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Kurzfassung

In dieser Arbeit présentieren und diskutieren wir den ersten Solver fir die Parquet-
Gleichungen (den wir ParquetIR. j1 nennen), der auf der kiirzlich entwickelten interme-
diate representation (IR) Basis basiert und in der Programmiersprache Julia geschrieben
ist. Zwei-Teilchen-Gréflen werden in einer sparsamen Darstellung gespeichert, was eine
erhebliche Reduktion der Speicher- und Rechenzeitanforderungen ermdéglicht. Der Solver
verwendet als Eingabe (eine Ndherung der) irreduziblen Wechselwirkungsfunktion und die
nicht-wechselwirkende Einteilchen-Green-Funktion. Anschlieend wird ein hochmoderner
Fixpunkt-Solver eingesetzt, um eine numerische Losung der Parquet-Gleichungen zu fin-
den. Dies liefert die volle Wechselwirkungsfunktion, die Einteilchen-Green-Funktion und
die Selbstenergie. Wir diskutieren den theoretischen Hintergrund der Parquet-Gleichungen,
die Implementierungsdetails des Solvers und wenden ihn auf das Hubbard-Atom sowie auf
das 4 x 4 Hubbard-Modell auf einem quadratischen Gitter an. Dabei zeigen wir Vergleiche
mit einem traditionellen Ansatz. Die Ergebnisse stimmen gut mit den Referenzdaten
iiberein und demonstrieren das Potenzial von ParquetIR. jl1, groflere Systeme zu
behandeln.

iii
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Abstract

In this thesis, we present and discuss the first solver for the parquet equations (which we
call ParquetIR. jl) based on the recently developed intermediate representation (IR)
basis and written in the Julia programming language. Two-particle quantities are stored
in a sparse representation enabling a significant reduction in memory and computation
time requirements. The solver takes as input (an approximation of) the irreducible vertex
and the non-interacting one-particle Green’s function. It then employs a state-of-the-art
fixed-point solver to find a numerical solution to the parquet equations. This yields
the full vertex, the one-particle Green’s function, and the self-energy. We discuss the
theoretical background of the parquet equations and the implementation details of the
solver and apply it to the Hubbard atom and the 4 x 4 Hubbard model on a square
lattice; and show comparisons with a traditional approach. The results exhibit good
agreement with the benchmark data and demonstrate the potential of ParquetIR. jl
to tackle larger systems.
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CHAPTER

Introduction

In condensed matter physics, an area of great interest is the electronic behavior of
solids. The relevant systems are ones comprising many interacting quantum particles,
which makes them hard to grasp. Exciting phenomena like strong response to external
perturbations, giant magnetoresistance, metal-to-insulator transitions and superconduc-
tivity are all emergent properties of these systems. Fortunately, a wealth of theory and
techniques has been developed to tackle the problems inherent in large quantum systems.
Our specific focus will lie on two-particle vertices, which are crucial for — among other
things — scattering processes, which in turn are crucial for the understanding of transport
properties in solids, like electrical conductivity.

The fundamental object of interest in this regard will be the generalization of the
one-particle propagator, the two-particle Green’s function. While one-particle response
functions are routinely calculated using techniques like the dynamical mean-field theory
(DMFT) [1], the two-particle Green’s function is a much more challenging object. The
time and memory required to compute it scale poorly with inverse temperature = 1/T
and number of orbitals considered. To remedy this, static approximations with only the
zero frequency component [2, 3, 4] or reduced frequency dependence [5, 6, 7, 8, 9, 10] are
often used. Fully dynamical calculations (usually two-particle extensions of DMFT [11,
12, 13, 14, 15, 16, 17]) however quickly hit a wall, and are to date only possible at high
temperature and for a few orbitals. Additionally, two-particle calculations tend to boast
a high dynamic range, i.e. feature energies ranging over many orders of magnitude [18].
This already rules out many approximate methods. With many interesting parameter
regions thus inaccessible, a solution is desirable and only possible through a paradigm
shift, e.g. by using domain-specific modeling to compress data.

The basic formalism we choose is the elegant parquet method [19, 20], devised
already in the 1960s. It revolves around solving a set of diagrammatic equations, the
so-called parquet equations, named for the decorative style of flooring. They are a set
of exact relations between one- and two-particle quantities that arise from a couple of
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1.

INTRODUCTION

diagrammatic-topological arguments. Since their introduction, they have been standing as
a formidable challenge, requiring extensive computing resources even at small resolutions,
prohibiting potentially interesting applications.

In the present work, we develop an entirely new parquet solver called Parquet IR. jl
in the Julia programming language [21]. We apply the solver to a test case of the Hubbard
atom, where the exact solution is known [22] and to the 4 x 4 Hubbard model on a square
lattice as first test examples.

1.1 Outline

We begin in chapter 2 by briefly defining the physical model — the Hubbard model — that
we will endeavor to solve before introducing the parquet equations, closely following our
main reference, Julian Mangott’s excellent 2022 master’s thesis [23]. Here, we will only
roughly sketch out the derivations and refer the reader to the original work for details
about the calculations.

In the main part, chapter 3, we describe the implementation of the aforementioned
equations. In this context, we showcase the two main aspects that are original to our
software. Firstly, we directly exploit the problem’s fixed-point structure, applying a state-
of-the-art fixed-point solver to the parquet equations, improving convergence. Secondly,
we use a sparse representation of the two-particle Green’s function developed by Hiroshi
Shinaoka and Markus Wallerberger [24], which allows us to compress the data and reduce
the calculational requirements.

In chapter 4, we present the output of our solver, including performance scaling analysis
and comparison to a benchmark reference implementation. Finally, we summarize our
results and give an outlook on possible future research directions in chapter 5.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

CHAPTER

Definitions

2.1 Model

2.1.1 Hubbard model

The model we will consider in the following is the Hubbard model [25], an approximate
model for electrons in a solid. The solid is approximated as consisting of a grid of sites
— corresponding to orbitals around atoms — each of which provides “space” for up to
two electrons, one spin-up and one spin-down. In addition to having a kinetic energy,
each electron is subject to the Coulomb force of strength U;, pushing it away from its
current site 4 in case there is a second electron at the site. This idea is formalized in the
Hamiltonian

H=—-t Z (C}L,ch,a + h.c.) + UZ”Z’T”N (2.1)

(ij),o i

where n;, = c}acw is the spin-density operator for spin ¢ on site i.

The first sum is to be performed over all pairs (ij) of
sites 7 and j as well as both spin orientations o € {1, ]}, and
the second sum is to be performed over all sites 7. The first

term, describing the hopping from one site to another, is U
parametrized by the hopping integral . T ?
The second term is the Coulomb interaction between two
)
\)7

electrons at the same site, i.e. any site with both “electron
slots” filled adds U; to the energy.

We will also assume time-translation symmetry as well Figure 2.1: The 2-

as SU(2) symmetry in our equations. dimensional Hubbard model
on a square lattice.
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2.

