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Abstract
Emergent Quantum Order in the Strongly Coupled Moiré-Hofstadter Regime
by
Stefan Divic
Doctor of Philosophy in Physics
University of California, Berkeley

Professor Michael P. Zaletel, Chair

A collection of many coordinated degrees of freedom can exhibit macroscopic behaviour
bearing little resemblance to that of its constituent parts, a phenomenon known as emer-
gence. In quantum materials, intricate correlations between electrons and ions produce a
zoo of emergent behaviours that physicists seek to characterize and control. The past decade
has seen rapid development in the synthesis and manipulation of moiré heterostructures, a
new family of highly-tunable materials consisting of layered 2D sheets of atoms. Under the
application of a perpendicular magnetic field, these devices provide unprecedented access to
the Hofstadter flux regime, in which the movement of electrons is sensitive to both cyclotron
motion and the effective moiré lattice, leading to quantized response and topological ob-
structions to wavefunction localization. In some moiré systems with no applied field, pairs
of low-energy electronic degrees of freedom behave as though subjected to opposite internal
magnetic fields, permitting an effective Hofstadter description of these systems as well.

This dissertation investigates the correlated behaviour of moiré-Hofstadter electrons under
the influence of strong repulsive interactions. In Chapter 2, we study a lattice model in-
spired by magic-angle twisted bilayer graphene where the tension between these localizing
forces and the intrinsic delocalization of low-energy electronic states stabilizes a correlated
topological insulator, with evidence that hole doping leads to unconventional superconduc-
tivity. In Chapter 3, we reveal and characterize a quantum phase transition between integer
quantum Hall and chiral spin liquid phases in a Hofstadter-Hubbard model of moiré tran-
sition metal dichalcogenides, exposing a hidden particle-hole symmetry and the structure
of critical current fluctuations. Finally, Chapter 4 argues that the energetic properties of
fractionalized excitations in the spin liquid phase near this quantum critical point are ideal
for the microscopic realization of Laughlin’s anyon superconductivity proposal.



for Milos



i

Contents

Contents ii

1 Introduction

1
1.1 Integer Quantum Hall Effect and its Flavorful Variants . . . . . . . . .. .. 2
1.2 Fractionalization in the Quantum Hall, Mott, and Moiré Regimes . . . . . . )
1.3 Overview . . . . . . . e 9
2 Superconductivity in a Topological Lattice Model with Strong Repulsion 11
2.1 Summary of Key Results . . . . . . . . ... ... 12
2.2 The Double Hofstadter Model . . . . . . . .. .. .. ... ... ....... 14
2.3 The Layer Anti-Ferromagnet . . . . . . . . . .. .. ... ... ... ... .. 20
2.4 Numerical Evidence for Superconductivity . . . . . .. ... ... ... ... 26
2.5 Emergent Weak-Pairing Description of the Superconductor . . . . . . . . .. 35
2.6 Relation to Chiral Twisted Bilayer Graphene . . . . . . . .. ... ... ... 42
2.7 Discussion . . . . . . .o 46

3 Chiral Spin Liquid and Quantum Phase Transition in the Triangular
Lattice Hofstadter-Hubbard Model 48
3.1 Model, Particle-Hole Symmetry and Compactification . . . . . . . ... . .. 50
3.2 Numerical Observation of Phase Transition . . . . . . . . ... ... ... .. 51
3.3 Discussion . . . . . . . .. 54
4 Anyon Superconductivity from Topological Criticality 55
4.1 Model and Symmetries . . . . . . . ... oL 57
4.2 Parton Theory . . . . . . . 59
4.3 Numerical Evidence for Cooper Pairing . . . . . .. .. ... ... ... ... 66
4.4 Discussion . . . . . . . ... e 71

Bibliography 74



A Appendix to Chapter 2

Al
A2
A3
A4
A5
A6

Additional Details on the Double Hofstadter Model . . . . . . ... ... ..
Additional Details on the Strong-Coupling Theory of the LAF . . . . . . ..
Additional Data for Phase Diagram at v =2 . . . . . . .. . ... ... ...
Additional Data for the Existence and Robustness of Superconductor . . . .
Additional Details of Pairing Symmetry Analysis . . . . .. ... ... ...
Additional Details on Relationship to Chiral TBG . . . . . ... .. ... ..

B Appendix to Chapter 3

B.1
B.2
B.3
B.4
B.5
B.6
B.7

Hamiltonian construction at all rational fluxes . . . . . .. ... ... .. ..
Threading flux . . . . . . . .
Two-band hopping Hamiltonian . . . . . . . .. ... ... ... .. .....
Operators in the Hybrid zk, Representation . . . . . . ... ... ... ...
Even-circumference Supplementary Data . . . . . . ... ... ... ...
Supplementary Odd-Circumference Analysis . . . . . .. .. ... .. ....
Correlation functions at even circumferences . . . . . . . ... ... ... ..

