencies.
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Going forward, two fundamental (and often intertwined) problems remain that limit the
applicability of DiagMC methods in realistic systems. The first one is the efficient computa-
tion of high-order Feynman diagrams. CDet has been a recent breakthrough, which signifi-
cantly simplifies the Monte Carlo sampling scheme and speeds up calculations of high-order
diagrams. However, because CDet eliminates individual diagrammatic topologies from the
procedure to gain efficiency, it looses some flexibilities from the original DiagMC frame-
work. For example, it cannot be applied to self-consistent skeleton series (so far) due to its
reliance to Wick’s theorem. Formulating CDet in frequency and momentum representations
may be difficult. Arbitrary counter terms for better perturbation starting points often lead
to a redesign of the recursive procedure. Any progress along these directions would further
widen the applicability of CDet. Alternatively, a smart partial summation based on diagram-
matic topologies may retain the advantages of explicit diagram sampling in DiagMC, while
avoiding a severe sign problem at high expansion orders.

The second problem is the convergence (or the lack thereof) of the diagrammatic series.
Bare diagrammatic expansions are destined to diverge in the strong-correlation limit. The
inchworm Monte Carlo approach introduced in Chapter 8 improves the convergence behav-
ior, but still does not guarantee a fast convergence. Analytical resummation techniques may
be useful if they can be fully automatized and can work with multi-orbital systems. More
complex counter terms based on the shifted action formalism, introduced in Section 3.5, may
enable systematic control of the convergence by changing the starting points of diagram-
matic expansions if the diagrammatic series can be computed efficiently. Reformulating the
diagrammatic language in terms of two-particle quantities may also provide useful insights,
e.g., by normalizing the interaction vertices. A faster convergence would also reduce the
number of expansion orders required for a certain numerical precision, which in turn alle-

viates the first problem.
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In essence, diagrammatic methods all try to solve the unknown problem starting from the
known in a perturbative manner. It would be interesting to know the true limit of these
methods, through careful theoretical thinking and numerical optimizations, which may hint
at fundamental challenges of either the interacting electron problem, or the classical com-

puting paradigm.
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Appendix A

Definitions and Properties of the

Scattering Amplitude

The intuition in defining the M object is similar to the relation between the self-energy X

and the Luttinger-Ward functional ¢[G] introduced in Chapter 5

5P[G]

Z ,, = )
(", %) 0G(x, x")

(A1)

which gives the 1PI amputated diagrams with the “bold” propagator G [52]. Here we have
employed the compound space-time indices x = (a,7). To get the connected amputated

diagrams with the “bare” propagator instead, we define a similar relation

5(.(2—90) _ 510gZ/ZO
Sg(x,x”)  Sglx,x))’

M(x",x)=p (A.2)

We show that by carrying out this functional derivative, we will recover the definition of M

as in Eq. (7.20).

Switching to the action formalism using coherent state path-integrals of Grassmann vari-
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ables [39], we rewrite the partition function as
Z = J@[é, c]e_S[c_’C],

where the action is given as

S =Sy + Sy,
Sop =~ J dydy’e(y)g ' (", )e(y),

Sv =1 [ dr Y Unaeueeaan(o).

abcd

Observe that

SlogZ 1 )
Sg(x,x’)  Z8g(x,x")

X exp [J dydy’e(y)g (v, y)e(y) — SV]
(s
_Jd d 5g(x,x") z
~ 087 (. y)
B Jd d dg(x,x")

J@[E, c]

j@mmwwwyf

G, y").

Using the fact that for an invertible matrix A,

(A+5A) 1 -—A1T=—-A"15AA""T

5[A_1]ij
= — A_l j A_l j
5Ak] [ ]lk[ ]IJ’
we have
510gZ ’ _— ’ N~ ’
So(e ) _dedy g . »G(. Yy (. x).
g(x,x")
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Similarly in the non-interacting case,

dlog Z L 1, N
S —dedy g (. 183 y)g 7 (v x)
g(x, x7)
= —g (¥, x).
Putting it all together, we have
dlog(Z/ Zy)
M(x', x) = ——2227 707
(%) Sg(x,x")

= J dydy’ g ' (x’, Gy, y") — g(3. y)]g ' (', x).

Therefore

G(y.y) = g(3.y') + j dedx’ gy, x IM(x', X)g(x. ")

which is exactly the same as Eq. (7.20).

Expanding compound indices x, y, ..., Eq. (A.2) can be rewritten as

52— )

Map(11,72) = ﬁm-
a )

(A.9)

(A.10)

(A.11)

(A.12)

In practice, we usually work with the time-translational invariant functions M(r) and g(r)

instead of their two-variable form. To that effect, we consider for 0 < 7 < f,

S(Q-9) 5 Jﬂ BS(Q — ) Sgyar(ta,71)

= drdr
Sgra(-1) S0 T Pogya(tt) Sgpa(-1)

p S8y
= ZJ drydry My (77 — Tz)M,
a'b’ 70 gba(_f)
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in which

S8y ar (TZ» Tl) _ S8y (TZ - Tl)
5gba(_7) 5gba(_7)

= Sy p0ual6(ry — 11 + T)O(1; — 13) (A.14)

-8y — 1y + 17— P)O(r; — 11)].
Therefore

5(Q-Qy) 5

B
= drydro My (11 — )
5gba(_'l') a/b, J;) 1 2 a b 1 2

X Oy pOnral 6(7 — 71 + T)O(11 — 13)
= 8(ry — 1y + 17— B)O(ry — 11)]
B
- || andnlma@se - o+ et - o)
= Mgp(t — B)S(ry — 11 + 7 = B)O(ry — 11)] (A.15)
B
= My(7) L drydry[8(zy — 71 + 1)O(11 — 72)
+8(ry — 1y + 7= B)O(r; — 1)
B 7 +p
= Mab(T)J dr; J dryd(ry — 11 +7— )

0 (51

= BMy(7),

which gives Eq. (7.21).
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Appendix B

Thermal Expectation Value of the Electron

Energy

The one-body energy is straightforward:
Ey=(Hy) = Y hap(édés) = Y happab. (B.1)
ab ab

Expression for the two-body energy term can be derived in multiple ways such as using the
equation of motion or the Schwinger-Dyson equation. Here we provide a simple derivation
following Ref. [56]. We introduce a coupling constant & to the action defined in Eq. (A.4)

such that Sz = S + &Sy and £ — 1 recovers the “physical” results. Now we have

dz
_§ = — J, @[é, C]Sve_s()_fsV‘

B
7 <Jr d’[Uade éa(T)éC(T)cd(T)Cb(T)>
o 4

= —Zp(Hy). (B.2)
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Introducing a change of variables such that ¢ — ¢/& /4 and ¢ — ¢/ £ 1/4 then
N

P[é,c] = Jim [ ] dé.de,
—>00 0{:1

N
li +4 /2 dé.d
—>/V1Lnoo§ g Codcey,

N
= lim ¢ T/2 T de,de,
a=1

=gt Tl12g(g, ] (B.3)

where the indices o denote states at each discretized time point on the integration path,
Tr[I] = [ dx8(x, x) in which x is the compound spacetime index, and the plus sign on the
exponent is due to the nature of Grassmann integrals. The partition function is unaffected

by the change of variables, which now takes the form

Zg e gTr[I]/Z J @ [(,_" C]e_g_l/ZSO—SV. (B4)
Therefore

dz 32 )
_§ — Tr[I]Z+ J@[é, C]f Soe_§ 1/250_SV
dé £=1 o

= TrZ[I]Z — % J 9[5, C]g_l(xl’ X)E(X')c(x)e_s

= Tr[I]Z _ gg—l(x/’x)G(x, x,)

2 2
= %Tr[l -g1G] (B.5)
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Comparing (B.2) and (B.5), we have

(Fiy) = # Tr[g™'G—1] = i Trl(g — GG

1
=35 Tr[XG] (B.6)
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Appendix C

Numerical Computation of the Adjugate

Matrix

We calculate the adjugate adj(A) of a matrix A € R™" numerically by first performing a
rank-revealing factorization on the matrix [153], such as the pivoted QR via the Householder
algorithm

A = QDRP (C.1)

where Q is an orthogonal matrix of Householder reflections, D is a diagonal matrix, R is
an upper triangular matrix in which all diagonal elements equal 1, and P is a permutation
matrix of the columns. The rank of the matrix r = rank(A) is determined by the number of

nonzero diagonal elements of D.
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If A is not singular, i.e. r = n, then the adjugate is given by

adj(A) = det(A)A™!

= det(P) det(D) det(Q)PT R-1D~1QT

- [(—1)”1’”@ ﬁ di]PTR_lD_lQT, (C2)
i=1

where np is the number of transpositions in the permutation P, ng is the number of House-
holder reflections in Q, and d; are diagonal elements of D. The scaling as a function of n for
the complexity of calculating the adjugate is the same as the one for calculating A™!, and we
obtain det(A) at the same time.

If A is singular, i.e. r < n, det(A) becomes zero, and Eq. (C.2) is replaced by
adj(A) = [(—1)“P”Q]PTR—1 adj(D)QT. (C.3)

If r = n — 1, there is one zero in the diagonal of D. Assuming d, = 0 and d; # 0 for

i=1,...,n—1, the adjugate of D follows directly from the definition (7.23)

n—1
adj(D) = diag<[o, -0.J] d,-]). (C.4)
i=1

If r <n-—1,adj(D) = 0, therefore adj(A) = 0.
In the presence of off-diagonal propagators, it is possible that the amputated diagrams
A(7) is nonzero while the vacuum diagrams D(7", @) vanish. Therefore it is crucial to

implement the adjugate of singular matrices as discussed above.
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Appendix D

Explicit Definition of the Auxiliary

Green’s Function

Introducing

§I(T5 T,) = UI(T)ﬁl_l(T/)’ (Dl)

we can write the physical Green’s function G in interaction picture as

L Tele PROS(B, D) (D)) (x,7)E (ST 0] 7> 7
G(r,7’) = (D.2)

L Te[e PI081(B.1)ef ()81 DES(r, 0] T <
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The auxiliary Green’s function can be formulated in a similar manner:

Gy(r,7") = 1

f

. Trle PHoe,(0)e] ()86, 0))],

ZL@ Tr[e e (2/)61(2)$1(6, 0))],

L Tr[e PRoer()$,(6, )é] (U,
5 TelePhe] ()50, D (DU (@],

~ 2 Trle #0310, D (D31(r, 7] (U (E)

(2 TeleP08,(0,2) (S DU )]

T>1 >0,
! >17>0,
T>0>1,

(D.3)
' >0>rT,

0>7>1,

0>1 >r1.