DEFINITIONS

2.1.2 Green’s functions

A useful tool in the description of many-electron systems is the system’s one-particle
Green’s function (or propagator) G(12) which describes the probability amplitude of a
particle propagating from state (ia, 02) at imaginary time 79 to state (i1, 01) at imaginary
time 7

G(12) = — (Te(1)c!(2)). (2.2)

Here we adopt the notation from [23], wherein tuples (i, 04, 7o) of site, spin and imaginary
time are represented by a single index « € Z, using the definition

cla) =e™fle; , o7l (2.3)

An object of pivotal importance for our work is a generalization of this, the two-particle
Green’s function

G(1234) = (Te(1)c (2)e(3)c(4) ) - (2.4)

It is the probability amplitude for two electrons starting in the (loosely speaking) states
2 and 4 and ending up in states 1 and 3.

In terms of Feynman diagrams, the two-particle Green’s function is the sum of all
diagrams with four external lines. If we take only the connected diagrams and truncate
the external lines, we obtain the so-called full two-particle vertex F. This is a key object,
because we will be able to write down a number of diagrammatic equations in order to
compute the Green’s functions, our ultimate objective.

2.1.3 Self-energy

With the non-interacting Hamiltonian Hy', we define the non-interacting Green’s function
by
Go(12) = — <Tc(1)cT(2)>0, (2.5)

where (), = Ziotr(e*'%[0 -) and Zy = tr(e”PH0) is the partition function.
Together with the bare interaction vertex
U(1234) = UZ(S(Tl — 7’2)5(7’2 — 7’3)5(7’3 — 7_4)5i1i5i2k5i3j5i4l (2.6)
ijkl

the non-interacting Green’s function forms the basic building blocks from which all other
objects in our diagrammatic formalism are assembled, c.f. fig. 2.2. The full Green’s
function then is the sum of all connected diagrams. These constituent diagrams may be
classified according to whether they are 1-particle irreducible (1PI). Here a diagram is
said to be 1PI if there is no internal line whose removal would result in two disconnected

n our case, Hyp = _tZ@j) o (c;ryo,cj#7 + hlc.).
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2.2. Parquet equations

diagram parts. The sum of all 1PI diagrams with both external lines amputated is called
self-energy 3.

If we now reconstruct the full Green’s function from these parts, we get the Dyson
equation

G(12) = Go(12) + Go(13)(34)G(42), (2.7)

where summation over the repeated variables (3 and 4) is implied. Multiplying from the
left by G, L'and from the right by G~! yields the alternative form (which is the one we
will use in our implementation later)

G= (G- 2)_1. (2.8)

2.2 Parquet equations

The term parquet equations is used to denote a set of exact equations that are simultane-
ously satisfied by the two-particle vertex I, the one-particle Green’s function G and the
three additionally introduced irreducible vertices in one scattering channel (particle-hole
I'PP | transversal particle-hole TP, and particle-particle TPP) and the fully irreducible
(not reducible in any of the channels) vertex A (for a detailed introduction see e.g. [26]).
The parquet equations are an unbiased generalization of the Dyson equation to the
two-particle case and their representation in terms of Feynman diagrams is shown in
fig. 2.2. The two particle Green’s function can be represented as a function of Matsubara
frequencies and momenta via the Fourier transform

ijlm _ kikoksky —ikir;—ikor;—iksr;—ikar,, ,—iviT —iveTe —ivsT3—ivgTy
GO’1...0’4(7_1?7_27T3aT4) = E Gal...a4 e ¢ J ma

k1,k2,k3,ka
(2.9)

where we use a compact combined momentum and frequency notation k = (k,v) and also
include all 1/(8N) prefactors connected with momentum and frequency in the definition
of the ) symbol, ie. ), = ﬁLN >k, - Momentum and energy conservation means that
only three of the four momentum-frequency arguments are independent. Taking energy
and momentum conservation into account, usually one parametrizes the four arguments
by three momenta (k, k', q) and frequencies (v, ', w), the first two being fermionic and
the third bosonic.

In the following we assume SU(2) symmetry which means that only two spin combina-
tions need to be considered: 1020304 =11 which we will call 1] for short following [23]
and 7111, abbreviated 1. Another abbreviation we will need is 1| which stands for 7|/ 1.

The full two-particle vertex Fff,/q, diagrammatically the sum of all connected two-
particle diagrams with external lines amputated, is then defined in the so-called particle-
hole notation [27] (we will later also introduce the particle-particle notation) through

GHFE = GRG0 — GFGF 161406 ,0 — GRGRHIRFRAGH GF 44, (2.10)
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2. DEFINITIONS
Fl o= Te] « [F ren BSE (ph)
I = B o BSE (3h)
= Pp + F PP BSE (pp)
parquet
F = :n: * F rer equation
+ | F R+ | F ree
p Schwinger-Dyson
C _ 52 N ‘ equation
Figure 2.2: Diagrams illustrating the parquet equations. Lines correspond to one-particle
Green’s functions GG and bold dots correspond to bare-interaction vertices U.
where for the one-particle Green’s function G¥ we dropped the spin index, since in the
SU(2) symmetric case it is spin-diagonal and equal for both spins. It is useful to use
so-called spin-diagonal notation for vertices. For vertices in the particle-hole notation we
define the following linear combinations:
h h
Xa = X'+ X7| (2.11a)
._ ybph ph
Xm = X5 — X3 (2.11b)
with X being either F', the irreducible vertex I" or A, or the reducible vertex ® (which
we will define in the following).

The full set of parquet equations includes:

o Bethe-Salpeter equation (BSE) in the particle-hole (ph) channel (the BSE in the
particle-hole transverse (ph) channel is related through a transformation of the
momenta and frequencies)

o BSE in the particle-particle (pp) channel

o Parquet equation adding contributions from all scattering channels

o Schwinger-Dyson equation (SDE), relating the self-energy ¥ to the full vertex F’

e Dyson equation yielding the full one-particle Green’s function from the self-energy

6
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2.2. Parquet equations

2.2.1 Bethe-Salpeter equation
A propagator-reducible diagram is one that may be cut into two diagrams by cutting two
internal one-particle Green’s function lines. Depending on which external lines remain
connected, we count the diagram as belonging to one of three channels:

o ph (particle-hole)

« ph (particle-hole transverse)

e pp (particle-particle)

For each channel r € {ph, ph, pp}, the sum of all diagrams reducible in that channel shall
be called ®"; the sum of the irreducible diagrams is called I'". In this way we obtain a
decomposition of the full vertex into these two classes

F=T"+d". (2.12)

Furthermore, every reducible diagram can be written as the connection of an irre-
ducible diagram with the full vertex:

dPP(1234) = TPM(1256)G(67)G(85)F(7834) (2.13a)
DPR(1234) = —TPB(1654)G(67)G(85)F(7238) (2.13b)
PPP(1234) = L IPP(1536)G(67)G(58)F(7284) (2.13c)

Where again repeated variables, i.e. 5, 6, 7 and 8, are implicitly summed over as in
eq. (2.7).

So, taking these facts together, in the particle-hole channel we can write the Bethe-
Salpeter equation (BSE)

k! k! ek ko k!
Fyfm =Tajm + > Fd/r}aqul Ghita Ty (2.14)
k1

The ph channel corresponds to the first line of diagrams in fig. 2.2 and to eq. (2.14).