C Appendix to Chapter 4

C.1
C.2
C.3
C4
C.5
C.6

Coordinates, Gauge Choice and Symmetries . . . . . . .. .. .. ... ...
U(1) Slave-Rotor Theory and Mean Field Estimate of the Transition Point .
Chirality of Edge States from K-Matrix Formalism . . .. .. .. ... ...
Correlation Lengths at Half-Filling from Cylinder iDMRG . . . . . . . . ..
Spin and Pseudospin SU(2) Formalism . . . ... ... ... ... . ... ..
SU(2) Slave-Rotor Theory of IQH-CSL transition . . . . .. ... ... ...

il



v

Acknowledgments

I extend my sincere gratitude to everyone who has supported me through this circuitous
doctoral journey and all that preceded it. I have benefited greatly from being surrounded
by brilliant people who are so willing to share their knowledge and ideas. I first want to
acknowledge the vibrant and ever-changing community of 5th floor Birge, namely Sam Gar-
ratt, Jaewon Kim, Lizzy Dresselhaus, Ethan Lake, Méabh Allen, Koh Yamakawa, Chunxiao
Liu, Marcus Bintz, Zhihuan Dong, Yimu Bao and Yu-Ping Lin. My appreciation goes out to
all generations of the Zaletel group — Tomohiro Soejima, Dan Parker, Ruihua Fan, Zhehao
Dai, Yantao Wu, Bart Andrews, Nick Bultinck, Karthik Siva, Amir Mohammadi, Shahin
Jahanbani, Gabriel Woolls, Jiechao Feng, Adarsh Iyer and Vibhu Ravindran — for provid-
ing endless entertainment and for helping clarify many misshapen ideas. To Ehud Altman,
Dung-Hai Lee, Joel Moore, for your deep and inspiring knowledge and contributions.

To Andre Simoneau, for excavating my talent and curiosity when I had lost sight of
them. To Camila and Lisa, for all your coaching and positivity. To Mr. Webb, for being
my unlikely weekly companion, in problem-solving sessions where I eventually learned the
meaning of rigour. To Arun Paramekanti, Amar Vutha, Erich Poppitz and A.W. Peet at
UofT, for nurturing my confidence and ambition, and for propelling me onward to Berkeley.

To my many collaborators including Xue-Yang Song, Clemens Kuhlenkamp, Sopheak
Sorn, Johannes Hauschild, Monika Aidelsburger, Henry Ling and Tami Pereg-Barnea for all
your insights and efforts. Special thanks to Rahul Sahay, for every hour on Zoom, in the
situation room, and every lap around campus. You've taught me a tremendous amount.

To my friends and colleagues from the Flatiron Institute, Harvard, and the Boulder
School, particularly Andrew Hardy, Schulyer Moss, Jenny Coulter, Anna Dawid, Leo dos An-
jos Cunha, Nicolas Morales Duran, Kyle Eskridge, Olivier Gauthé, Olivier Gingras, Thomas
Hahn, Agnes Valenti, Lukas Weber, Roeland Wiersema, Fabian Kugler, Ryan Levy, Matt
Fishman, Nicolas Regnault, Miles Stoudenmire, Joey Tindall, Junkai Dong, Patrick Ledwith,
Saran Prembabu, Sambuddha Chattopadhyay, Ophelia Sommer, Nishad Maskara, Josephine
Yu, Cristian Voinea, Yaar Vituri, Nishchhal Verma, Konstantinos Vasiliou, Tixuan Tan, Fe-
lipe Reyes-Osorio, Marvin Qi, Akshat Pandey, Matthew O’Brien, Anqi Mu, Nandagopal
Manoj, Emmanouil Kokkinis, Luke Kim, Wilhelm Kadow, Mohammad Hassan, Sandeep
Joy, Rafael Calderon, Joshua Covey, Noga Bashan, Amogh Anakru, and many others.

To my new research group in Philadelphia, Katherine Ding, Wyndham White, Deven
Carmichael, Steven Gassner, Ben Kass, Brandon Monsen, Wai-Taing Tai, Spenser Talking-
ton, Gene Mele, Charlie Kane, and Martin Claassen, for welcoming me into your vibrant
community with open arms.

To my other dear mentors and friends, Tomohiro Soejima, Dan Parker, Shubhayu Chat-
terjee, and Valentin Crépel. You have provided more support than I deserve and continue
to inspire me with your boundless kindness and resourcefulness. I am so happy for all your
ongoing success. To Andy Millis, Norm Yao, and Ashvin Vishwanath, for your guidance and
insight. T am a much better physicist for having collaborated with you.



To my advisor Mike, for letting me bear witness to your intellectual process and for giving
me endless permission to cultivate my own style and interests, guided closely by many of
yours. I am deeply inspired by your creativity and intuition, your ability to blend theory
and method development and experiment, but also your ability to hike vigorously in sandals.
Thank you for your generous support and your trust — I hope we’ll stay in touch.

To my friends up north, including Mahmoud, Adam, James, Gillian, Chloe, Rob, Ben,
Alex, for your love and camaraderie, however many miles or kilometers lie between us. To
my Boundless™ partners in crime, Luca, Hayden, Anubhav, Hannah, Alex, Denys, Mark,
Catherine, Ben, Michael, Neve, Jerry, Lisa, Madi, Josh, Cheyanne, and Jenn.