One can verify that this is equivalent to Eq. (8.7) by plugging in the Dyson series for S; [46]:

e L L LN
Sy =Y S | dn | doe | deoi@i@ -tk 09
k=0 : T’ T’ T’
Expanding all interaction picture operators explicitly, we have
( . N N N
—Zi Tr[e~(P~DHoge(r=m)Ho gt~ ('—OHyo=0H] = 7 5 1 > ¢,
0
ZL Tr[e_(ﬂ_fl)HOcAer_(T,_T)HOée_(T_Q)HOe_QH l, >1r>0,
0
_Zi Tr[e_(ﬂ_T)HOée_(T—e)HOe_(e_T/)I:IéTe_T'I:I]’ > 0 > Tl,
Golr.r) =1 % A S (D)
Zig Tr[e_(ﬂ_T/)HOé?e_(T,_G)HOe_(G_T)H ¢e TH], T >0>r,
—Zi Tr[e_(ﬂ_g)HOe_(‘g_f)H c?e_(f_fl)H éTe_T’H l, O0>t>1,
0
\Zig Tr[e_(ﬂ_e)lﬁloe_(@_fl)H te (@ -DHgp—tH ], 0>t >r,

which can be used to compute Gy analytically.
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Appendix E

Connection of the Inchworm Expansion to

the Skeleton Series

The diagram rules for the inchworm expansion are reminiscent of the skeleton diagram
rules [52] due to the exclusion of two-particle reducible Type 1 components. The connection
between the inchworm expansion (8.9) and the skeleton series can be revealed in the limit
where 0’ = 8,0 = f— Af, and AG — 0. For convenience, rewrite Eq. (8.6) as a coherent state

path integral [39]

0
Zy = J D¢ cle > exp (— L dTV(T)) , (E.1)

where ¢(7) and c¢(r) are Grassmann fields, S, the non-interacting action, and V(z) the Grass-
mann function obtained by replacing operators ¢t and ¢ in V with the Grassmann fields.

The generating function %} of the auxiliary Green’s function is the logarithm of Zy with a
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bilinear source term J [39]:

ZylJ] = J D¢, clexp < - S — J: drV(r)+

B
+J dT’dTE(T')](T’,T)C(T)), (E.2)
0
SWy
WolJ] :=log Zy[ ], = Gy(r,1’).
’ 5 8@ D=0
When A8 — 0, we have
G, oW
Go—Gppg ~ Z0pg = 2276 pg (E.3)

20 " 5] 90 |j=o

If the series expansion of dyp uniformly converges near J = 0, its derivative is also ex-
pected to converge. The convergence of this infinitesimal inchworm expansion for Gy is
thus directly related to the convergence properties of dg%p| ;= = 9 log Zp.

From (E.1), we have

J D[é, c](~V(8))e %
0

When taking 0 = 5, Zy becomes Z, and the integral of V(r) recovers the interacting action

Sy and we have

9

351087, =7 | Fecvime = <) (©5)

where S = Sy + Sy is the full action of the system. For a standard four-fermion interaction

\7, the expectation value can be formulated in terms of the Green’s function G and the self-
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energy X
Wy = % Z Tr[S(i0,)G(iwo,)]. (E.6)

X can be obtained as a functional derivative of the Luttinger-Ward functional ®[G] [52]:

5D

= =lcl, (E.7)

and the skeleton series can be formally written as [52, 56]

x[G] = i x0[Gl, @6l = i ¢M[G],
k=1 k=1 (ES)
o) = i Tr[z®G] = i Zn: Tr[Z®) (i, G(icwy)],

where X% is the sum of all k-th order skeleton diagrams. Combining Egs. (E.5), (E.6), and

(E.8), we have

P - 1 . .
7 log Zg‘ = - Z Y Z Tr[Z(k)(la)n)G(la)n)]
A = 9
-1 > kao®),
Fiz

This directly relates the inchworm expansion at § = f to the skeleton expansion of the
Luttinger-Ward functional. If the skeleton series (E.8) is absolutely convergent, so should

Eq. (E.9), which implies a convergent inchworm expansion at Gy—g.
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Appendix F

High-frequency Tails of the Green’s

Function

We start deriving the high-frequency tails for Green’s functions with the most general type

of interaction from (2.24):

H = Z é ¢+ ZUlel c Gy (F.1)
ij l]kl

where i, j, ... are compound spin-orbital indices, hl-j is the non-interacting matrix elements
(including the chemical potential contribution —pdj;), and Ujjy is the fully antisymmetrized

interaction (2.23):
Uikt = Vijki — Vijik = —Uijki = —Ujixt- (F.2)

The high frequency expansion of the Green’s function G;;(r) = —(%éi(r)éf(o» is given by

l {[I:I,él] — ,}
Gij(icon) = Z( 1 j - )k < (k—1) >

= 3 —1)k-1 F.3
k;( ) o) (E.3)
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We focus on the first three moments of the Green’s function.
Now we derive the first few moments of the Green’s function. Here are some useful

properties of the (anti-)commutators that will be used in the derivation.

{AB,C} = A[B,C] +{A,C}B
{A,BC} = {A, BIC — B[A,C]

(F.4)
{AB,C} = A{B,C} - [A,C]B

[AB,C] = A{B,C} — {A,C}B

The derivations are given as follows. We use Einstein’s summation rule to simplify notations.

cGH=— <{[FI, éi] ,éT}>, in which
AT A ATata 4 A]

[H. 6] =hyyg [cp q,cl] + ~Upgmn [cpcq CrCr» G
1 atata ca awO(atata 2)4
) + _qumn (Cpcq M_ {Cpcq Cn> Ci} Cm

=hyyq (cp Cri Gt — { } 1
o o
= hpqdiplq = ZUpgmn (Cp qj%/cf cpcqscz] Cn) Cm (E.5)

1 o ) At A A
— higey Zqumn (cp { q> c} {cp, cl} Cq ) CnCm
.1 A 1 s
= — higCy + 4qumncp CnCmOqi — 4qumncq CnCmOpi

L, 1 a1 R
- hich + 4Upzmncpcncm 4Uiqmncq CnCm

Respect the symmetry of the interaction matrix (F.2) and renaming dummy indices, we
have

A a . 1 AT A 4
[H.¢] = _hich 2U1qmncgcncm (F.6)
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Therefore

= (6] )l e ()
. 0
= higByj + %Uiqmn <é‘; [é"ém’é;] _M mén>

1 IS O U
= hij + EUiqmn <Cq Cn {Cm’ Ci(—

—+
[——
<2
o
>
3
>
~ 2
——
H
~—

(F.7)
1
= hij + EUiqmn (pqn(smj - pqusnj)

1
=hij+ 3 (UginPan = UigmPam)
= hij + UigjnPqn
where p;; = <é- éj> is the density matrix.

. GH = <{[ﬁ [ﬁ éi” éf}> From (F.6) we have
[Fr.[Fr.6]] = = hig [Fr ] = SUigmn [ 1.6 éutn] (F38)

The first term goes as

A R 1 AT A A
_hiq[H’ Cq] = _hiq <_hqrcr - EUqrstcjctCs>
(F.9)

.1 o
= highgr6 + Ehiqurstcr C;Cs.
From the previous calculation we have <{é; CmCn> é;r}> = PgmSnj — Pqndmj> therefore

Aaq oA 1
<{_hiq[Hs Cq], C]T}> = hiqhqrfsrj + Ehiqurst (prtasj - prsatj) = (hz)ij + hiqurjsprs- (F.10)
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To evaluate the second term, we first investigate the following commutation relation

7 aTa 4 ATa aTa st
[H, Cq cncm] h,] [c Cj, Cq cncm] + Uykl[ clck, Cq cncm]
= hy ([af, o tnin] &+ 6 [65 6 Gnin] )

+ Ul]kl ([ lT ]T,c;cncm] Gl + ¢ T ]T [CAlék,é;éném])

0
_ AT a4 4 AT (At A AT N Y
= hyj (Mncmcj —¢q 16 { cncm} ¢+ ¢ {cj,cq}cncm ¢ ¢q {cj, Cnbn}
AT (AT AT 4 AT ata AT A etafafs ote sfalf fa ata s
+ Ul}kl( {C CanCm}Cle—{Cl ,CanCm}C Cle+ i ] I{Ck! Cq Cncm} G ] {Cl,CanCm}Ck)
0

_ AT (AT 4 ATa [at 4 14 o ataa aTatia 215 L oaTata 14 4
= h;; (— q { ; ,cn} mCj + Cq Gy [c cm] ¢ + G Cnlmbjq — € Cqu +¢'eq [cj,cm]

1 ury 0 ATAT [AT i WQ T[aT t

AT( A PN ~ AT A A AA ~ AT A A AT A A

+ ZUijkl<Ci Mncmclck — G Cq [ cncm] CICy —{/C,»/,fé?}zj ChCmCiCk + Cq [Ci S cncm] Cj CiCx
Folonalled, — ol ason b O tat(s At
1 ¢ G {ck, cq}cncm ¢ 66 2] — G € {cl,cq}cncmck +¢ c] Cqu

= B (=6 G0 + & 6 (=Oim + 2616 ) &+ Gulndig + & g G (2616m))

1 AT A A (AT 4 A AT A la \aTan
+ Z ijkl( — cl_Tc;- ( Cy { s cm} + {cj,cn} cm) Gl + c; ( {c Cm} + {c;,cn} cm) chchk

(_6l5kq)