The other two channels — ph and pp — are similarly displayed in the figure. Analogously
to eq. (2.11a) we define a singlet and a triplet channel for particle-particle diagrams

X = X{’f + X%p (2.15a)
. PP PP
Xo =X — Xﬂ (2.15b)
that give rise to 4 additional BSEs, 1 in the singlet and 3 in the triplet channel (so these
names are not all that creative), but the 3 triplet BSEs are degenerate.

The BSE equations in the particle-hole and transversal particle-hole channels are not
independent and TP" can be obtained from T'P! using the crossing symmetry [27]. This
leaves only four BSEs that need to be accounted for.
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DEFINITIONS

2.2.2 Parquet equation

In the previous subsection we defined three kinds of reducible vertices, depending on
which corners of the vertices stay connected by the one-particle Green’s functions when
cutting two Green’s function lines. One can show that a vertex reducible in one channel is
irreducible in the two other channels [20, 26]. This allows for a unique classification of all
diagrams contained in F' with respect to their two-particle reducibility: A given diagram
is either reducible in one of the three channels (contained in ®P" ®PM or ®PP) or fully
irreducible. The sum of these fully irreducible diagrams is called the fully irreducible
vertex A. The full vertex is thus given by the parquet equation

F = A+ oM 4 Ph 4 PP, (2.16)

In order to get concrete relations between the respective spin components, as well as to
make use of crossing symmetry, we need to rewrite the above parquet equation in d/m
and s/t components.

We also introduce “channel-native” vertex conventions [23] by
F(1234) = FPR(12 | 34) = Fp7h(14 | 32) = FPP(13 | 24) (2.17)
which will allow us to unify the Bethe-Salpeter equations from eq. (2.13) to
O"(12|34) =T"(12 | 56) X(56 | 78)F" (78 | 34) (2.18)

with channel-wise bare susceptibilities

XPh(12] 34) = G(23)G(41) (2.19a)
XP(12] 34) = —G(23)G(41) (2.19b)
X{P(12 ] 34) = LG(23)G(14). (2.19¢)

This way we obtain channel-wise parquet-equations

FPh(12 ] 34) = AP(12 | 34) + ®P"(12 | 34) + BPP(14 | 32) + BPP(13 ] 24)  (2.20a)
FPR(12 ] 34) = APR(12 | 34) + ®PP(14 | 32) + BPP(12 | 34) + OPP(13[42)  (2.20b)
FPP(12 ] 34) = APP(12 | 34) + ®PP(13 | 24) + BPP(14 | 23) + BPP(12]34)  (2.20c)

with frequency permutations.
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2.2. Parquet equations

Taking into account the symmetries (time-translation and SU(2)) we get [23]
kk'q A kK k' 1 pkk+a) (K —k) 3 gk(ktq) (k' —k
FiPt = AP 4 @fF — Lol — Sqkkta)(k'=h)

n %(I)ick'(lﬂ—k—&-k’) + %(I,lsck’(q+k+k') (2.21a)

FRa — AWK 4 gk _ %q)(l;(kw)(k k) 4 Lpk(ta) (k=)

i %q)fk/(q+k+k’) _ %q)’sck'(Q—i-k—&-k') (2.21Db)
FEFT = N4 a0 ol 0T galeetd
T %q)g(qfk’)(k’fk) _ %@fn(qfk’)(k’*’@ (2.21c)

kk' kK’ kK’ 1 5 kK (q—k—K 1 x kk (g—k—k'
FIFa— AFFa L e 1ot (q ) +§‘I’m(q )

_ 1@ RIE k) 1 ka0 ) (2.21d)

The shifted indices seen here are a consequence of us representing the vertices in channel-
native conventions. This enables the Bethe-Salpeter equation to have the same form in
all channels but makes it necessary to convert between the conventions in the parquet
equation.

2.2.3 Schwinger-Dyson equation

Finally, the Schwinger-Dyson equation (SDE) gives us a way of computing the self-energy
¥ from the full vertex F' and the one-particle Green’s function G (c.f. fig. 2.2)

= [ Uaw) T L[] UG+ gow)ew + g 2
q

Finally, the Dyson equation was already given in eq. (2.7)

2.2.4 Convergence and Uniqueness

With the so-called fully irreducible vertex A as input and some initial guess for the I'’s
these equations can be iteratively solved to get the solution of a many-body problem (e.g.
the Hubbard model). It is tempting to think that with an exactly known irreducible
vertex A one could always reach the correct solution in this way, provided the chosen
iterative scheme converges. However, depending on the model being solved there exist
multiple solutions of the parquet equations. For example, in the Hubbard atom (i.e.
the Hubbard model with ¢ = 0) around and above the first so-called divergence line at
BU = 3.6, the parquet method converges to a non-physical solution. It stands to reason
that this phenomenon is not limited to the Hubbard atom, but for the parameters we
tested the Hubbard model does not exhibit it. Ameliorating this with more sophisticated
initialization of the vertices could be a viable route to explore.
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CHAPTER

Methods

Having given an overview over the quantities and equations involved, we would like to
direct the reader’s attention to our proposed method for obtaining a solution.

3.1 Fixed-point structure

We introduce the following functions which are essentially given by eq. (2.21), eq. (2.14)
and eq. (2.22):

PARQUET(®) := A + ®P! 4 QPR 4 PP (3.1a)
BSE(F,T,G) := FGGT (3.1b)
SDE(F,G) = UG(0™) — UGGFG. (3.1¢)

The first two are decorated with a tilde because we need to introduce as helper the Dyson
equation

—1 -1
Dvson(®) = (G5! - %) (3.2)
before we are able to write them in a more convenient form

BSE(F, ®,Y) := BSE(F, F — ®, DYSON(X)) (3.3a)
SDE(F,Y) := SDE(F, DYsoN(X)). (3.3b)

Then the diagrammatic equations may be written as

F = PARQUET(Q) (3.4a)
¢ = BSE(F,?,Y) (3.4b)
Y. = SDE(F.X). (3.4c)

11
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3.1.1 Traditional method

In previous works (e.g. [23]), solving them has been done mostly via the so-called parquet
method (algorithm 1).

Algorithm 1 Parquet method

A < some approximation
G + exact expression

FO_ 30 0 A 0,0

170) . p0) _ )

GO — @Gy

140

while F()_ %) not converged do
t—1+1

@)  BSE(F(-Y, 16, G(Fl))
F®) « pARQUET(®(~1) using A
6 g6 _ g0

B0 SﬁE(F@, G(i‘l))

G« DysoN(X®) using Gy

3.1.2 Proposed method

This works well enough, but what we propose instead is trying to exploit the structure
more: Simultaneously solving egs. (3.4a) to (3.4c) constitutes a fixed point problem as
sketched out in algorithm 2!. Hence, we should be able to benefit from existing research
into algorithms for solving such problems.

For choosing an initial point for the fixed-point search, we stick with the traditional
approach of using the leading order terms in the quantities’ respective U-perturbation
expansions. It remains to be investigated how sensitive the results are to this choice of
initialization.

Regarding initialization, the stated choices are straightforward to implement and
empirically lead to correct solutions in the tested cases, but as discussed above might
warrant deeper investigation.