To my dear musical companions Adri and Irian, for all those extended recording sessions,
chaotic demos, and meandering car rides. To Philippe, Kevin, Mary, Alex and my jazz
basement friends for keeping me sharp and honest. To Isaac Harris for his unbelievable
financial and culinary generosity, and to the Meal Monday community he brought together:
Sophia, Dylan, Elise, Rachel, Rachael, Dmitry, Shereen, Madeline?, Ashwin, Burhan, and
many others. To the group chat, Sajant Anand, Stephen Gant, Zack Weinstein, Malcolm
Spilka, and Nguyen Ho Nam, for testing the limits of humour and common sense.

Finally, this degree would simply have been impossibly without the love and understand-
ing of my family. Thank you, Kenzo and Mari, for teaching me how to be kind and good.
Braedon and Diane, for being the mature, sensible role models that I very often need. Lilian
and Hangqing, for always spoiling me but keeping your expectations high. Everyone in Japan
— Aya, Mirai, Toshiko, Mitsuhiro — for expanding my horizons. My grandparents, for sacri-
ficing so much and teaching me how to lead a good life. Mama, for managing to support us
against all odds and for showing me what really matters. And to Cindy, for everything.



Chapter 1

Introduction

The advent of moiré materials, particularly magic-angle twisted bilayer graphene (MATBG)
and moiré transition metal dichalcogenides (TMDs), has opened an unprecedented frontier in
the study of correlated quantum matter [1-3]. These systems offer uniquely tunable platforms
in which interacting electrons can be studied and manipulated under conditions not accessible
in traditional solids [4]. In the past several years, there has been rapid expansion of both
experimental capability and theoretical understanding in this burgeoning field [5-7], leading
to the discovery of both unexpected and long-sought quantum phases of matter [8, 9].

A key advantage of moiré materials, and 2D van der Waals heterostructures more broadly,
is their exceptional in situ tunability [10]. Through electrostatic gating, experimentalists
can precisely control carrier density and displacement fields, thereby tuning not only the
strength of electron-electron interactions, but also the topology and quantum geometry of
electronic Bloch wavefunctions [11, 12]. In addition, the large effective lattice constants
of these systems—arising from long-wavelength variations in local atomic registry—enable
access to the Hofstadter flux regime at laboratory-accessible magnetic field strengths [13].
The defining characteristic of this regime is that the lattice constant is an appreciable fraction
of the magnetic length, so the unit cell encloses a substantial fraction of the magnetic flux
quantum [14]. In contrast to continuum Landau levels, where relative kinetic energy is
completely quenched by cyclotron motion [15], the lattice structure of Hofstadter systems
produces a richer, strongly field-dependent spectrum of energies and electronic states [16].

In certain heterostructures, the moiré-scale patterns of strain, corrugation, and inter-layer
tunneling generate topological bands at low energies, even at zero magnetic field [17-19]. The
topology of isolated bands is often captured by a nonzero Chern number, detectable through
quantized linear response [20-22]. In MATBG, the low-energy bands may carry a different
“fragile” multi-band topological invariant [23-27]. In both cases, the underlying topological
obstruction forbids a description of the low-energy subspace in terms of localized atomic
orbitals [28], complicating the direct application of traditional strong coupling methods [29].
Nonetheless, it can be fruitful to view these degrees of freedom (considering all valleys and
flavors collectively) as arising in an auxiliary system subject to a time reversal-symmetric
combination of magnetic fields [30-32], e.g., a generalized Hofstadter lattice system.
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This dissertation explores the rich landscape of quantum phenomena in the strong cou-
pling regime of these moiré-Hofstadter systems, where repulsive interactions contend directly
with both kinetic energy and orbital magnetic effects [13, 33]. We investigate two distinct
frontiers: one in which internal magnetic fields arise as an emergent description of a moiré
system (Chapter 2), and another where an applied field strongly breaks time reversal symme-
try, drastically restructuring the phase diagram and Mott transition of the familiar Hubbard
model (Chapters 3 and 4). Working at the interface of the quantum Hall and Mott regimes,
we uncover quantum phenomena ranging from superconductivity coexisting with uncon-
ventional magnetism, to quantum criticality associated with the dissolution of spin liquid
order in a regime with prominent charge fluctuations. In particular, through the modern
lens of moiré materials and with the aid of powerful tensor network methods [34-36], this
dissertation sheds new light on Laughlin’s paradigmatic chiral spin liquid and anyon super-
conductivity proposals [37-40], and grounds them in explicit Hofstadter lattice realizations.

The remainder of this chapter presents concepts, motivations, and themes relevant to
subsequent chapters in this dissertation, followed by a detailed overview.

1.1 Integer Quantum Hall Effect and its Flavortful
Variants

The integer quantum Hall effect (IQHE) is a remarkable collective behavior of electrons
arising when a continuum two-dimensional electron gas (or 2DEG) is placed in a strong per-
pendicular magnetic field. In its non-interacting idealization, electrons enter into quantized
“Landau” energy levels as a consequence of quantum cyclotron motion, in which their rela-
tive kinetic energy is completely quantized [15]. The crucial observable associated with the
quantum Hall effects is the Hall resistivity pg, a response quantity relating current flow to a
transverse electric field. From the idealized Landau level wavefunctions, it can be calculated
that py = v='h/e* (where v = n./ny is the ratio of electron density to flux density) when
an integer number of Landa levels v is fully occupied [41].