. ot
i G lcncmékq ~ G € CnCmGlq

_ h,-j(—éq' i — 4 i + € CuinOyg + 2( 8 €0y ¢

1 NryY sTaTa aa sTa aTan ATa ataas Ny
+ ZUijkl (cl- Cq nCiCkOim — € Cq EmCiCOjn — Cq CnCj CCkGim + Cq CmC; kG + 26; € clcncm5kq)

3 R o a R
= h;j (cq ¢mCi0in — Cq CnCiGim + ¢ cncm5jq)

RN
1, (o ot ot G G uicim
+ ZUijkl<éi Cq €1k Sjm — €; Cq CmCCiSjn + m
&1 e 66k & 616G

el o M AT
- mCiCkOin — Cq CCkOnjOim + imOin + 2; ¢ clcncmSkq
_ NP AT A 4 AT 4
= h;j (cq mCidin — Cq CuCiGim + € CnCmbjq

1 RICI KIS K KIS
+ EUijkl (cl- Cq CnCikSjm — €; Cq CmC1CkGjn — Cq C1CkOniOim + €; € clcncmékq)
(F.11)
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To avoid confusion, we change the dummy indices in the result above from {i, j, k, [} to

{r,s,t,v}, which gives

At a sta s e a e a
[H Can] hrs(cq Cmcs6rn — G Cncs5rm + o Cncm5sq)

Uprstv AT ata & s ATata & A AT atTa & & AT A A
Cr Cq EnCyCiOsm — Cr Cq CmCyCiOsn + Cr Cs CyCnCmbrg — Cq CCtOnsGrm)

(F.12)

Plugging this into the second term of (F.8), we have

e
1 + + Cncs5rm "
- ZUlqmn [H Cq Cncm] = lqmnhrs mCsOrn — Cq Cncs5rm + G Cncmfssq)
—C Cg Cy Cyy GO,
Ul U T g_ mv*t®sn
qmnrsty bt . s e At aTa A 4 AT AT A AT A
4 ( n vctasm Cr Cq Cmcvctasn + G Cs CanCm5tq Cq Cvct(snsarm) (F 13)
Uiqmnh A a

= T <2Cq Cncsérm é:éném53q>
UigmnU,
qmnrstv (.t .t . AT aTa & A ATa A
+— <2cr Cq CmCyCiOsn — Cr Cs CyCrlmbrq + Cq cvctémérm)

We then analyze the following anti-commutation relation

et Nt =l inim e - [l

{¢r s €,CnCrs ¢ } =G & {C,6,Cms ¢

—cjcs CylCCs € ¢ ] + Cr Cs {Cv,é $enm (F.14)

ode
=& & 6,6l & — 16008 o) + T & 86

R R R
=G G cv(cnémj - cm5nj) + & Cs CuCmjy

Using this together with that <{c}; CmCns é;}> = PgmOnj — Pgndmj> we have (define y;x; =
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(&' ¢ o)
1 Al A A N
<{_5Uiqmn [H C;.cncm] , c;}>
2
Uiqmnhrs -
B 2 2 (pqnésj B pqsénj) Orm — (Pr Onj rn5mj)5sq

Uiqanrstv AT AT ZCv(St
+ ———(2] GG cm(cv o v; + cr cq ¢vCim | Oen

4

. —2C0nj
_ cr Cs CVW+ 5jéjéném5jv 5tq>
2pqviyj
+ (g qt vj)5n35rm

= Uiqmnhrs(Pqn(Ssjérm - qu5nj5rm - Prmcsnjésq)
UigmnUsst
N % (<4@J &3 o5, isn + 261 6 6,6 OimOun
1 2876 6,800t — & &) EnnBiudig ) + 2001105
r&s “vim®nj“tq r s t*n*m%jv¥q pqvt]nsrm
1

= Uiqmnhmqun Ulqm]hmqus + Ulqm}hrqprm + _Uiqanmnjquv

+ Uiqanrnijrqvm + Ulq]nU ntv Xrqtv + Uzqm}U sqv Xrsmv — Uiqanrsqursmn

(F.15)

To sum up, we have

1
GinH = (hz)ij + hiqurjsprs + Uiqmnhmqun Ulqmjhmqus + Ulqmjhrqprm + EUiqanmnjquv

+ Uiqanrnijrqvm + Uzq]nU ntvXrgtv + Ulqm]U sqv Xrsmv — Uiqanrsqj)(rsmn

(F.16)
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Recall that Gil} = hij +Uigjnpgn> which gives (GH)izj = (h%); i+ higUgmin Prmn + UigmnhimjPqn +

UigmnUmsjvPgnpPsv- Collecting identical terms in Gt

Uiqanrnjvprqum 1
GinH :(GH)izj _W_ Uiqmjhmqus + Uiqmjhrqprm + EUiqanmnijqv

1 1 1

+ Uiqanrnijrqvm + EUianUrnthrqtv + EUiqijrsqursmv - ZUiqanrsqursmn
—(12
=(G"

+ Uiqanrnjv()(rqvm - ,Drqum)

- Uiqmjhmqus + Uiqmjhrqprm

1 1 1
+ EUiqanmnjquv + EUianUrnthrqtv + EUiqmj rsqv Xrsmv

1
- ZUiqanrsqj Xrsmn
(F.17)

If we assume that all elements in h;; and Ujj; are real, and so is p;; and y;jy, then since

the Hamiltonian is Hermitian, we have the following additional symmetry:

ij —Nji

(F.18)
Uikl =Ukiij

pij (Gjj) and y;jx; follows the same symmetry as h;; and Ujjy; respectively. We can make
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use of these properties to simplify the result above.

GinH :(GH)izj
+ UiqnmUrnvj(quvm - prqum)

1
+ EUiqmn Unn jvPqv

1
+ E(Uian - Uinjq)Urntv)(rqtv

. J

zero under symmetry i<>j

1 (F.19)
- ZUzqmn Ursq j Xrsmn

:(GH)iZj
+ UiqnmUrnvj()(rqvm - prqum)
1
ZUiqanrsqj Xrsmn

1
+ EUiqanmrz jvPqv

Now we treat the orbital and spin indices separately. To simplify notations, we introduce the
following convention: suppose we have a compound index i = {0;, 0;} where o; is the orbital
index and g; is the spin index, we denote the corresponding vector quantity to be A; = Al,
in which the subscript is always the orbital index, and the superscript is always the spin
index. Einstein’s summation rule is applied to all orbital indices, namely the subscript. Spin
summations should always be written with the summation symbol explicitly, and the indices
under the summation symbol only refer to the spin. We further assume that the Hamiltonian

takes the following spin-preserving form:

AST A AT AJ T AJ Al
H= thjl S+ Z AR (F.20)
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which relates to the previous spin-orbital notations as follows (Einstein’s summation rule is

NOT implied here):

ij _ i sij

ijkl ik 5jl

Vit = zjkl‘S 0 (F:21)
ijkl _ ,ijkl ijlk ik <il ij il ok

Uikt = Vi = Vijik = z]kl5 & = V"

Since the Hamiltonian preserves spin, the observables should also reflect such preservation

(Einstein’s summation rule is NOT implied here):

G = GV
pllj = pll](Sl] (F.22)

ijkl kil i sl sjk ij
Xijkl = Xz,kl(sl & — xS 6" (1 - 8Y)

where lejjkl = <6ll Téﬁé{ é,i) Now we evaluate the tails under this convention.
« The first tail is simply (Gl)fj = §
« The second tails turns into

(GII)S — hs + Z 51’55]5(‘/1’;”51]5(111 Viiglnjainaqj)pgn(sqn
igjn

= hij + (Z qujnpqn anpq")

(F.23)

from which we recognize the familiar Hartree and Fock self energies.
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« The third tail goes as (here & denotes the opposite spin of o)

(GIII);:J_ :(GH)ék (GII);'CJ

+ Z (Vl’q simgqn _ sin sy Srisnv _yrn srv 5n1)

qmn 1qnm rnjv rnvj
qmnrv

(( )(rqvm Srvsam — rqmv 5ME(1 — §)) — P;v 5 P(C]]m 5Im)

+ Z (Vzl;mn simsan _ lqnm sin 5qm)(Vr;an ’ Smisnv _ Vr;znr:lw §mv 5m) o 59V
qmnv

_- Z (th;mn Simsan — lqnm sin 5qm)(Vrrssq j Srasst — V:ss] . S 559)
qmnrs

(ermnarmasn - ernmgrnasm(l 5“))

118V 1I\i
=(GMi(G )lk,.

il il i i i i
(qumnVrnjv qvm prqum) qumnV n]v)(rqmv

Z Vi Vi Ottaom = Db Pgm) = Z VetV Otriem = Plpim)

Z Vllc?nmvrrrlzw Xrqvm Prqum))
+3 ( Z igmn mnjquv Vzlc;mnvunwpqv Vll(;nmvun]quv + Z Vl(;]anmnwqu)
__(Vzlc;mn sq]ermn - Vzlcllmnvuq])(rsnm Z igmn ;;I]q)(rl;]mn

iq ii ii ii il
- Z quanrquXr smn + quan SJqusmn quanrsqursnm)

(F.24)

197



In the case of Coulomb interactions, the interaction is spin-independent, i.e.