For solving the so-constructed fixed-point problem, we choose the Anderson accelera-
tion algorithm [29] given in algorithm 3 with m = 5, which accelerates convergence [30]
compared to naive fixed-point iteration. The specific implementation was utilized is the
one from SIAMFANLEquations. jl [31] with minor tweaks for more verbose conver-

!There also may exist an interesting parallel to the multiloop FRG approach of [28].
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3.1. Fixed-point structure

Algorithm 2 Proposed method

A <+ some approximation

Gy + exact expression

Fiit, Pinity Sinit < A, 0, 0

Tinit < flatten and concatenate Finit, Pinit, 2init
function DIAGRAMMATICEQUATIONS(z)

F, & ¥ < unpack x

F’ < PARQUET(®) using A

®’' + BSE(F, ®,Y) using Gy

Y/ + SDE(F,X) using Gy

2’ + flatten and concatenate F’, ®' >/

. return 2’
find fixed point of DIAGRAMMATICEQUATIONS starting from xip;

Algorithm 3 Anderson acceleration

Given a function f: R™ — R"™ we want to find a fixed point z* = f(z*) of, an initial
guess xg € R™ and an integer parameter m > 1, define the residual g(x) = f(z) — «.

z1 = f(zo)

fori=1,2,3,... do

m; < min(m, 1)

G (9@im) - g(@))

o + argmin,e 4 | Gall, where A = {(ap, ..., ) € R™TH STy =1}

m;
Tit1 < >, apf(Timm,tk)
k=0

gence data logging during iteration as well as an adapted convergence criterion, described
below.

Figure 3.1 shows a comparison of the convergence histories of the two methods in a
typical parameter configuration and clearly demonstrates the superiority of the proposed
method in terms of convergence speed. Both methods compute the same functions for
each iteration, but the proposed method incurs some additional overhead for whatever
the fixed-point solver does internally. Depending on the solver used, compared to the cost
of computing the parquet equations, in almost all cases the overhead will be negligible.

Termination condition

The iteration is terminated in case the current residuum ||z; — f(z;)|| exceeds the one
from ngtagnation iterations ago. This condition reliably detects convergence, with increased
Nstagnation trading precision (stopping as early as possible) for robustness (low likelihood

13
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—eo— Parquet method

1072 Proposed method

107* 7

Ifz) =zl /=

107° +

T T T
0 10 20 30
Iteration ¢

Figure 3.1: Comparison of convergence histories between algorithm 1 and algorithm 2 for the
Hubbard model on 4 x 4 points with U = 1, § = 1.2 and basis cutoff ¢ = 10~3. Here, Anderson
acceleration is used and f denotes DIAGRAMMATICEQUATIONS as defined in algorithm 2.

of false positive stopping). An exemplary convergence history is shown in fig. 4.1 below
(with termination condition deactivated).

3.2 Representation of quantities

One of the first things to think about when implementing anything related to the parquet
method is how to suitably represent the quantities involved. As we have seen, one-particle
objects carry two indices, e.g. X}, and two-particle objects carry six indices, e.g. I‘,’;ZI/Z’ So
especially the two-particle objects require lots of memory (and, by extension, computation
time), which we will try to keep to a minimum.

3.2.1 Momentum indices

Concerning the momenta k, they are sampled from a regular grid covering the Brillouin
zone (BZ). In d dimensions and for the hypercube lattice — to which we will restrict
ourselves here — the Brillouin zone is given by BZ4 = [0, 27)%%3. We take k € K,, ==
(0:27/n : 21 — 27 /n)?, giving a grid of n? points* [32].

2Here we have set the lattice constant a to unity, effectively fixing a system of units.

3To be precise, the Brillouin zone is actually BZg = T% = S x ... x S', the d-dimensional torus,
manifestly incorporating all physical functions’ periodicity.

“The syntax (a : b : ¢) denotes a range of evenly spaced (with step b) values between a and ¢, or more
precisely {z | a <z < c and x = a + nb with n € Z}.
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3.2. Representation of quantities

The hypercube lattice satisfies a particular group of symmetries, the d-dimensional
hyperoctahedral group By. Considered as a matrix group®, this is the group of all
orthogonal d X d-matrices with integer entries, i.e.

Ba={o€Z™ | o0 =1}, (3.5)

Any “physically relevant” function of one or more momentum argument(s) f(k, k', k", ...)
must therefore be invariant under an appropriate group action, i.e. obey

f(k, K K" ...)= f(ok,ok' ok", ...) Yo € By, (3.6)

yielding an opportunity for storing it in compressed form.

For example a unary function of momentum f(k) is fully defined by specifying its
values on By's quotient BZ;/ By, the set of all orbits® under the group action. This set is
usually referred to as the irreducible Brillouin zone (IBZ) [33] and is isomorphic to a set
consisting of a single, arbitrarily chosen representative for each orbit, for example

IBZdw{kEBZd\kdgkd,l§...§k1§7r}. (37)

In the following we will use the actual IBZ (the set of orbits) and the so-defined set
of representatives interchangeably, keeping in mind that they are not the same thing,
strictly speaking. The IBZ’s volume is |IBZ4| = |BZq4|/|Ba| = |BZ4|/(2%d!), so in 2
dimensions we obtain a compression by a factor of up to” 8. We call the discretized IBZ
Qn = K, NIBZ,.

The other case appearing in our application are functions of three momentum ar-
guments, often denoted f(k,k’,q’). Here, our implementation actually does not fully
exhaust the potential for compression® but instead reduces only the third argument to
the IBZ. The resulting momentum grid is shown in fig. 3.2.

Momentum integrals

Approximating momentum integrals is fairly straightforward and has surprisingly agree-
able properties. To approximate I(f) := fBZd f(k)dk we use the operator

T d
R )] (3.8)

kiEKn

In(f) =

5To illustrate, we have By = {((1) D (), ((1] Pl), (_01 Pl), (O, (0 h, (91 (1)), (91 _01)}.

SA note on terminology: Given a group G that is acting on a set X, the orbit of an element z € X is
the set of all elements of X reachable from . It is denoted by Gz = {gz | g € G} C X. This notion then
allows us to “divide out” the group: The group action’s quotient X/G is the set of all orbits.

“Only “up to” because for the discretized domain the reduction is lower, depending on n. For instance,
in the example shown in fig. 3.2, n = 6, the compression factor is 62/10 = 3.6.

8This is however straightforwardly possible by storing the function only on BZ* /Bq and should be
explored.

15
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Figure 3.2: The distribution of momentum sampling points on the Brillouin zone in the case of
a 6 x 6 grid. The BZ and the IBZ are highlighted in red.

In practice, we will want to compute integrals on the IBZ alone, for which weight factors
according to each point’s multiplicity will be required, see below for more. Computing
useful bounds on the error |I — I,,| turns out to be quite involved, principally depending
on f’s smoothness. For example, if f is analytic, convergence is geometric [34], many
classes of non-periodic rougher functions are covered in [35].