It is an astonishing experimental fact, first discovered in 1980 by Klaus von Klitzing et al.,
that py is not only perfectly quantized at integer values of v, but remains quantized across
a broad plateau of magnetic field strengths [42]. The presence of these plateaus immediately
signals the presence of some amount of disorder, for otherwise Galilean invariance demands
that pg be linear in the magnetic field [43]. Nonetheless, the remarkably-quantized values of
the Hall resistance within these plateaus hints at a deeper, topological organizing principle
which identifies the idealized filled Landau level with a broader class of quantum states.

This view of the IQH phase is clarified by the following thought experiment due to
Laughlin [44], adapted by Halperin in Ref. [45]. Consider a 2D annular sample delimited by
an inner and outer edge, whose bulk is penetrated by a uniform magnetic field and bears
a gap to all mobile electronic excitations. Now imagine that an additional magnetic flux
is threaded adiabatically slowly through the region enclosed by the inner edge. If the final
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enclosed flux is the elementary flux quantum, then the initial and final Hamiltonians within
the annulus differ only by a gauge transformation, meaning their full energy eigenspectra
are equivalent. An analysis of the idealized Landau level orbitals reveals that the net result
of this adiabatic cycle is for exactly one electron to be funneled from the inner edge to the
outer edge. This process is robust to both disorder and weak interactions that preserve the
integrity of the mobility gap [44, 46]. It has therefore been said that “the quantum Hall
effect is an emergent phenomenon characterized by the ability of the matter in question to
pump an integral number of electrons across the sample in a flux-winding experiment” [41].
Since this pivotal discovery, many materials and model systems of very different nature
have been found to exhibit the same phenomenon of quantized integral Hall response [20].
When translation invariance is broken by an underlying lattice, this phase is known as a
“Chern insulator”, observed for instance in graphene subjected to an hBN moiré poten-
tial [47-49]. The quantum anomalous Hall effect (QAHE) is the even more exotic realization
of quantized Hall conductance at zero magnetic field [50, 51], first observed in a magnetic
topological insulator [52, 53]. Moiré realizations are now numerous and include TBG with
an aligned hBN subtrate [17, 18] and heterobilayer MoTe,/WSe, tuned by an out-of-plane
displacement field [19]. For the first time, a higher-Chern insulator has also been observed at
zero field [54], associated with wavefunction topology and Hall response not realized in the
Landau levels of any 2DEG. These experiments demonstrate the utility of moiré materials
for realizing novel, often long-theorized phases of matter in a highly-configurable setting.

Spin and Layer Quantum Hall Magnets

We now discuss the minimal setting in which interactions play a crucial role in the quantum
Hall effect. When the electronic system carries multiple internal “flavor” degrees of freedom
(such as spin, valley, or layer pseudospin), the IQHE admits a natural extension known as
generalized quantum Hall ferromagnetism (QHFM).

In gallium arsenide (GaAs) quantum wells, spin-orbit coupling substantially reduces the
effective g factor compared to its free electron value, making the spin splitting much smaller
than the cyclotron gap [43]. Nonetheless, at a total electron filling of v = vy + v = 1, the
lowest Landau level (LLL) can spontaneously polarize in spin due to exchange interactions.
Indeed, the system lowers its energy by spin alignment like in a conventional ferromagnet,
yet retains a net quantized Hall conductance arising from the underlying orbital structure
of the LLL. As a result, the experimentally observed spin gap, of order e*/efp, exceeds the
bare Zeeman gap by orders of magnitude [43]. This spontaneous breaking of spin-rotational
symmetry supports spin wave excitations and “skyrmion” textures, hedgehogs of spin whose
topological charge density and electric charge density are tied together [55-57].

Closely related phenomena occur in bilayer quantum Hall systems, such as GaAs double
wells [58]. Here, the layer pseudospin remains soft even if the true spin is polarized by Zeeman
or exchange effects. These bilayer systems exhibit strong interlayer coherence, even when
the microscopic interlayer tunneling is weak or vanishes entirely, which can be detected
by counterflow experiments [59]. Finally, similar behavior is exhibited by graphene in a
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magnetic field, where the valley index acts as yet another flavor degree of freedom [60, 61],
leading to spontaneous breaking of an approximate SU(4) symmetry [62].

Twisted Bilayer Graphene as a Flavor Ferromagnet

Moiré systems extend these ideas in various striking ways. The QAHE discussed above
exemplifies that moiré bands can inherit nontrivial topology from the underlying superlattice
geometry rather than a magnetic field. In this section, we provide a brief review of theoretical
proposals that generalized QHFM emerges in MATBG at zero field, owing to the structure
of its nearly degenerate low-energy bands [30, 31, 63].

We begin by recalling that the single-particle spectrum of monolayer graphene at charge
neutrality is concentrated in two regions in momentum space, called valleys and denoted
by 7 = K, K’ [64]. At generic small twist angle, the moiré-modulated pattern of hopping
(both in layer and between layers) causes a folding of the Brillouin zone and of the graphene
bands, which hybridize and form mini-bands [1]. At the so-called “magic angle” of 6 ~ 1°,
numerical modeling consistent with experimental observations indicate that two intertwined
bands (per spin and valley) split off from the rest at charge neutrality, exhibiting a large
degree of isolation from the surrounding valence and conduction bands [65-67]. We will refer
to this as the narrow band subspace.