Vi = Vi = j drdry} (1)) () G (F.25)

1
ry — 15

We further make the following assumptions, which is usually the case in typical quantum

chemistry calculations
1. Non-interacting Hamiltonian is real and spin-independent: hfj = hij = hj;;
2. Interaction is real: Vjjx; = Vij = Vi = V-
In this case, the tails become
- (G = &
¢ (GH)% = hzs] + Zs’ ‘/ianp(S];z - Viqnjp(s]n = hij + Vian Zs’ pg];i - Viqnjpfszn

« It can be shown that G = (G")2 + 1, where X' is the 1/iw, moment of the self-energy,
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which we can get from the previous derivations as

(ZI igj :(ViqmnVrnjv(Xri]%m - vapgm) - ViqmnVrnijr%?nv - ViqmnVrnvj Z(Xrgp?m - pgv pgm)
O-I

- Viqanrnjv Z(Xraq({)m - ngpgm) + Viqanrnvj Z(Xg]\fm - Pfqv pgm))
o’ o’'t’

+%(Viqmnvmnjv Z Pg«: - Viqmannvjpgv - Viqanmnjvpgv + Viqanmnvj Z ng/z)
o’ o’
_i (ViCImnVrsqj Xrsmn — VigmnVrsqj Xronm = VigmnVrsjq ; Xras?”,”
- Viqanrsqj Z Xg’rgn + Viqanrsqug‘?nn - Viqanrsjq)(ggm)
o
:(ViqmnVrnjv()(gq(\rzm - Prqvpgm) - ViqmnVrnjv)(gq%v - ViqmnVrnvj Z(}(g]/gm - prG\: pgm)
P
- V;'qanrnjv Z(Xg]('{/% - pr(‘fvpgr/n) + V;qnmvrnvj Z(}(rgqlvfr;l - P% pg;n))
o’ o't’

+Viqmannjv Z ng - Viqmannvjpgv
o-l

1 ~ ’
_E(Viqmnvrsq j)(ggnn - ViqmnVrsqj)(g%m - Viqanrsqj Z stngn
o.l

(F.26)

199



Bibliography

W. Kohn and L. J. Sham, “Self-consistent equations including exchange and correla-
tion effects”, Phys. Rev. 140, A1133-A1138 (1965).

C. C.]. Roothaan, “Self-consistent field theory for open shells of electronic systems”,
Rev. Mod. Phys. 32, 179-185 (1960).

R. P. Feynman, “Space-time approach to non-relativistic quantum mechanics”, Rev.
Mod. Phys. 20, 367-387 (1948).

J. J. Phillips and D. Zgid, “Communication: The description of strong correlation
within self-consistent Green’s function second-order perturbation theory”, Journal
of Chemical Physics 140, 241101 (2014).

A. A.Rusakov, J. J. Phillips, and D. Zgid, “Local Hamiltonians for quantitative Green’s
function embedding methods”, Journal of Chemical Physics 141, 194105 (2014).

J.J. Phillips, A. A. Kananenka, and D. Zgid, “Fractional charge and spin errors in self-
consistent Green’s function theory”, Journal of Chemical Physics 142, 194108 (2015).

A. R. Welden, A. A. Rusakov, and D. Zgid, “Exploring connections between statisti-
cal mechanics and Green’s functions for realistic systems: Temperature dependent
electronic entropy and internal energy from a self-consistent second-order Green’s
function”, The Journal of Chemical Physics 145, 204106 (2016).

L. Hedin, “New Method for Calculating the One-Particle Green’s Function with Ap-
plication to the Electron-Gas Problem”, Physical Review 139, A796—-A823 (1965).

A.N. Rubtsov, V. V. Savkin, and A. L. Lichtenstein, “Continuous-time quantum Monte
Carlo method for fermions”, Physical Review B 72, 035122 (2005).

P. Werner, A. Comanac, L. de’Medici, M. Troyer, and A. J. Millis, “Continuous-time
solver for quantum impurity models”, Phys. Rev. Lett. 97, 076405 (2006).

P. Werner and A. J. Millis, “Hybridization expansion impurity solver: general for-
mulation and application to kondo lattice and two-orbital models”, Phys. Rev. B 74,
155107 (2006).

E. Gull, P. Werner, O. Parcollet, and M. Troyer, “Continuous-time auxiliary-field
Monte Carlo for quantum impurity models”, EPL (Europhysics Letters) 82, 57003
(2008).

200


https://doi.org/10.1103/PhysRev.140.A1133
https://doi.org/10.1103/RevModPhys.32.179
https://doi.org/10.1103/RevModPhys.20.367
https://doi.org/10.1103/RevModPhys.20.367
https://doi.org/10.1063/1.4884951
https://doi.org/10.1063/1.4884951
https://doi.org/10.1063/1.4901432
https://doi.org/10.1063/1.4921259
https://doi.org/10.1063/1.4967449
https://doi.org/10.1103/PhysRev.139.A796
https://doi.org/10.1103/PhysRevB.72.035122
https://doi.org/10.1103/PhysRevLett.97.076405
https://doi.org/10.1103/PhysRevB.74.155107
https://doi.org/10.1103/PhysRevB.74.155107
https://doi.org/10.1209/0295-5075/82/57003
https://doi.org/10.1209/0295-5075/82/57003

E. Gull, P. Staar, S. Fuchs, P. Nukala, M. S. Summers, T. Pruschke, T. C. Schulthess,
and T. Maier, “Submatrix updates for the continuous-time auxiliary-field algorithm”,
Phys. Rev. B 83, 075122 (2011).

E. Gull, A. J. Millis, A. I. Lichtenstein, A. N. Rubtsov, M. Troyer, and P. Werner,
“Continuous-time Monte Carlo methods for quantum impurity models”, Reviews of
Modern Physics 83, 349-404 (2011).

A. Georges, G. Kotliar, W. Krauth, and M. J. Rozenberg, “Dynamical mean-field theory
of strongly correlated fermion systems and the limit of infinite dimensions”, Reviews
of Modern Physics 68, 13-125 (1996).

G. Kotliar, S. Y. Savrasov, K. Haule, V. S. Oudovenko, O. Parcollet, and C. A. Mari-
anetti, “Electronic structure calculations with dynamical mean-field theory”, Reviews
of Modern Physics 78, 865-951 (2006).

N. V. Prokof’ev, B. V. Svistunov, and L S. Tupitsyn, “Exact, complete, and universal
continuous-time worldline Monte Carlo approach to the statistics of discrete quan-
tum systems”, Journal of Experimental and Theoretical Physics 87, 310-321 (1998).

N. V. Prokof’ev and B. V. Svistunov, “Polaron problem by diagrammatic quantum
Monte Carlo”, Physical Review Letters 81, 2514-2517 (1998).

N. Prokof’ev and B. Svistunov, “Fermi-polaron problem: diagrammatic Monte Carlo
method for divergent sign-alternating series”, Physical Review B 77, 020408(R) (2008).

N. V. Prokof’ev and B. V. Svistunov, “Bold diagrammatic Monte Carlo: a generic sign-
problem tolerant technique for polaron models and possibly interacting many-body
problems”, Physical Review B 77, 125101 (2008).

K. van Houcke, E. Kozik, N. Prokof’ev, and B. Svistunov, “Diagrammatic monte carlo”,
Physics Procedia 6, Computer Simulations Studies in Condensed Matter Physics XXI,
95-105 (2010).

R. Rossi, “Determinant diagrammatic Monte Carlo algorithm in the thermodynamic
limit”, Physical Review Letters 119, 045701 (2017).

A. Moutenet, W. Wu, and M. Ferrero, “Determinant Monte Carlo algorithms for dy-
namical quantities in fermionic systems”, Physical Review B 97, 085117 (2018).

F. Simkovic and E. Kozik, “Determinant Monte Carlo for irreducible Feynman dia-
grams in the strongly correlated regime”, Physical Review B 100, 121102 (2019).

F. Simkovic, R. Rossi, and M. Ferrero, “Efficient one-loop-renormalized vertex ex-
pansions with connected determinant diagrammatic monte carlo”, Phys. Rev. B 102,
195122 (2020).

R. Rossi, F. Simkovic, and M. Ferrero, “Renormalized perturbation theory at large
expansion orders”, EPL (Europhysics Letters) 132, 11001 (2020).

201


https://doi.org/10.1103/PhysRevB.83.075122
https://doi.org/10.1103/RevModPhys.83.349
https://doi.org/10.1103/RevModPhys.83.349
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/RevModPhys.68.13
https://doi.org/10.1103/RevModPhys.78.865
https://doi.org/10.1103/RevModPhys.78.865
https://doi.org/10.1134/1.558661
https://doi.org/10.1103/PhysRevLett.81.2514
https://doi.org/10.1103/PhysRevB.77.020408
https://doi.org/10.1103/PhysRevB.77.125101
https://doi.org/10.1016/j.phpro.2010.09.034
https://doi.org/10.1016/j.phpro.2010.09.034
https://doi.org/10.1103/PhysRevLett.119.045701
https://doi.org/10.1103/PhysRevB.97.085117
https://doi.org/10.1103/PhysRevB.100.121102
https://doi.org/10.1103/PhysRevB.102.195122
https://doi.org/10.1103/PhysRevB.102.195122
https://doi.org/10.1209/0295-5075/132/11001

[35]

[36]

[37]

G. Cohen, E. Gull, D. R. Reichman, and A. J. Millis, “Taming the dynamical sign prob-
lem in real-time evolution of quantum many-body problems”, Phys. Rev. Lett. 115,
266802 (2015).

H.-T. Chen, G. Cohen, and D. R. Reichman, “Inchworm monte carlo for exact non-
adiabatic dynamics. i. theory and algorithms”, J. Chem. Phys. 146, 054105 (2017).

A. E. Antipov, Q. Dong, J. Kleinhenz, G. Cohen, and E. Gull, “Currents and green’s
functions of impurities out of equilibrium: results from inchworm quantum monte
carlo”, Phys. Rev. B 95, 085144 (2017).

Q. Dong, L. Krivenko, J. Kleinhenz, A. E. Antipov, G. Cohen, and E. Gull, “Quantum
monte carlo solution of the dynamical mean field equations in real time”, Phys. Rev.
B 96, 155126 (2017)

A. Boag, E. Gull, and G. Cohen, “Inclusion-exclusion principle for many-body dia-
grammatics”, Phys. Rev. B 98, 115152 (2018).

L. Krivenko, J. Kleinhenz, G. Cohen, and E. Gull, “Dynamics of kondo voltage splitting
after a quantum quench”, Phys. Rev. B 100, 201104 (2019).