IBZ-reduced momentum integrals Concerning integrals over IBZ-reduced mo-
mentum indices, e.g. the bosonic index in 2-particle quantities, we need to know the
multiplicity mq of each point g, which is the number of points in the entire BZ it is
equivalent to?, i.e.

mq = |{k € BZ4 | J0 € By, ok = q}| = |Bagq|. (3.9)
We then modify eq. (3.8) to weigh each term by mg, and get
(2m)
d Z quf(%) (3.10)

QieQn

1% (f) =

n

Multiple momentum arguments integrals The case of multiple momentum argu-
ments requires special consideration. Let f be a function of two momentum arguments
and compress it as previously discussed, i.e. store the second argument only on IBZ
points to get freqa(k, q) where k € BZ; and q € IBZ,. Then, to approximate the integral
over the second argument I(f)(k) == [y f(k, k') dk’ we use

7)? o
(2 d) Z f(k7k;> = (an) Z fred(oikyoikg), (3.11)

n
kleKy kleKy,

L(f)(k) =

where 0; € By is any transformation such that o;k, € IBZ, (here IBZ, is to be interpreted
as the set arbitrarily chosen as representatives). Depending on k, there may be multiple

9This is also called the length of the orbit of ¢ under By.
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3.2. Representation of quantities

choices of o; (all of which are valid), reflecting a not-yet-exploited potential for further
compressing the vertices. This potential could be realized by properly reducing BZg® by
By.

3.2.2 Frequency indices

As for the Matsubara frequencies, here the situation is more interesting. A first, natural
optimization is only storing vertices on frequencies (v, ', w) with w > 0, enabled by the
property
/ _ N\ *
Gria = Gy ™), (3.12)

which holds as long as H is real. Traditionally, a dense box of frequencies is used, incurring
undesirable memory and runtime scaling. Recent developments allow us to significantly
improve on this. Using the intermediate representation developed by Shinaoka et al.
in [24] and implemented in [36] enables a much reduced, sparse sampling set. For example,
in setting up for the U = 1t, ft = 5 Hubbard model problem at ¢ = 10~2 precision, we
construct a sparse sampling set of only 2545 frequencies, visualized in fig. 3.3, whereas
for example a 64 x 64 x 64 traditional frequency box!'? already means 262144 frequencies,
over 2 orders of magnitude more!

3.2.3 Intermediate representation

Originally published in [24], there is a compression method based on an intermediate
representation for the objects we are interested in and that are fundamental to the present
work. We will here present a short version of the more comprehensive treatment provided
in [37]. To match the original source [37], in this section we will use a slightly modified
notation for Matsubara frequencies, writing iv instead of v to emphasize the imaginary
nature.

Two-point quantities

The fermionic (v = F) respectively bosonic (o« = B) Green’s function on Matsubara
frequencies G“(iw) is related to the spectral function in real frequency p®(w) by

+Wmax
G (iw) = / do’ K (i, w')p® () (3.13)
—Wmax
with kernels K (iw,w) = ﬁ and KB(iw,w) = iw“i/w,. Here, wmax denotes the band-

width, i.e. we assume that p®’s support is contained in [—wmax, Wmax] Analogous to a
matrix’ singular value decomposition, there is a singular value expansion for this kernel

K*(iw,w) =Y U (iw)S; V™ (w) (3.14)
=0

10As used in the reference computation presented below.

17
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Figure 3.3: The (v,v/,w) frequency sampling points on which all two-particle quantities are
represented. These points are generated for bandwidth 4U and tolerance e = 1073, At lower
temperatures more frequencies are needed.
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3.2. Representation of quantities

that, inserted into eq. (3.13) yields a representation

G (iw) =Y UP(iw)GP (3.15)
=0
of the Green’s function with coefficients
+Wmax
Pese [ T Ve e W), (3.16)

We may now choose a cutoff € for the singular values to get a compressed, approximate
representation of G using L coefficients, such that S /Sy < . Although this compression
is lossy, it is optimally compact [36].

To compute the coefficients from G(iw), we sample at a number of sampling frequencies

W = {iwf, iwg, ..., iwf}, (3.17)
chosen close to the sign changes of U (iw), and perform a least-squares fit
L1 2
{G}'} = argmin Z G*(iw) — Z Uf(iw)GY| . (3.18)
{GI'} jwewe 1=0
The set of sampling frequencies W is symmetric about zero, i.e. W = —W<.

Four-point quantities

For the representation of four-point quantities we define
Ui, (v, i, iw)) = UF (i) UL (i) UB (iw), (3.19)

whose naive usage in generalizing eq. (3.15) turns out to be invalid [38, 39], instead
requiring an overcomplete representation

12 L-1
G(iyl, .. ,il/4) ~ Z Z Ul?l)/m(Tr(iVla ey iV4))Gr,ll’m' (320)

r=11,1',;m=0
The T, are a family of 12 frequency translation functions given by
T, =C73 0P, (3.21)
i.e. composing conversion to four-frequency notation
C™3(vy,...,v4) = (v1, —va, V1 + 10) (3.22)
with a permutation as defined in table 3.1.
This yields a sampling set of
W = tj T (WF < WE x WB). (3.23)
r=1

Associated with this construction is yet again a requested tolerance ¢ that is used for
truncating the constituent fermionic and bosonic singular value expansions, i.e.

ST/SE <e and SP/SE <e. (3.24)

19
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T P,
Cycle notation Image of string 1234
1 () 1234
2 (3,4) 1243
3 (2,3) 1324
4 (2,3,4) 1342
5 (2,4,3) 1423
6 (2,4) 1432
7 (1,2) 2134
8 (1,2)(3,4) 2143
9 (1,2,3) 2314
10 (1,2,4,3) 2413
11 (1,3,2) 3124
12 (1,3) 3214
Table 3.1: The permutations used in constructing the two-particle overcomplete basis [39].
Sparse frequency set closed under frequency permutations The so-constructed
set WV has the useful property of being closed under any permutation of the four frequencies.
That is, for any permutation P € Sy (with Sy the symmetric group of degree 4, i.e. the
group of all permutations on a set of size four) and any element v € W, Pv € W, as we
will now show.
For brevity, we introduce the notation
Wi = (W WF < WE), (3.25)
where C7*0C™3 = identity, i.e. C7*(v, v/, w) = (v, —v+w,V —w, —1'), so that eq. (3.23)
may be written
12
w=J P ). (3.26)
r=1
The set W; is invariant under the permutations (1234 — 1234) = () (trivially) and
(1234 +— 4321) = (1,4)(2,3), as can be seen by exchanging v <> —/ and w < —w in
eq. (3.22), and W = —W (see above).
Now, consider any v € W, there is at least one r with an associated vy € Wy such
that v = P 1y, If we now pick any P € Sy, we can write
Pu:P@ﬁwQ:Pm (3.27)
20
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3.3. Parquet equation

with some other permutation P’ = P o P~ € S;. Thus, the following holds:

P'vy e W <= 3" such that P'vy e P, (W) (3.28a)
<~ 3’ suchthat vye P! (PT71(W4)) (3.28b)
<=3 such that P71 (PT,TI(W4)) =Wy (3.28¢)
< ' suchthat P 'oP,'=() or (1,4)(2,3) (3.28d)
<= 3’ such that Pv =P or (1,4)(2,3)0P (3.28e)

To summarize, as long as, for any given permutation P € Sy, our set {FP,} C Sy
contains either P or (1,4)(2,3) o P, the sampling frequencies W are closed with respect
to all permutations. Our chosen {P,} satisfies this property; it is in fact one of the
212 — 4096 minimal subsets of S4 to do so.