Because these two bands necessarily exhibit energetic degeneracies [24, 68-73], there is
ambiguity in how to label them, and it is a prior: unclear what choice leads to the simplest
description in the presence of interactions at some chosen filling. Refs. [30, 31, 63] advocated
for the following choice: at each momentum, label the two states by the honeycomb sublattice
of graphene 0 = A, B on which their weight is larger. The motivation for this choice is a
putative proximity to the “chiral limit” of MATBG, defined by the approximation that the
inter-layer hopping is solely between opposite graphene sublattices as a consequence of lattice
relaxation [74-78]; this extends the chiral symmetry of each graphene monolayer [64]. In this
limit, the states are maximally sublattice polarized [31, 79].

A surprising property of these sublattice-polarized states is that they carry nonzero Chern
number [70, 73]. In particular, letting o, 7%, s* (with o = 0,x,y, z) denote Pauli matrices
for sublattice, valley, and spin, respectively, then the Chern number is C = o*7* [30]. This
motivates reorganizing the narrow band states by their Chern sector o*7%, valley 7%, and
spin s*. A complete set of mutually-commuting Pauli matrices can then be defined [31]:

n = (7", 0"1Y,7%) n=(s"s",s°) v = (0%, 017, 0°77), (1.1)

prescribing how to independently rotate each of these degrees of freedom. They behave as a
modified valley pseudospin, electronic spin, and a Chern pseudospin, respectively.

This basis is convenient for several reasons [31, 32]: (i) In the chiral limit, the corre-
sponding narrow band projected Hamiltonian is Chern-diagonal and independent of spin
and valley pseudospin. The projected interactions therefore have a U(4) x U(4)_ symmetry
corresponding to independent rotations of 7 and 7 in each Chern sector. (4i) Since the
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dispersion vanishes entirely in the magic-angle chiral limit [74], this enlarged symmetry is a
property of the full projected Hamiltonian. (74) Departing from the magic angle but retain-
ing the chiral approximation, this basis makes manifest the residual continuous symmetry;
since the dispersion is purely off-diagonal in the Chern basis, the symmetry simply reduces
to U(4).

Within this framework, Refs. [30, 31, 63] analytically demonstrated the existence of gen-
eralized QHFM ground states at integer fillings of the narrow bands. However, unlike the
bona fide quantum Hall examples presented above, the topology is generated solely from
moiré interference, and any time-reversal symmetry breaking is entirely spontaneous. We
further note experimental evidence for spin polarization in the vicinity of half-filling of the
flat bands, occurring at temperature scales larger than those associated with correlated
insulating and superconducting behavior [79-81]. This motivates further simplifying the
problem by projecting to the spin polarized bands, in which the symmetry is reduced to
U(2), x U(2)_ in the chiral magic-angle limit, with a further reduction to U(2) from dis-
persion. In Chapter 2, we engineer a minimal lattice model inspired by these properties of
MATBG in which a generalized QHFM topological insulator appears and serves as a parent
state for superconductivity of purely-electronic strong coupling origin.

1.2 Fractionalization in the Quantum Hall, Mott, and
Moiré Regimes

In a partly filled Landau level, interactions can give rise to an entirely new type of incompress-
ible, “topologically ordered” fluid [82]. Shortly after the discovery of the integer quantum
Hall effect, Stormer and Tsui in 1982 observed an additional Hall plateau in gallium arsenide
samples at high field [83], this time at the fractional filling v = n./n, = 1/3. As before, n.
denotes the electron density while n4 denotes the flux density. This plateau is associated
with a Hall conductance of o,, = %62 /h, and a vanishing longitudinal conductance o,, — 0
indicating a lack of dissipation. This was the first experimentally observed instance of the
fractional quantum Hall effect (FQHE), a broad family of quantum behaviors occurring at
different magnetic filling fractions in a 2DEG, arising intrinsically from interactions [84].
Within a year, Laughlin had conceived of a theoretical explanation [85], with continued
implications for high-field physics, moiré materials, quantum computing, and beyond [86]. He
proposed that this plateau was the fingerprint of a gapped quantum fluid with fractionalized
quasi-particle excitations. The simplest way to see this is to modify the flux-threading exper-
iment described in Sec. 1.1 above, now considering an incompressible fluid with o,, = ve?/h
but v fractional [85]. Let us imagine that the inner ring is taken to almost zero, and the outer
to infinity, resulting in a punctured plane geometry. Adiabatically threading one flux quan-
tum through the puncture yields an excitation (energy eigenstate) with additional charge
Aq = 0,y A® = ve. This charge is localized at the origin but has flowed in from infinity. This
charge fractionalization is fundamentally associated with exotic anyonic exchange statistics
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of these particles as argued first by Halperin [87]. Tt is also tied to fractionalized gapless
edge excitations and ground state degeneracies dependent on the topology of the underlying
spatial manifold [88].