E.Eidelstein, E. Gull, and G. Cohen, “Multiorbital quantum impurity solver for general
interactions and hybridizations”, Phys. Rev. Lett. 124, 206405 (2020).

R. Rossi, T. Ohgoe, K. van Houcke, and F. Werner, “Resummation of diagrammatic
series with zero convergence radius for strongly correlated fermions”, Phys. Rev. Lett.
121, 130405 (2018).

A. A. Kananenka, E. Gull, and D. Zgid, “Systematically improvable multiscale solver
for correlated electron systems”, Physical Review B 91, 121111(R) (2015).

T. N. Lan, A. A. Kananenka, and D. Zgid, “Communication: towards ab initio self-
energy embedding theory in quantum chemistry”, The Journal of Chemical Physics
143, 241102 (2015).

T. N. Lan, A. A. Kananenka, and D. Zgid, “Rigorous ab initio quantum embedding
for quantum chemistry using green’s function theory: screened interaction, nonlo-
cal self-energy relaxation, orbital basis, and chemical accuracy”, Journal of Chemical
Theory and Computation 12, 4856-4870 (2016).

A. Szabo and N. Ostlund, Modern quantum chemistry: introduction to advanced elec-
tronic structure theory, Dover Books on Chemistry (Dover Publications, 1996).

J. W. Negele and H. Orland, Quantum many-particle systems (Addison-Wesley, 1988).
J. C. Slater, “Atomic shielding constants”, Phys. Rev. 36, 57-64 (1930).

S. F. Boys and A. C. Egerton, “Electronic wave functions - i. a general method of
calculation for the stationary states of any molecular system”, Proceedings of the
Royal Society of London. Series A. Mathematical and Physical Sciences 200, 542-554
(1950).

202


https://doi.org/10.1103/PhysRevLett.115.266802
https://doi.org/10.1103/PhysRevLett.115.266802
https://doi.org/10.1063/1.4974328
https://doi.org/10.1103/PhysRevB.95.085144
https://doi.org/10.1103/PhysRevB.96.155126
https://doi.org/10.1103/PhysRevB.96.155126
https://doi.org/10.1103/PhysRevB.98.115152
https://doi.org/10.1103/PhysRevB.100.201104
https://doi.org/10.1103/PhysRevLett.124.206405
https://doi.org/10.1103/PhysRevLett.121.130405
https://doi.org/10.1103/PhysRevLett.121.130405
https://doi.org/10.1103/PhysRevB.91.121111
https://doi.org/10.1063/1.4938562
https://doi.org/10.1063/1.4938562
https://doi.org/10.1021/acs.jctc.6b00638
https://doi.org/10.1021/acs.jctc.6b00638
https://doi.org/10.1103/PhysRev.36.57
https://doi.org/10.1098/rspa.1950.0036
https://doi.org/10.1098/rspa.1950.0036
https://doi.org/10.1098/rspa.1950.0036

[42]

[43]

[44]

[45]

[46]
[47]

[49]

[50]
[51]

W. J. Hehre, R. F. Stewart, and J. A. Pople, “Self-consistent molecular-orbital methods.
i. use of gaussian expansions of slater-type atomic orbitals”, The Journal of Chemical
Physics 51, 2657-2664 (1969).

T. H. Dunning, “Gaussian basis sets for use in correlated molecular calculations. i.
the atoms boron through neon and hydrogen”, The Journal of Chemical Physics 90,
1007-1023 (1989).

M. Motta, D. M. Ceperley, G. K.-1. Chan, J. A. Gomez, E. Gull, S. Guo, C. A. Jiménez-
Hoyos, T. N. Lan, J. Li, F. Ma, A. J. Millis, N. V. Prokof’ev, U. Ray, G. E. Scuseria, S.
Sorella, E. M. Stoudenmire, Q. Sun, L. S. Tupitsyn, S. R. White, D. Zgid, and S. Zhang,
“Towards the Solution of the Many-Electron Problem in Real Materials: Equation of
State of the Hydrogen Chain with State-of-the-Art Many-Body Methods”, Physical
Review X 7, 031059 (2017).

S. Lehtola, “A review on non-relativistic, fully numerical electronic structure calcula-
tions on atoms and diatomic molecules”, International Journal of Quantum Chemistry
119, €25968 (2019).

G. D. Mahan, Many particle physics, third edition (Plenum, New York, 2000).

J. Li, M. Wallerberger, and E. Gull, “Diagrammatic monte carlo method for impurity
models with general interactions and hybridizations”, Phys. Rev. Research 2, 033211
(2020).

R. Rossi, F. Werner, N. V. Prokof’ev, and B. Svistunov, “Shifted-action expansion and
applicability of dressed diagrammatic schemes”, Physical Review B 93, 161102(R)
(2016).

W. Wu, M. Ferrero, A. Georges, and E. Kozik, “Controlling Feynman diagrammatic ex-
pansions: physical nature of the pseudogap in the two-dimensional Hubbard model”,
Phys. Rev. B 96, 041105 (2017).

M. Srednicki, Quantum field theory (Cambridge University Press, 2007).

D.Landau and K. Binder, A guide to monte carlo simulations in statistical physics (Cam-
bridge university press, 2021).

J. M. Luttinger and J. C. Ward, “Ground-state energy of a many-fermion system. ii”,
Phys. Rev. 118, 1417-1427 (1960).

G. Baym and L. P. Kadanoff, “Conservation laws and correlation functions”, Phys.
Rev. 124, 287-299 (1961).

G. Baym, “Self-consistent approximations in many-body systems”, Phys. Rev. 127,
1391-1401 (1962).

M. Potthoff, “Self-energy-functional approach to systems of correlated electrons”, The
European Physical Journal B - Condensed Matter and Complex Systems 32, 429-436
(2003).

203


https://doi.org/10.1063/1.1672392
https://doi.org/10.1063/1.1672392
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1103/PhysRevX.7.031059
https://doi.org/10.1103/PhysRevX.7.031059
https://doi.org/10.1002/qua.25968
https://doi.org/10.1002/qua.25968
https://doi.org/10.1103/PhysRevResearch.2.033211
https://doi.org/10.1103/PhysRevResearch.2.033211
https://doi.org/10.1103/PhysRevB.93.161102
https://doi.org/10.1103/PhysRevB.93.161102
https://doi.org/10.1103/PhysRevB.96.041105
https://doi.org/10.1103/PhysRev.118.1417
https://doi.org/10.1103/PhysRev.124.287
https://doi.org/10.1103/PhysRev.124.287
https://doi.org/10.1103/PhysRev.127.1391
https://doi.org/10.1103/PhysRev.127.1391
https://doi.org/10.1140/epjb/e2003-00121-8
https://doi.org/10.1140/epjb/e2003-00121-8
https://doi.org/10.1140/epjb/e2003-00121-8

[56]

[57]

[58]

[65]

[66]

L. Lin and M. Lindsey, “Bold Feynman diagrams and the Luttinger-Ward formalism
via Gibbs measures. Part I: perturbative approach”, arXiv preprint arXiv:1809.02900
(2018).

L.Lin and M. Lindsey, “Variational structure of luttinger-ward formalism and bold di-
agrammatic expansion for euclidean lattice field theory”, Proceedings of the National
Academy of Sciences 115, 2282-2286 (2018).

E. Kozik, M. Ferrero, and A. Georges, “Nonexistence of the luttinger-ward functional
and misleading convergence of skeleton diagrammatic series for hubbard-like mod-
els”, Phys. Rev. Lett. 114, 156402 (2015).

O. Gunnarsson, G. Rohringer, T. Schifer, G. Sangiovanni, and A. Toschi, “Break-
down of traditional many-body theories for correlated electrons”, Phys. Rev. Lett.
119, 056402 (2017).

K. V. Houcke, E. Kozik, R. Rossi, Y. Deng, and F. Werner, “Physical and un-
physical regimes of self-consistent many-body perturbation theory”, arXiv preprint
arXiv:2102.04508 (2021).

A. Stan, N. E. Dahlen, and R. van Leeuwen, “Fully self-consistent GW calculations for
atoms and molecules”, Europhysics Letters (EPL) 76, 298—304 (2006).

A. Stan, N. E. Dahlen, and R. van Leeuwen, “Levels of self-consistency in the GW
approximation”, The Journal of Chemical Physics 130, 114105 (2009).

C.-O. ALMBLADH, U. V. BARTH, and R. V. LEEUWEN, “Variational total energies
from ®- and Y- derivable theories”, International Journal of Modern Physics B 13,
535-541 (1999).

S. A. Kulagin, N. Prokof’ev, O. A. Starykh, B. Svistunov, and C. N. Varney, “Bold di-
agrammatic monte carlo method applied to fermionized frustrated spins”, Phys. Rev.
Lett. 110, 070601 (2013).

L S. Tupitsyn, A. S. Mishchenko, N. Nagaosa, and N. Prokof’ev, “Coulomb and
electron-phonon interactions in metals”, Phys. Rev. B 94, 155145 (2016).

J. P. F. LeBlanc, A. E. Antipov, F. Becca, I. W. Bulik, G. K.-L. Chan, C.-M. Chung, Y.
Deng, M. Ferrero, T. M. Henderson, C. A. Jiménez-Hoyos, E. Kozik, X.-W. Liu, A. ]J.
Millis, N. V. Prokof’ev, M. Qin, G. E. Scuseria, H. Shi, B. V. Svistunov, L. F. Tocchio,
L. S. Tupitsyn, S. R. White, S. Zhang, B.-X. Zheng, Z. Zhu, and E. Gull (Simons Collab-
oration on the Many-Electron Problem), “Solutions of the two-dimensional hubbard
model: benchmarks and results from a wide range of numerical algorithms”, Phys.
Rev. X 5, 041041 (2015).