3.3 Parquet equation

The implementation of the parquet equation eq. (2.21) is fairly straightforward. Its
most prominent feature are the frequency/momentum shifts it necessitates. These shifts
present a considerable problem in the usual treatment of the parquet equation. For
example, [23] deals with this problem of shifted frequencies exceeding the frequency box
as follows:

Due to crossing symmetry applied to ph-vertices in order to convert them
to ph-notation, the second fermionic frequency argument is shifted as v/ —
(v+w) and values can exceed the frequency box. multi-orbital-parquet
overcomes this problem by using Kernel functions which employ the scan-edge
method [25, p. 7]: if v + w exceeds the box, we approximate Prvtw) (' —v) o
v —v) by taking the nearest value at the edge, i.e. 7 = V_Np/2 OF U=
VNp/2—1, as 7 '“ is asymptotically constant along ¢/ for fixed v and w. Note
that for vertices with bosonic frequencies outside the box no approximation
with Kernel functions is provided, they are set to 0.

An unexpected, but all the more welcome, consequence of representing the vertices
including ® on the sparse frequency set introduced in section 3.2.3 is that the frequency
shifts in the parquet equation by construction always result in another point in the sparse
set. To see this, note that the frequency shifts in three-frequency convention are the
result of frequency permutations in (full) four-frequency notation eq. (2.20) and thus the
above result concerning the invariance of our frequency sampling set under permutation
applies. We hence do not incur any approximation error and our parquet equation’s
implementation is exact up to floating point errors.

Of course, we need to consider how to correctly implement the momentum shifts in
the parquet equation. For every occurrence of @, g on the right-hand side k, k' and g

21
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3. METHODS
are the sum or difference of momenta and as such might be outside the BZ. Therefore,
all momenta are mapped back to the BZ to yield k, k' and q. In general the bosonic
momentum g which we have restricted to the IBZ might still be outside the IBZ. By
construction, there is a unique o € By such that og € IBZ, and thus
Piirg = Prk'g = P(ok)(ok’)(0g)- (3.29)
The final thing we need to be careful about is negative bosonic frequencies: For the
case w < 0 in <I>W,w, eq. (3.12) comes to bear, and we use
vV — (q)(—”)(—l")(—w))*' (3.30)
3.4 Bethe-Salpeter equation
The Bethe-Salpeter equation eq. (2.14) revolves around a frequency sum, posing significant
challenges.
3.4.1 Separating off the backgrounds
In practice, the sum needs to be truncated
o0 Vmax
D (3.31)
V] =—00 V]1=—"Vmax
where the addends decay quadratically
! -2
e XoiaFits = 0(17), (3.32)
incurring an error decaying linearly in vpy.x, requiring the evaluation of large frequency
sets and in turn slowing down further what is already the bottleneck of the entire program.
To improve on this situation, we make a key simplifying assumption which is not
strictly valid, but works as a rough approximation, namely that
-1
e = U+ 0(n ), (3.33a)
and  FTyne = U+ O(v ), (3.33b)
which allows us to compute the background part of the sum analytically''. To see how
this fails to hold, refer to fig. 4.12: It clearly shows the vertex featuring diagonal lines
which do not decay. Removing the need for this optimization would be a top priority for
future work.
HBy U” we mean the bare vertex in a particular channel r, whereas U is the parameter in the
Hamiltonian. It is given by U = U, U™ = —U, U® = 2U and U* = 0.
22
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3.4. Bethe-Salpeter equation

Nevertheless, we rewrite the sum to
viw privw viw 2 V1w
/ > (T Fae — U®) Xopte + / > UXopg (3.34)
kl V1 1 V1

and focus on the second part, the Lindhard bubble

By = | Y UXypeu (3.35)
kv oo

first.
For the sake of completeness we produce here the calculation for the case r € ph.

hw h v ph”1%W7rph
qu:/k ZUPXP 1qu

1y
_ h2 1/ l/ +w
=UP /k1 k11+tI)
V1
B ) R B ) /A
- Uph2/ (—/ dTe_WITle(T)/ dr’ e 1te)T Gk1+q(7/)>
ki 0 0
/B A . !/ A . !
— _Uph2 / / dT/ dT/ le (T)eflw*r le+q (7_/) Z o1 (r+7")
k1 JO 0 V1

B B N A
— _grh? /k /0 dr /0 dr' Gl (7)e 77 Gy g (7)B S (~1)"0(r + 7/ — nf)
1

nez

B8 R . R
_ _peh? /k /0 d7 Gy (1)e PG 4B — 7)B(~1)
1

B
2 iwT A A
— guPh /k /O dr 6" G, (7) Gl g (B — 7)
1
So we have computed the Fourier transformed bubble
A 9 . .
BPy(r) = AU | Gy (8= )Gty (1), (3.36)
1

at which point the/i\ntermediate representation makes a surprise appearance; We only
need to compute BPh, at a few 7 sampling locations, fit the result to a 1-particle basis
and expand at the needed bosonic frequencies w as detailed in section 3.2.3. This allows
us to calculate the bubble without truncating the original Matsubara sum or expensively
approximating the Fourier transform. The only error we make comes from truncating
the basis, the cutoff for which we can choose to machine precision as these one-particle
computations are negligible from a runtime cost viewpoint regardless.

With this done, only the first term of eq. (3.34) remains. Because we have subtracted
the backgrounds of F' and I', the addend is now O(Uf 3) and the sum will converge
quadratically. This new sum we do indeed just truncate to the frequencies from —uvpax to
Vmax but are able to choose a much smaller cutoff vy,,y, which currently must be given as
input to the algorithm, thanks to calculating the background’s contribution separately.
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3.4.2 Summation frequencies

Having somewhat mitigated the convergence issue, we turn our attention to a second
problem. Because we know the BSE’s input vertices — I' and F' — only at some frequencies,
the sparse sampling set, we cannot straightforwardly evaluate the (truncated) Matsubara
sum.

/! . . 12%1%)
To compute ®"}5/ at one point in frequency space, we need to know I' " o and

F?"lell’;,‘; for all v1 € (—Vmax @ 27/ : Vmax), which we do not, as this exceeds the sparse
sampling set. So the only option we have is to fit the entire vertices I' and F' to a
2-particle basis and expand at the much larger sets indicated prior to performing the

summation.

This single step — more precisely, the expansion substep — actually turns out to be the
bottleneck for the implementation of the entire algorithm. Several rounds of optimizations
— including prefactorizing the fit matrix, parallelizing the expansion operator at significant
memory cost and mostly eliminating allocations — were not able to change this fact.

There is the possibility of computing a set of weights to enable carrying out the BSE
sum on the sparse sampling set directly [37], which we forwent as there remain questions
about the error this method incurs that remain to be answered.