Recent experiments in moiré materials have revealed various generalizations of continuum
FQH states [9]. The first class, known as fractional Chern insulators [89], are seen at finite
magnetic field in a lattice. These have been observed in bilayer graphene rotated relative
to two encapsulating hBN crystals [13], as well as in MATBG [33]. The second class is
even more surprising and occurs at zero magnetic field, where they are known as fractional
quantum anomalous Hall (FQAH) states [50]. These were first observed in twisted MoTe,
homobilayers [90-92], and subsequently in pentalayer graphene on twisted hBN [93]. Beyond
these direct generalizations of the FQHE of electrons, can the tunability and engineerability
of moiré materials facilitate the realization of other fractionalized quantum matter?

Kalmeyer-Laughlin Chiral Spin Liquid

We now pivot to a remarkable idea originating in the study of cuprates, namely the chi-
ral spin liquid, a topologically-ordered phase of matter proposed by Kalmeyer and Laugh-
lin [37, 38], with deep connections to the FQHE. They considered a triangular lattice of
anti-ferromagnetically interacting spin-1/2 moments governed by the Heisenberg model

H=J) S8, J>0. (1.2)
(i)

Here, > (i) denotes the sum over nearest-neighbour bonds in the triangular lattice. Unlike
the “frustration-free” ferromagnetic scenario J < 0 in which all summands may be simulta-
neously satisfied by spin polarizing along some direction [94, 95], the ground state of H is
not solved exactly [94]. Kalmeyer and Laughlin made conceptual progress toward a plausible
ground state by recasting H in terms of interacting bosons.

The mapping itself consists of treating the spin raising (lowering) operator as the creation
(annihilation) operator of a “hardcore” boson b', i.e., one for which double occupancy is
forbidden [94]: (b!)? = b? = 0. Associating ||) with the boson vacuum [0) and |1) with the
single-boson occupancy state |1) at each site, and omitting f, the operator mapping is

1
+ T — z T
S5 < b, S5 < by, S5 <> bibj — 7 (1.3)
The Hamiltonian then decomposes as H =T 4+ V' where the boson hopping term originates
from the XY spin interaction:

At
T = 5%:bz.ijFh.C. (1.4)
ij

The 5%5% interaction instead gives rise to a nearest-neighbour repulsive density-density inter-
action and chemical potential. The hardcore bosons can be promoted to bona fide canonical
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bosons by imposing the hardcore constraint energetically, namely via an additional term
Hyardcore = 1Y ; b}b}bjbj, with u taken to be the largest energy scale in the problem.

Due to the positive sign of the hopping T', the bosons behave as though subject to a
magnetic field whose flux through each triangle is ®/2 = hc/2q, where ¢ denotes the U(1)
charge of the boson. This is because the Peierl’s substitution dictates that bosons hopping
in a magnetic field B =V x A should be governed by the kinetic Hamiltonian [16, 96]:

T == tyblb. by = Jtle F A (1.5)
'hj

The product of ¢;; around each closed loop therefore yields the flux through that loop, modulo
®y. For the hardcore bosons of interest, (—J)* < 0, which confirms their experiencing @ /2
flux per plaquette. If the original spins are unpolarized in the ground state, then the mapping
Eq. (1.3) implies that <b}bj> = 1/2. A corresponding density of bosons free to move in the
continuum would be at magnetic filling v = 1/2 and, due to their strong hardcore interaction,
would therefore enter a m = 2 Laughlin FQH phase [37].

The quantized Hall coefficient o, = %qQ /h of the boson fluid maps to a spin quantum Hall
conductance (spin current in response to a transverse Zeeman gradient) of o3, = %77? /h =
2 - (h/2)?/h. Semion excitations carrying fractional charge ¢/2 instead carry S, = h/2,
which is fractional since all local excitations carry integer spin. Finally, the putative spin
ground state inherits a two-fold topological ground state degeneracy—in addition to that
from spontaneously breaking time reversal symmetry—when realized on a torus or infinite

cylinder [88, 97-99]. These are the defining properties of the Kalmeyer-Laughlin CSL [82].

Toward the (Electronic) Realization of the Chiral Spin Liquid

There is a good reason to venture beyond the original Kalmeyer-Laughlin proposal: the
CSL fails to be the true ground state of the pure Heisenberg interaction Eq. (1.2). Instead,
large-scale numerical calculations identify a long range-ordered 120° anti-ferromagnet as
the ground state [100]. While the lattice and continuum bosons differ principally by the
application of a deep periodic potential [37], which may plausibly have been introduced
adiabatically without driving a transition between these phases, this scenario is not realized.

We are therefore left wondering whether there is a related lattice spin Hamiltonian,
extending Eq. (1.2), which does realize the CSL as its ground state. This has been answered
in the affirmative via the construction of exact parent Hamiltonians for the CSL [101-103].
A related, much simpler modification is to introduce a chiral three-spin interaction

Hy=J,) Si-S;x S (1.6)
(igk)

of sufficient strength [104-106], where the sum runs over all triangular plaquettes in the
lattice with vertices traversed counter-clockwise as i@ — j — k.
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Another path forward is to ask, perhaps more ambitiously, whether we can directly realize
the chiral spin liquid in a lattice model of electrons [107-109], i.e., without taking the Mott
limit of frozen charge fluctuations. As explored in Chapters 3 and 4, this is conceptually
interesting because it allows for the exploration of several inter-dependent properties: the
charged (both conventional and fractionalized) excitations of the CSL rather than just its
spin excitations [110], the structure of Mott transitions from the CSL into weak-coupling
phases, and the consequences of doping charge carriers [111]. The latter is the basis for
Laughlin’s so-called anyon superconductivity proposal, whereby a “conventional” topolog-
ical superconductor arises as the finite-density collective behavior of a system of charged
anyons [39, 40, 112, 113]. Chapter 4 of this dissertation clarifies the energetic conditions
satisfied by anyons that enable this intriguing possibility, and shows (via Chapter 3) how
these requirements can be implemented, counter-intuitively in the presence of a strong orbital
magnetic field in tandem with strong repulsive interactions.