204


https://doi.org/10.1073/pnas.1720782115
https://doi.org/10.1073/pnas.1720782115
https://doi.org/10.1103/PhysRevLett.114.156402
https://doi.org/10.1103/PhysRevLett.119.056402
https://doi.org/10.1103/PhysRevLett.119.056402
https://doi.org/10.1209/epl/i2006-10266-6
https://doi.org/10.1063/1.3089567
https://doi.org/10.1142/S0217979299000436
https://doi.org/10.1142/S0217979299000436
https://doi.org/10.1103/PhysRevLett.110.070601
https://doi.org/10.1103/PhysRevLett.110.070601
https://doi.org/10.1103/PhysRevB.94.155145
https://doi.org/10.1103/PhysRevX.5.041041
https://doi.org/10.1103/PhysRevX.5.041041

[67]

[68]

T. Schifer, N. Wentzell, F. Simkovic, Y.-Y. He, C. Hille, M. Klett, C. J. Eckhardt, B.
Arzhang, V. Harkov, F. ¢.-M. Le Régent, A. Kirsch, Y. Wang, A. J. Kim, E. Kozik,
E. A. Stepanov, A. Kauch, S. Andergassen, P. Hansmann, D. Rohe, Y. M. Vilk, J. P. F.
LeBlanc, S. Zhang, A.-M. S. Tremblay, M. Ferrero, O. Parcollet, and A. Georges,
“Tracking the footprints of spin fluctuations: a multimethod, multimessenger study
of the two-dimensional hubbard model”, Phys. Rev. X 11, 011058 (2021).

M. Motta, C. Genovese, F. Ma, Z.-H. Cui, R. Sawaya, G. K.-L. Chan, N. Chepiga, P.
Helms, C. Jiménez-Hoyos, A. J. Millis, U. Ray, E. Ronca, H. Shi, S. Sorella, E. M.
Stoudenmire, S. R. White, and S. Zhang (Simons Collaboration on the Many-Electron
Problem), “Ground-state properties of the hydrogen chain: dimerization, insulator-
to-metal transition, and magnetic phases”, Phys. Rev. X 10, 031058 (2020).

K. T. Williams, Y. Yao, J. Li, L. Chen, H. Shi, M. Motta, C. Niu, U. Ray, S. Guo, R. ].
Anderson, J. Li, L. N. Tran, C.-N. Yeh, B. Mussard, S. Sharma, F. Bruneval, M. van Schil-
fgaarde, G. H. Booth, G. K.-L. Chan, S. Zhang, E. Gull, D. Zgid, A. Millis, C. J. Umri-
gar, and L. K. Wagner (Simons Collaboration on the Many-Electron Problem), “Direct
comparison of many-body methods for realistic electronic hamiltonians”, Phys. Rev.
X 10, 011041 (2020).

D. Feller, “Application of systematic sequences of wave functions to the water dimer”,
The Journal of Chemical Physics 96, 6104-6114 (1992).

T. Helgaker, W. Klopper, H. Koch, and ]J. Noga, “Basis-set convergence of correlated
calculations on water”, The Journal of Chemical Physics 106, 9639-9646 (1997).

J. R. Trail and R. ]J. Needs, “Pseudopotentials for correlated electron systems”, The
Journal of Chemical Physics 139, 014101 (2013).

J. R. Trail and R. ]J. Needs, “Correlated electron pseudopotentials for 3d-transition
metals”, The Journal of Chemical Physics 142, 064110 (2015).

J. R. Trail and R. J. Needs, “Shape and energy consistent pseudopotentials for corre-
lated electron systems”, The Journal of Chemical Physics 146, 204107 (2017).

M. C. Bennett, C. A. Melton, A. Annaberdiyev, G. Wang, L. Shulenburger, and L. Mitas,
“A new generation of effective core potentials for correlated calculations”, The Journal
of Chemical Physics 147, 224106 (2017).

A. A.Holmes, N. M. Tubman, and C. J. Umrigar, “Heat-bath configuration interaction:
an efficient selected ci algorithm inspired by heat-bath sampling”, J. Chem. Theory
Comput. 12, 3674-3680 (2016).

J. Li, M. Otten, A. A. Holmes, S. Sharma, and C. J. Umrigar, “Fast semistochastic heat-
bath configuration interaction”, J. Chem. Phys. 148, 214110 (2018).

P. W. Anderson, “Localized magnetic states in metals”, Phys. Rev. 124, 41-53 (1961).

205


https://doi.org/10.1103/PhysRevX.11.011058
https://doi.org/10.1103/PhysRevX.10.031058
https://doi.org/10.1103/PhysRevX.10.011041
https://doi.org/10.1103/PhysRevX.10.011041
https://doi.org/10.1063/1.462652
https://doi.org/10.1063/1.473863
https://doi.org/10.1063/1.4811651
https://doi.org/10.1063/1.4811651
https://doi.org/10.1063/1.4907589
https://doi.org/10.1063/1.4984046
https://doi.org/10.1063/1.4995643
https://doi.org/10.1063/1.4995643
https://doi.org/10.1103/PhysRev.124.41

[79]

(83]

[84]

(88]

R. Hanson, L. P. Kouwenhoven, J. R. Petta, S. Tarucha, and L. M. K. Vandersypen,
“Spins in few-electron quantum dots”, Reviews of Modern Physics 79, 1217, 1217
(2007).

R. Brako and D. M. Newns, “Slowly varying time-dependent local perturbations in
metals: a new approach”, Journal of Physics C: Solid State Physics 14, 3065-3078
(1981).

D. C. Langreth and P. Nordlander, “Derivation of a master equation for charge-
transfer processes in atom-surface collisions”, Phys. Rev. B 43, 2541-2557 (1991).

A. 1 Lichtenstein and M. 1. Katsnelson, “Antiferromagnetism and d-wave super-
conductivity in cuprates: a cluster dynamical mean-field theory”, Phys. Rev. B 62,
R9283(R) (2000).

G. Kaotliar, S. Y. Savrasov, G. Palsson, and G. Biroli, “Cellular dynamical mean field
approach to strongly correlated systems”, Phys. Rev. Lett. 87, 186401 (2001).

M. H. Hettler, M. Mukherjee, M. Jarrell, and H. R. Krishnamurthy, “Dynamical cluster
approximation: nonlocal dynamics of correlated electron systems”, Phys. Rev. B 61,
12739-12756 (2000).

T. Maier, M. Jarrell, T. Pruschke, and M. H. Hettler, “Quantum cluster theories”, Rev.
Mod. Phys. 77, 1027-1080 (2005).

V. I. Anisimov, A. L. Poteryaev, M. A. Korotin, A. O. Anokhin, and G. Kotliar, “First-
principles calculations of the electronic structure and spectra of strongly correlated
systems: dynamical mean-field theory”, Journal of Physics: Condensed Matter 9,
7359-7367 (1997).

A. L Lichtenstein and M. 1. Katsnelson, “Ab initiocalculations of quasiparticle band
structure in correlated systems: LDA++ approach”, Physical Review B 57, 6884-6895
(1998).

K. Held, I. A. Nekrasov, G. Keller, V. Eyert, N. Bliimer, A. K. McMahan, R. T. Scalettar,
T. Pruschke, V. I. Anisimov, and D. Vollhardt, “Realistic investigations of correlated
electron systems with LDA+DMFT”, physica status solidi (b) 243, 2599-2631 (2006).

P. Sun and G. Kotliar, “Extended dynamical mean-field theory and GW method”,
Physical Review B 66, 085120 (2002).

S. Biermann, F. Aryasetiawan, and A. Georges, “First-principles approach to the elec-
tronic structure of strongly correlated systems: combining the GW approximation
and dynamical mean-field theory”, Physical Review Letters 90, 086402 (2003).

S. Biermann, F. Aryasetiawan, and A. Georges, “Electronic structure of strongly cor-
related materials: towards a first principles scheme”, in Physics of spin in solids: ma-
terials, methods and applications, edited by S. Halilov (2005), pp. 43-65.

206


https://doi.org/10.1103/RevModPhys.79.1217
https://doi.org/10.1103/RevModPhys.79.1217
https://doi.org/10.1088/0022-3719/14/21/023
https://doi.org/10.1088/0022-3719/14/21/023
https://doi.org/10.1103/PhysRevB.43.2541
https://doi.org/10.1103/PhysRevB.62.R9283
https://doi.org/10.1103/PhysRevB.62.R9283
https://doi.org/10.1103/PhysRevLett.87.186401
https://doi.org/10.1103/PhysRevB.61.12739
https://doi.org/10.1103/PhysRevB.61.12739
https://doi.org/10.1103/RevModPhys.77.1027
https://doi.org/10.1103/RevModPhys.77.1027
https://doi.org/10.1088/0953-8984/9/35/010
https://doi.org/10.1088/0953-8984/9/35/010
https://doi.org/10.1103/PhysRevB.57.6884
https://doi.org/10.1103/PhysRevB.57.6884
https://doi.org/10.1002/pssb.200642053
https://doi.org/10.1103/PhysRevB.66.085120
https://doi.org/10.1103/PhysRevLett.90.086402
https://doi.org/10.1007/1-4020-2708-7_4
https://doi.org/10.1007/1-4020-2708-7_4

[101]

[102]

[103]

[104]

[105]

L. Boehnke, F. Nilsson, F. Aryasetiawan, and P. Werner, “When strong correla-
tions become weak: consistent merging of GW and DMFT”, Physical Review B 94,
201106(R) (2016).

S. Choi, A. Kutepov, K. Haule, M. van Schilfgaarde, and G. Kotliar, “First-principles
treatment of mott insulators: linearized QSGW+DMFT approach”, npj Quantum Ma-
terials 1, 16001 (2016).

J. Lee and K. Haule, “Diatomic molecule as a testbed for combining DMFT with elec-
tronic structure methods such as GW and DFT”, Phys. Rev. B 95, 155104 (2017).

D. Zgid and E. Gull, “Finite temperature quantum embedding theories for correlated
systems”, New Journal of Physics 19, 023047 (2017).

V. V. Mazurenko, S. N. Iskakov, A. N. Rudenko, V. I. Anisimov, and A. I. Lichtenstein,
“Renormalized spectral function for co adatom on the pt(111) surface”, Phys. Rev. B
82, 193403 (2010).