3.5 Schwinger-Dyson equation

Our implementation of the Schwinger-Dyson equation actually utilizes many of the already
mentioned techniques, so we will not discuss them here in detail. One low-hanging fruit
is the optimized computing of the Schwinger-Dyson equation: We only compute the
self-energy on positive Matsubara frequencies and then use

Sk(v) = [Sk(—v)]". (3.37)

Also, analogously to our treatment of the Bethe-Salpeter equation in section 3.4.1 we
can substantially improve the SDE’s numerical properties by subtracting from F' its
frequency-constant diagram U, and computing the two resulting terms separately.
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CHAPTER

Results

We would now like to discuss and analyze the results of the presented method. All results
have been generated with Julia 1.10.0-rc1 using following packages:

e SparseIR.j11.0.15
e OvercompleteIR. jl (unreleased)

e StaticArrays.jl 1.7.0

LowRankApprox.jl 0.5.4

Additionally, as briefly stated above, we employ the Anderson acceleration implementation
from [31] for solving the fixed-point problem. We opted to copy the source code into
our project, allowing us to make minor customizations — such as more verbose iteration
logging or custom termination criteria — that are not suitable for upstream contribution,
rather than depending on the original package. For the purposes of this chapter, the
function f is shorthand for DIAGRAMMATICEQUATIONS defined in algorithm 2.

Any norm used in the following is the Euclidean one taken over all respective frequency
and momentum sampling points.

4.1 Convergence properties

In order to gain some measure of confidence in the discussed method, we analyze its
convergence properties.
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4.1.1 Single-run convergence

First we investigate the convergence history of solving two models,

o Hubbard atom with U = 1t and g = 5/t and

e 2d Hubbard model with U = 1t and § = 5/t on 4 x 4 k-points,

both solved with BSE sum cutoff vmax = 20 and overcomplete basis cutoff ¢ = 1073, as
defined in eq. (3.24). The fixed-point residuum is displayed in fig. 4.1.

10°

N — 2d Hubbard model
Hubbard atom

1074

1074

1079_

e — M) /]2 |

107121

10715 4

50 100 150
Iteration k

Figure 4.1: The fixed-point solver’s typical convergence history, displayed as residua over the
course of the entire solution process for two models. zj is the discussed, kth iteration state vector
which comprises the flattened and concatenated vertices F', ® and ¥. z* denotes f’s (empirical)
fixed-point. The dashed line indicates double precision machine epsilon 2752,

It exhibits quite favorable properties: the convergence rate is exponential, followed
by a stable noise floor below machine precision eyp = 2752 This of course does not
constitute proof that the method converges at all points in the parameter region, but all
tested parameters work well and did not give reason for concern.

4.1.2 Convergence with tolerance and Matsubara sum cutoff

It is now imperative to check for convergence with decreasing tolerance ¢ (c.f. section 3.2.3)
and increasing Matsubara cutoff vax (eq. (3.31)). For this purpose we first investigate
the atomic limit, where an analytic solution is available [22] to compare to.
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Figure 4.2: Atomic limit: Error in the three vertices X (&, Vmax) — with X € {F,®,X}. As
benchmark reference we take the analytic solutions Xexact from [22]. The vertices are approximate
fixed-point solutions to the half-filled Hubbard atom with U = 1.2 and 3 = 2.3. Here, ¢ is varied
and vpax = 199 is set for all computations.

For fixed vpax (fig. 4.2) we see polynomial convergence somewhat faster than (’)(6*1)
before hitting a floor around 1073, with the exact limiting value depending on the specific
vertex we look at.

Fixing e, we see a somewhat surprising scaling behavior: in fig. 4.3 the self-energy X
hits an error floor sooner than the four-point vertices F' and ®. This seems to indicate a
systematic error somewhere in our approach, and we strongly suspect the U2-correction
eq. (3.33a) as likely culprit.
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Figure 4.3: Atomic limit: Same as fig. 4.2, but vy is varied and ¢ ~ 3.4 x 1074 is set for all
computations.

Regarding the Hubbard model on 4 x 4 momentum points, the solution resulting
from the smallest € and largest vy.x will be the most accurate one, so we take it as the
reference solution to compare the others to. The results are then shown as a function of
¢ in fig. 4.4 with fixed vpax and as a function of € in fig. 4.5 with fixed e.

In this case, there is no apparent error floor which makes sense considering the
reference we compare to is bound to be “systematically similar” to the result evaluated.
Scaling-wise, in fig. 4.4 we again observe slightly-better-than-O(g) polynomial behavior!,

while fig. 4.5 exhibits super-polynomial scaling regarding the frequency cutoff vy ax.

!For example, decreasing the basis cutoff by a factor ~ 225 from the rightmost to the leftmost data
point, the error in ® — which scaled the worst out of the three vertices — decreased by a factor of ~ 545.
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Figure 4.4: Hubbard model: Error in the three vertices X (&, vpax) — with X € {F, ®,X}. As
benchmark reference we take Xpest = X (3.4 x 1074,1997/3). The vertices are approximate
fixed-point solutions to the half-filled Hubbard model with U = 1¢ and § = 5/t on 4 x 4 k-points.
Here, ¢ is varied and vy., = 199 is set for all computations.
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Figure 4.5: Same as fig. 4.4, but now vy, is varied and € =

computations.
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4.2 Benchmarks

To evaluate our code’s performance, we conduct a series of benchmarks of representative
workloads. First we investigate the two precision parameters’ € and vy effect on runtime,
visualized in fig. 4.6.

Linear basis size L
9 8 7 6 5 4

4 Vinas [/ 5]

100 - e 19
.. 99

S e 199

Runtime single computation of f [s]
[
[en}
1
°
,
,
,
4

Basis cutoff

Figure 4.6: Time (in seconds) a single evaluation of f requires as a function of linear basis size
L (top z-axis) and basis cutoff € (bottom z-axis). For each point, 10 measurements were made
and the minimum estimator taken [40]. The dashed lines indicate an O(log(¢)vmax) model The
times were measured running on 12 threads on an AMD Ryzen 9 7900X 12-Core Processor. The
system considered is the half-filled Hubbard model with U = 1t and 8 = 5/t on 4 x 4 k-points.

The time a single evaluation of f takes can be well approximated (R? ~ 0.917) by
an O(log(e)Vmax) model. One could have expected ~ O(log(5)5) scaling here, which is
roughly the behavior of the sparse sampling set’s size.

Next, we would like to know how our actual problem parameters, chiefly temperature
B~ and resolution in k-space, influence performance. In addition to runtime, we measure
the code’s memory footprint during problem setup, which is when the bulk of allocation
happens. The measurements, displayed in fig. 4.7, are “missing” some points, because for
these problem sizes, the available memory on the benchmarking machine (128 GB) was
insufficient. This issue could be mitigated by using fewer threads, but this would come



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.2. Benchmarks

10* 5 - :
1 e et
: ® . Y EEETREEE L) ...
? s | e @ o .
L2.10° o e L4
N P g |
g 1 e il
S e == .
0; 102—: ............ @ o ..
R - ; 1
© T g =
E 1 e @ e
Ep I R
z 1004 e Lid
s J e =
g _ .
0 ] __. ............ . ........ ) k_pOIHtS
W0y o 1x1
@ 3 X 3
E 102_? ............. ? ® .,..-...-.--. @ 4x4
je  ee . S - -
Q. ] L @ @ ry ‘.. ps ° 5 « 5
& l e o b 6 - 6
= P PP @t 'y
4(1_7.) 101—_ ________ P
o 3 o : ....
g ] @@
£ : B¢ IO
E 1 e @ - .. .
ke 01 L e r po
gWye e ° @
z ] @ e
S ] PSR
= 1 e
S ] g
glolé
= : ....--.....--.
E : ..... @t @i PRI [ ] @
@
T T T T T — T
1 2 3 4 5 6 7 8 910

Inverse temperature 3 [1/t]

Figure 4.7: Time and space requirements of solving systems with decreasing temperature 5=+
and increasing k resolution, with fixed interaction U = 1¢. The times were measured running on
12 threads on an AMD Ryzen 9 7900X 12-Core Processor with 128 GB of memory. In all cases,
e =279 and Vpax = 597/8. Note the abscissa’s logarithmic scaling.