M. Caffarel and W. Krauth, “Exact diagonalization approach to correlated fermions
in infinite dimensions: mott transition and superconductivity”, Phys. Rev. Lett. 72,
1545-1548 (1994).

M. Capone, M. Civelli, S. S. Kancharla, C. Castellani, and G. Kotliar, “Cluster-
dynamical mean-field theory of the density-driven mott transition in the one-
dimensional Hubbard model”, Phys. Rev. B 69, 195105 (2004).

E. Koch, G. Sangiovanni, and O. Gunnarsson, “Sum rules and bath parametrization
for quantum cluster theories”, Phys. Rev. B 78, 115102 (2008).

A. Liebsch and N.-H. Tong, “Finite-temperature exact diagonalization cluster dynam-
ical mean-field study of the two-dimensional Hubbard model: pseudogap, non-fermi-
liquid behavior, and particle-hole asymmetry”, Phys. Rev. B 80, 165126 (2009).

D. Sénéchal, “Bath optimization in the cellular dynamical mean-field theory”, Phys.
Rev. B 81, 235125 (2010).

Y. Lu, M. Hoppner, O. Gunnarsson, and M. W. Haverkort, “Efficient real-frequency
solver for dynamical mean-field theory”, Phys. Rev. B 90, 085102 (2014).

D. Zgid, E. Gull, and G. K.-L. Chan, “Truncated configuration interaction expansions
as solvers for correlated quantum impurity models and dynamical mean-field theory”,
Phys. Rev. B 86, 165128 (2012).

A. Shee and D. Zgid, “Coupled cluster as an impurity solver for green’s function em-
bedding methods”, Journal of Chemical Theory and Computation 15, PMID: 31518129,
6010-6024 (2019).

T. Zhu, C. A. Jiménez-Hoyos, J. McClain, T. C. Berkelbach, and G. K.-L. Chan,
“Coupled-cluster impurity solvers for dynamical mean-field theory”, Phys. Rev. B 100,
115154 (2019).

207


https://doi.org/10.1103/PhysRevB.94.201106
https://doi.org/10.1103/PhysRevB.94.201106
https://doi.org/10.1038/npjquantmats.2016.1
https://doi.org/10.1038/npjquantmats.2016.1
https://doi.org/10.1103/PhysRevB.95.155104
https://doi.org/10.1088/1367-2630/aa5d34
https://doi.org/10.1103/PhysRevB.82.193403
https://doi.org/10.1103/PhysRevB.82.193403
https://doi.org/10.1103/PhysRevLett.72.1545
https://doi.org/10.1103/PhysRevLett.72.1545
https://doi.org/10.1103/PhysRevB.69.195105
https://doi.org/10.1103/PhysRevB.78.115102
https://doi.org/10.1103/PhysRevB.80.165126
https://doi.org/10.1103/PhysRevB.81.235125
https://doi.org/10.1103/PhysRevB.81.235125
https://doi.org/10.1103/PhysRevB.90.085102
https://doi.org/10.1103/PhysRevB.86.165128
https://doi.org/10.1021/acs.jctc.9b00603
https://doi.org/10.1021/acs.jctc.9b00603
https://doi.org/10.1103/PhysRevB.100.115154
https://doi.org/10.1103/PhysRevB.100.115154

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

A. Weichselbaum and J. von Delft, “Sum-rule conserving spectral functions from the
numerical renormalization group”, Phys. Rev. Lett. 99, 076402 (2007).

R. Bulla, T. A. Costi, and T. Pruschke, “Numerical renormalization group method for
quantum impurity systems”, Rev. Mod. Phys. 80, 395-450 (2008).

E. Gorelov, T. O. Wehling, A. N. Rubtsov, M. I. Katsnelson, and A. I. Lichtenstein,
“Relevance of the complete coulomb interaction matrix for the kondo problem: co
impurities in cu hosts”, Phys. Rev. B 80, 155132 (2009).

K. Haule, “Quantum Monte Carlo impurity solver for cluster dynamical mean-field
theory and electronic structure calculations with adjustable cluster base”, Phys. Rev.
B 75, 155113 (2007).

K. Chen and K. Haule, “A combined variational and diagrammatic quantum Monte
Carlo approach to the many-electron problem”, Nature Communications 10, 3725
(2019).

R. Rossi, “Direct sampling of the self-energy with Connected Determinant Monte
Carlo”, arXiv preprint arXiv:1802.04743 (2018).

S. Iskakov, C.-N. Yeh, E. Gull, and D. Zgid, “Ab initio self-energy embedding for the
photoemission spectra of nio and mno”, Phys. Rev. B 102, 085105 (2020).

Rossi, R., Prokof’ev, N., Svistunov, B., Van Houcke, K., and Werner, F., “Polynomial
complexity despite the fermionic sign”, EPL 118, 10004 (2017).

C. Bertrand, O. Parcollet, A. Maillard, and X. Waintal, “Quantum Monte Carlo algo-
rithm for out-of-equilibrium green’s functions at long times”, Phys. Rev. B 100, 125129
(2019).

P. Gunacker, M. Wallerberger, E. Gull, A. Hausoel, G. Sangiovanni, and K. Held,
“Continuous-time quantum monte carlo using worm sampling”, Phys. Rev. B 92,
155102 (2015).

P. Knowles, K. Somasundram, N. Handy, and K. Hirao, “The calculation of higher-
order energies in the many-body perturbation theory series”, Chemical Physics Let-
ters 113, 8-12 (1985).

J. Olsen, O. Christiansen, H. Koch, and P. Jergensen, “Surprising cases of divergent
behavior in meller-plesset perturbation theory”, Journal of Chemical Physics 105,
5082-5090 (1996).

S. Hirata, M. R. Hermes, J. Simons, and J. V. Ortiz, “General-order many-body green’s
function method”, Journal of Chemical Theory and Computation 11, 1595-1606
(2015).

208


https://doi.org/10.1103/PhysRevLett.99.076402
https://doi.org/10.1103/RevModPhys.80.395
https://doi.org/10.1103/PhysRevB.80.155132
https://doi.org/10.1103/PhysRevB.75.155113
https://doi.org/10.1103/PhysRevB.75.155113
https://doi.org/10.1038/s41467-019-11708-6
https://doi.org/10.1038/s41467-019-11708-6
https://doi.org/10.1103/PhysRevB.102.085105
https://doi.org/10.1209/0295-5075/118/10004
https://doi.org/10.1103/PhysRevB.100.125129
https://doi.org/10.1103/PhysRevB.100.125129
https://doi.org/10.1103/PhysRevB.92.155102
https://doi.org/10.1103/PhysRevB.92.155102
https://doi.org/10.1016/0009-2614(85)85002-8
https://doi.org/10.1016/0009-2614(85)85002-8
https://doi.org/10.1063/1.472352
https://doi.org/10.1063/1.472352
https://doi.org/10.1021/acs.jctc.5b00005
https://doi.org/10.1021/acs.jctc.5b00005

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

S. Hirata, A. E. Doran, P. J. Knowles, and J. V. Ortiz, “One-particle many-body green’s
function theory: algebraic recursive definitions, linked-diagram theorem, irreducible-
diagram theorem, and general-order algorithms”, The Journal of Chemical Physics
147, 044108 (2017).

Z. Li, “Stochastic many-body perturbation theory for electron correlation energies”,
The Journal of Chemical Physics 151, 244114 (2019).

N. F. Mott, “The basis of the electron theory of metals, with special reference to the
transition metals”, Proceedings of the Physical Society. Section A 62, 416-422 (1949).

J. VandeVondele and J. Hutter, “Gaussian basis sets for accurate calculations on molec-
ular systems in gas and condensed phases”, The Journal of Chemical Physics 127,
114105 (2007).

S. Goedecker, M. Teter, and J. Hutter, “Separable dual-space gaussian pseudopoten-
tials”, Phys. Rev. B 54, 1703-1710 (1996).

C. Hittig, “Optimization of auxiliary basis sets for RI-MP2 and RI-CC2 calculations:
core-valence and quintuple-{ basis sets for H to Ar and QZVPP basis sets for Li to
Kr”, Phys. Chem. Chem. Phys. 7, 59-66 (2005).

S. Iskakov and M. Danilov, “Exact diagonalization library for quantum electron mod-
els”, Computer Physics Communications 225, 128-139 (2018).

M. Ma c¢ek, P. T. Dumitrescu, C. Bertrand, B. Triggs, O. Parcollet, and X. Waintal,
“Quantum quasi-monte carlo technique for many-body perturbative expansions”,
Phys. Rev. Lett. 125, 047702 (2020).

C. Bertrand, S. Florens, O. Parcollet, and X. Waintal, “Reconstructing nonequilibrium
regimes of quantum many-body systems from the analytical structure of perturbative
expansions”, Phys. Rev. X 9, 041008 (2019).

A. A. Abrikosov, L. P. Gorkov, and L. Y. Dzyaloshinskii, Methods of quantum field
theory in statistical physics (Pergamon, 1965).

G. Cohen, D. R. Reichman, A. J. Millis, and E. Gull, “Green’s functions from real-time
bold-line Monte Carlo”, Phys. Rev. B 89, 115139 (2014).

G. Cohen, E. Gull, D. R. Reichman, and A. J. Millis, “Green’s functions from real-
time bold-line Monte Carlo calculations: spectral properties of the nonequilibrium
anderson impurity model”, Phys. Rev. Lett. 112, 146802 (2014).

A.N.Rubtsov and A. I Lichtenstein, “Continuous-time quantum Monte Carlo method
for fermions: beyond auxiliary field framework”, Journal of Experimental and Theo-
retical Physics Letters 80, 61-65 (2004).

W. Ku, “Electronic Excitations in Metals and Semiconductors: Ab Initio Studies of
Realistic Many-Particle Systems”, PhD thesis (University of Tennessee, 2000).