31



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4.

REsuLTS

32

at the cost of speed. Furthermore, the resulting measurements would not be comparable
to those shown here. Hence, we have chosen not to include them.

This benchmark indicates high costs both in time and space for increasing momentum
space resolution. We also see here a feature that is particular to the way we perform
symmetry reduction in momentum space: When going up a step from an “odd x odd”
resolution there is a bigger jump in required computing resources than in stepping up
from “even x even”. Going back to fig. 3.2 elucidates this: even resolutions result in a
higher number of points situated right on the boundary of the irreducible Brillouin zone
which will be included in our symmetry-reduced bosonic momentum sampling set.

The scaling with § is more favorable in comparison.

4.3 Comparison with reference data

To verify the implementation’s correctness, we compare to reference data computed
by Anna Kauch with the MBE (Multi Boson Exchange) parquet solver [41, 42]. This
yet unpublished box implementation boasts good (single boson exchange) treatment of
asymptotics and, like the present work, computes one- and two-particle propagators.

For this comparison, we choose the half-filled Hubbard model at U = 1¢, §t €
{2,3,4,5} on 4 x 4 k-points on the square lattice with ' = 0. We then computed results
at those same parameters using the discussed implementation with basis cutoff ¢ = 1073
and BSE sum cutoff vyax = 1997/ and present a comparison of the channel-reducible
vertex I' and of the self-energy 3 in figs. 4.8 to 4.11. Because there is a lot of data
contained in FTZZ/%, we need to make some choices in presenting the results. Here we
choose k = (m,0), k' = (0,7/2), q = (7/2,7/2) and w = 807/B. The self-energy

& provides less difficulty in this regard, we choose k = (7/2,7). Note that points
k = (kg, ky) with |k, — 7| + |k, — 7| = 7™ comprise the Fermi surface and are therefore
special, for example, here (k) = 0.

Straight away we see that agreement regarding I' is excellent: The relative error on
the presented subset of indices Avel = ||[T'rer — Down || oo /|| Tref |l o 18 Arel &= 0.004 at St = 2
and increases linearly with £ to A &= 0.009 at St = 5. Concerning ¥, the data disagree
more: While qualitatively similar, the methods produce somewhat different figures at
small frequencies v. We again suspect the U? correction to be at fault here; investigations
are ongoing at the time of writing.
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4.3. Comparison with reference data

Reference This work Difference

504

d
v' (/8]

v [x/B]

v'[x/B]

—50 .

504

v [w/B]

—504

—50 0 50 =50 0 50 —‘50 0 50

v[r/pl v[r/A] v[r/p]
—0.4 —0.2 0.0 0.2 0.4 —0.0015 0.0000 0.0015
[ ——

| eeeeeee— |

Im 3% [

0.500 4

.

¢ Reference
e This work

0.00 4

—0.01+

—0.02

—0.03 1

O e o

50

100 150

v[m/6]

Figure 4.8: Comparison to reference data from the MBE parquet code. Shown is the channel-
reducible I'-vertex without background at w = 807/3, k = (m,0), k' = (0,7/2) and q = (7/2,7/2),
(i) in the first column oy, produced via the presented code, (ii) in the second column I'er and
(iii) in the third column T'yef — Town. In the last column, the self-energy ¥ at k = (7/2,7) is
compared to reference data. Note that here, only the data on the sampling points are shown. In
all cases the parquet approximation is used to approximate a solution to the U = 1t and § = 2/t

half-filled Hubbard model on 4 x 4 k-points.
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4.4. Resulting vertices

4.4 Resulting vertices

Last, to try and convey some intuition for the vertices’ structure, we would like to provide
3D visualizations of the results for half-filling, U = 1¢, ft = 5 on a 4 x 4 k-grid in figs. 4.12
to 4.14. Shown are the full vertex F, the channel-reducible vertex ® and the self-energy
3.
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Figure 4.12: The half-filled Hubbard model in the parquet approximation with 4 x 4 k-points

’

at U = 1t and 8 = 5/t. Full vertex with background subtracted F"jy/ ¢ — U with w = 307/f at
k= (7r/2,0), k' = (7,0) and g = (7, 7). The vertex’ values are shown once as a 3D scatter plot
over the v- and v/-axes and once as a 2D heatmap floating above.

We can observe clearly that the assumption eq. (3.33a) fails to hold: The four-point
vertices — after subtracting the background — rather than decaying at higher values of v
and 1/ are full of diagonal planes running through them and extending to infinity. For
example, F' contains a plane at v — v/ ~ 0 and another at v + v/ ~ —w, both smeared
out instead of sharp. This is a feature that is captured well by the overcomplete basis
but invalidates any naive background removal shortcut.

®’s structure is different from F’s, featuring instead a “wedge” at

—wSvrsS0 ifw>0
(4.1)

OSvS—w ifw<0

and another described by substituting v — ¢/ above. These too are fuzzy.
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Figure 4.13: Same as fig. 4.12, but instead picturing the reducible vertex ®"
at k= (w/2,0), k' = (7,0) and g = (7, 7).
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CHAPTER

Conclusion and outlook

In this thesis, we developed the first parquet solver using the IR-basis, advancing the
state of the art in terms of performance and convergence properties.

It is implemented as a Julia library with unit tests covering all functions. We first
applied this library to solve the Hubbard atom, where our solution agrees with the known
exact solution. In his Bachelor’s thesis [43] — which I had the opportunity to co-supervise
— Matthias Michalek applied the code to the Anderson impurity model, with the results
matching data produced by a reference solver.

Support for k-space dependence enabled us to solve the 2-dimensional Hubbard model
with a 4 x 4 resolution on a desktop computer in a matter of minutes. Performance
scaling and convergence properties were thoroughly tested and found to be favorable.
Again, the results were compared to benchmark data and found to be in good agreement.

Still, much remains to be done. The multi-orbital parquet equations have been
derived [23], so supporting multiple orbitals should be a straightforward extension. This
new version would then presumably require more computing resources, i.e. an HPC
cluster, so distributed memory parallelization would be a natural next step. Relatedly,
optimization-wise there are still low-hanging fruits to be picked, such as the full Brillouin
zone symmetry reduction briefly alluded to in a footnote in section 3.2.1. We should
also explore more sophisticated techniques of storing the momentum dependence in the
future. Quantics tensor trains [44, 45, 46] are a promising candidate for this. Also, the
form-factor basis [47, 48] has already been applied and should be explored in our context
as well.

The code discussed in this thesis is available at https://github.com/tuwien—-c
ms/ParquetIR. j1. It supports Julia 1.9 and newer.
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