209


https://doi.org/10.1063/1.4994837
https://doi.org/10.1063/1.4994837
https://doi.org/10.1063/1.5128719
https://doi.org/10.1088/0370-1298/62/7/303
https://doi.org/10.1063/1.2770708
https://doi.org/10.1063/1.2770708
https://doi.org/10.1103/PhysRevB.54.1703
https://doi.org/10.1039/B415208E
https://doi.org/10.1016/j.cpc.2017.12.016
https://doi.org/10.1103/PhysRevLett.125.047702
https://doi.org/10.1103/PhysRevX.9.041008
https://doi.org/10.1103/PhysRevB.89.115139
https://doi.org/10.1103/PhysRevLett.112.146802
https://doi.org/10.1134/1.1800216
https://doi.org/10.1134/1.1800216

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

W. Ku and A. G. Eguiluz, “Band-Gap Problem in Semiconductors Revisited: Effects
of Core States and Many-Body Self-Consistency”, Physical Review Letters 89, 126401
(2002).

L. Boehnke, H. Hafermann, M. Ferrero, F. Lechermann, and O. Parcollet, “Orthogonal
polynomial representation of imaginary-time Green’s functions”, Physical Review B
84, 075145 (2011).

A. A. Kananenka, J. J. Phillips, and D. Zgid, “Efficient Temperature-Dependent
Green’s Functions Methods for Realistic Systems: Compact Grids for Orthogonal
Polynomial Transforms”, Journal of Chemical Theory and Computation 12, 564-571
(2016).

E. Gull, S. Iskakov, I. Krivenko, A. A. Rusakov, and D. Zgid, “Chebyshev polynomial
representation of imaginary-time response functions”, Physical Review B 98, 75127
(2018).

A. L. Kutepov, “Self-consistent solution of Hedin’s equations: Semiconductors and
insulators”, Physical Review B 95, 195120 (2017).

H. Shinaoka, J. Otsuki, M. Ohzeki, and K. Yoshimi, “Compressing Green’s function
using intermediate representation between imaginary-time and real-frequency do-
mains”, Physical Review B 96, 35147 (2017).

N. Chikano, J. Otsuki, and H. Shinaoka, “Performance analysis of a physically con-
structed orthogonal representation of imaginary-time Green'’s function”, Physical Re-
view B 98, 35104 (2018).

N. Chikano, K. Yoshimi, J. Otsuki, and H. Shinaoka, “irbasis: Open-source database
and software for intermediate-representation basis functions of imaginary-time
Green’s function”, Computer Physics Communications 240, 181-188 (2019).

L. Steinbeck, A. Rubio, L. Reining, M. Torrent, I. White, and R. Godby, “Enhancements
to the GW space-time method”, Computer Physics Communications 125, 105-118
(2000).

M. Kaltak, J. Klimes, and G. Kresse, “Low scaling algorithms for the random phase
approximation: Imaginary time and laplace transformations”, Journal of Chemical
Theory and Computation 10, 2498-2507 (2014).

A. A.Kananenka, A. R. Welden, T. N. Lan, E. Gull, and D. Zgid, “Efficient Temperature-
Dependent Green’s Function Methods for Realistic Systems: Using Cubic Spline Inter-
polation to Approximate Matsubara Green’s Functions”, Journal of Chemical Theory
and Computation 12, 2250-2259 (2016).

A.-B. Comanac, “Dynamical Mean Field Theroy of Correlated Electron Systems: New
Algorithms and Applications to Local Observables”, PhD thesis (Columbia University,
2007).

210


https://doi.org/10.1103/PhysRevLett.89.126401
https://doi.org/10.1103/PhysRevLett.89.126401
https://doi.org/10.1103/PhysRevB.84.075145
https://doi.org/10.1103/PhysRevB.84.075145
https://doi.org/10.1021/acs.jctc.5b00884
https://doi.org/10.1021/acs.jctc.5b00884
https://doi.org/10.1103/PhysRevB.98.075127
https://doi.org/10.1103/PhysRevB.98.075127
https://doi.org/10.1103/PhysRevB.95.195120
https://doi.org/10.1103/PhysRevB.96.035147
https://doi.org/10.1103/PhysRevB.98.035104
https://doi.org/10.1103/PhysRevB.98.035104
https://doi.org/10.1016/j.cpc.2019.02.006
https://doi.org/10.1016/S0010-4655(99)00466-X
https://doi.org/10.1016/S0010-4655(99)00466-X
https://doi.org/10.1021/ct5001268
https://doi.org/10.1021/ct5001268
https://doi.org/10.1021/acs.jctc.6b00178
https://doi.org/10.1021/acs.jctc.6b00178

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

N. Blumer, “Mott-Hubbard Metal-Insulator Transition and Optical Conductivity in
High Dimensions”, PhD thesis (Universitat Augsburg, 2002), p. 346.

J. Li, M. Wallerberger, N. Chikano, C.-N. Yeh, E. Gull, and H. Shinaoka, “Sparse sam-
pling approach to efficient ab initio calculations at finite temperature”, Phys. Rev. B
101, 035144 (2020).

H. Shinaoka, N. Chikano, E. Gull, J. Li, T. Nomoto, J. Otsuki, M. Wallerberger, T. Wang,
and K. Yoshimi, “Efficient ab initio many-body calculations based on sparse modeling
of matsubara green’s function”, arXiv preprint arXiv:2106.12685 (2021).

J. Otsuki, M. Ohzeki, H. Shinaoka, and K. Yoshimi, “Sparse modeling approach to ana-
lytical continuation of imaginary-time quantum Monte Carlo data”, Physical Review
E 95, 061302(R)—6 (2017)

Y. Nagai and H. Shinaoka, “Smooth Self-energy in the Exact-diagonalization-based
Dynamical Mean-field Theory: Intermediate-representation Filtering Approach”,
Journal of the Physical Society of Japan 88, 064004 (2019).

A. Kutepov, K. Haule, S. Y. Savrasov, and G. Kotliar, “Electronic structure of Pu and
Am metals by self-consistent relativistic GW method”, Physical Review B 85, 155129
(2012).

D. Bohm and D. Pines, “A Collective Description of Electron Interactions: IIl. Coulomb
Interactions in a Degenerate Electron Gas”, Physical Review 92, 609-625 (1953).

Q. Sun, T. C. Berkelbach, N. S. Blunt, G. H. Booth, S. Guo, Z. Li, J. Liu, J. D. McClain,
E. R. Sayfutyarova, S. Sharma, S. Wouters, and G. K. L. Chan, “Pyscf: the python-
based simulations of chemistry framework”, Wiley Interdisciplinary Reviews: Com-
putational Molecular Science 8, €1340 (2018).

G. W. Stewart, “On the adjugate matrix”, Linear Algebra and its Applications 283,
151-164 (1998).

211


https://doi.org/10.1103/PhysRevB.101.035144
https://doi.org/10.1103/PhysRevB.101.035144
https://doi.org/10.1103/PhysRevE.95.061302
https://doi.org/10.1103/PhysRevE.95.061302
https://doi.org/10.7566/JPSJ.88.064004
https://doi.org/10.1103/PhysRevB.85.155129
https://doi.org/10.1103/PhysRevB.85.155129
https://doi.org/10.1103/PhysRev.92.609
https://doi.org/10.1002/wcms.1340
https://doi.org/10.1002/wcms.1340
https://doi.org/10.1016/S0024-3795(98)10098-8
https://doi.org/10.1016/S0024-3795(98)10098-8

	Acknowledgments
	Contents
	List of Figures
	List of Appendices
	List of Acronyms
	Abstract
	Chapter 1. Introduction
	Chapter 2. Realistic Electron Hamiltonian and Basis Sets
	Many-body Hamiltonian of electrons
	Orthogonalization of the basis set
	Spin-orbitals and anti-symmetrized interaction
	Thermal dynamic quantities
	Coherent state path integral

	Chapter 3. Diagrammatic Expansions in Thermal Equilibrium
	Perturbation expansion of the partition function
	Wick's theorem and Feynman diagrams
	Expansion of intensive quantities
	Self-energy and Dyson equation
	Shifted action formalism

	Chapter 4. Monte Carlo Integration of Perturbation Series
	Monte Carlo integration and importance sampling
	Markov chain Monte Carlo and Metropolis-Hastings algorithm
	Monte Carlo integration of diagrammatic series
	Normalization
	Normalization against the volume of hyperspace
	Normalization against a subset of configurations
	Normalization via extension of sampling space


	Chapter 5. Self-Consistent Approximations
	Definition of the Luttinger–Ward functional
	Diagrammatic series of the Luttinger–Ward functional
	Self-consistent approximations
	Hartree-Fock
	GF2
	GW
	Bold diagrammatic Monte Carlo


	Chapter 6. Direct Comparison of Many-Body Methods for Realistic Systems
	Hydrogen chain
	Transition metal oxides

	Chapter 7. Diagrammatic Monte Carlo for Realistic Impurities
	Introduction
	Method
	Partition function expansion
	Free energy expansion
	Scattering amplitude expansion
	Observables from scattering amplitude
	Hartree-Fock shifted Hamiltonian
	Monte Carlo integration of diagrammatic series

	Results
	Series convergence
	Analysis of computational cost
	Realistic impurity: SEET for NiO

	Conclusion

	Chapter 8. Inchworm Algorithm for Interaction Expansion
	Imaginary time perturbation theory
	Diagrammatic evaluation of auxiliary quantities
	Inchworm Monte Carlo algorithm
	Continuous-time Monte Carlo evaluation of inchworm expansions
	Generalization of the inchworm construction
	Results
	Future directions

	Chapter 9. Numerical Representations of the Green's Function
	High-frequency expansion
	Chebyshev polynomials
	Intermediate representation
	Sparse sampling
	General description and notation
	Imaginary time sampling
	Matsubara frequency sampling
	Numerical demonstration
	Technical details
	Application to GF2 and GW
	Results
	Numerical stability of sparse sampling


	Chapter 10. Conclusion and Outlook
	Appendices
	Bibliography