To this end, we choose to view the hardcore bosonic degrees of freedom b as pairs of
tightly-bound, spin-singlet molecules of fermions carrying half their charge, e = ¢/2:

bj - fTTfJ,i (1.7)

The tendency to form local pairs can be imposed energetically by introducing an attractive
Hubbard interaction

Hyap = —UZ —1/2)(n!, —1/2), (1.8)

with U > 0 sufficiently large. The flux per plaquette ®/2 seen by the bosons is time
reversal symmetric since it is only well-defined modulo ®4. Thus, there are two possibilities
for the flux seen by the underlying fermions; we choose hc/4e (as opposed to —hc/4e), which
explicitly breaks time reversal symmetry. The simplest fermion hopping Hamiltonian on the
triangular lattice consistent with this choice is the Hofstadter model

=22 hiflofie (1.9)

where h;; vanishes except when 7, j are nearest neighbours, and where the counter-clockwise
product of h;; around each triangle carries a phase e/,

To engineer a model for a CSL and not a bosonic FQH phase, we need b' to resemble
a charge-neutral spin raising operator. This can be achieved by a unitary change of basis
ff — ¢, that leaves the up-fermions unaffected, fTT — c*. Remarkably, the choice of flux
means the form of Eq. (1.9) is identical in the ¢ basis, up to a gauge transformation of the
spin-down electrons; all plaquettes still carry he/4e flux [114, 115]. On the other hand, this
particle-hole transformation flips the sign of the Hubbard interaction since n{ —1—nf.

At a density of one c¢ fermion per site, and taking the Mott limit of large U, this bespoke
Hofstadter model with repulsive Hubbard interactions not only perturbatively realizes the AF

Heisenberg interaction Eq. (1.2) at order O(h?/U), but also the chiral interaction Eq. (1.6) at
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order O(h*/U?) [116, 117]. Moreover, there is direct evidence from DMRG calculations that
the CSL phase is realized in the fermionic model itself [114, 118], while Refs. [118, 119] offer a
compelling roadmap for its realization in moiré TMD heterostructures with an effective layer
pseudospin degree of freedom and Zeeman-polarized spin/valley. All of this provides ample
motivation for the detailed study of this Hofstadter-Hubbard model, which we undertake at
both integer density (Chapter 3) and finite doping (Chapter 4), as summarized next.

1.3 Overview

The remainder of this dissertation is organized as follows:

e In Chapter 2, we investigate how basic microscopic ingredients (time reversal symme-
try, band topology, and strong repulsive interactions) conspire to give rise to correlated
phases of matter in moiré quantum materials. Motivated by experimental indications
that combining aspects of the Fermi-Hubbard model with quantum Hall physics may
foster correlated insulators and superconductivity in MATBG, we construct a minimal
Hofstadter lattice model unifying these features. Using infinite-cylinder density ma-
trix renormalization group simulations, we map out its ground state phase diagram
and identify an interaction-induced topological insulator and, upon weak hole dop-
ing, present evidence for superconductivity emerging from this parent quantum spin
Hall phase. To characterize this superconducting state, we develop a method to probe
the gap function directly within the infinite matrix product state framework, reveal-
ing a weakly paired p-wave superconductor of holes, reminiscent of superconductivity
reported in experiments on MATBG. We explicitly elucidate the structural similari-
ties and differences between our model and those of MATBG in its chiral limit. This
chapter is adapted from Ref. [120]:

Rahul Sahay*, Stefan Divic*, Daniel E. Parker, Tomohiro Soejima, Sajant Anand,
Johannes Hauschild, Monika Aidelsburger, Ashvin Vishwanath, Shubhayu Chatterjee,
Norman Y. Yao, and Michael P. Zaletel, Superconductivity in a topological lattice model
with strong repulsion [Editor’s Suggestion], Phys. Rev. B 110, 195126, (2024).

e In Chapter 3, we explore the collision of quantum Hall and Mott phenomena in the
presence of a large applied field. Motivated by recent proposals for simulating the
Hofstadter-Hubbard model in moiré TMD multi-layers, we focus on the regime of one-
quarter flux quantum per plaquette at a density of one electron per site. Our numerical
results confirm that a Kalmeyer-Laughlin chiral spin liquid emerges in the intermedi-
ate coupling regime, directly adjacent to a weak-coupling integer quantum Hall (IQH)
phase. Notably, we provide the strongest evidence to date that the IQH-CSL transition
is a continuous quantum phase transition featuring critical fluctuations of the electronic
current. We uncover a hidden glide particle-hole symmetry operation which, we argue,
is spontaneously broken at the IQH-CSL transition on odd-circumference cylinders,
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shedding light on the true topological transition in 2D. More broadly, our results high-
light the crucial role and structure of charge fluctuations at the phase boundary of the
quantum Hall and Mott regimes. This chapter is adapted from Ref. [114]:

Stefan Divic, Tomohiro Soejima, Valentin Crépel, Michael P. Zaletel, and Andrew
J. Millis, Chiral spin liquid and quantum phase transition in the triangular lattice
Hofstadter-Hubbard model, arXiv:2406.15348.

e In Chapter 4, we argue that topological superconductivity emerges naturally upon
doping in the vicinity of the IQH to CSL transition. Unlike other mechanisms driven
by quantum criticality, our approach enables the numerically controlled demonstration
of electron pairing, a precursor to superconductivity in this setting. We employ exact
diagonalization and density matrix renormalization group methods to examine this
theoretical scenario and find that electronic pairing indeed occurs on both sides of crit-
icality over a remarkably broad range of interaction strengths. On the chiral spin liquid
side, our results provide the first model realization of the long-hypothesized mechanism
of anyon superconductivity. Our study thus establishes a beyond-BCS mechanism for
electron pairing in a well-controlled limit, relying crucially on the interplay between
electron correlations and band topology in a strongly coupled moiré-inspired lattice
model. We also provide a microscopic origin for a conjectured emergent, continuous
symmetry of the quantum critical point, for which we derive a low-energy parton field
theory description. This chapter is adapted from Ref. [115]:

Stefan Divic, Valentin Crépel, Tomohiro Soejima, Xue-Yang Song, Andrew J. Millis,
Michael P. Zaletel, and Ashvin Vishwanath, Anyon superconductivity from topological
criticality in a Hofstadter-Hubbard model, PNAS, vol. 122, no. 33, e2426680122, 2025.
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Chapter 2

Superconductivity in a Topological
Lattice Model with Strong Repulsion

Superconductors are remarkable phases of matter wherein charge-e fermions—which micro-
scopically repel one another—instead bind into charge-2e Cooper pairs that then condense.
Traditionally, these phases are best understood in the context of weak interactions [121—
123]. For example, in the paradigm put forth by Bardeen, Cooper, and Schrieffer (BCS),
phonons mediate pairing between electrons near the Fermi surface of a weakly-correlated
Fermi liquid [122]. Despite its widespread applicability, the limitations of the phonon-based
theory are suggested by the experimental discovery of “unconventional” superconductors,
which display a plethora of exotic phenomena ranging from high transition temperatures,
to non-standard pairing symmetries, and parent states with anomalously low carrier densi-
ties [121, 124]. Such superconductors arise in surprisingly distinct settings, e.g., the cuprate
compounds [125-129], iron pnictides [130-132], and possibly even in twisted bilayer graphene
(TBG) [2, 133-137] and other graphene multilayers [138-144]. This diversity motivates a
fundamental question that is especially relevant in the present era of highly-tunable solid-
state and cold atom synthetic quantum materials. Namely, what microscopic ingredients aid
the realization of unconventional superconducting ground states?

For the past several decades, investigations into unconventional superconductivity have
brought to the forefront the ingredient of strong interactions. This is encapsulated in the
celebrated Fermi-Hubbard model [94, 145-147], which consists of spinful fermions occupying
tightly-localized orbitals coupled by strong repulsion. These minimal ingredients underlie
several proposed mechanisms for unconventional superconductivity [126-129] and give rise
to numerous other exotic phenomena (see e.g. [107, 148-152]). As a consequence, the Fermi-
Hubbard paradigm has been the subject of decades of sustained interest in condensed matter
physics, pushing the forefront of theory and motivating new experimental paradigms such
as cold atom quantum simulation [153-160].

Despite their success, the simple ingredients in the Fermi-Hubbard model are insufficient
to describe strongly-interacting phenomena reliant on band topology, such as the celebrated
quantum hall effects [43, 84]. This setting of topological bands induced by strong magnetic
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fields, with accompanying time-reversal breaking, is naively unfavorable for superconductiv-
ity in the presence of repulsive interactions. However, a number of works have suggested
regimes where superconductivity may emerge in topological Hofstadter-type models, such
as [161-165]. Recently, experiments on TBG and other graphene moiré multilayers—in
which topology is widely believed to play a crucial role—present a related time-reversal-
invariant context [68, 70| in which superconductivity can and does appear [2]. As such,
various studies have sought to demonstrate the presence of an all-electronic route to su-
perconductivity in models of TBG and, more broadly, in electronic Hamiltonians with the
ingredients of time-reversal symmetry, strong repulsive interactions, and topological bands.
However, owing to the complexity of the many-body problem, theoretical evidence for such
a route has so far only derived from approximate or perturbative methods, e.g., mean-field
theory [166, 167], large-N expansions [79], and effective continuum descriptions [79, 168,
169]. Elucidating the existence and character of superconductivity in a fully-microscopic
model with these ingredients, therefore, remains an important and outstanding challenge.

In this chapter, we introduce a minimal model-—the “double Hofstadter” model— that in-
corporates precisely these ingredients and employ unbiased matrix product state techniques
to study its phase diagram on finite-circumference cylinders. Our study reveals that their
interplay leads to a plethora of exotic phenomena and culminates in the numerical demon-
stration of an unconventional superconducting ground state at a finite circumference, with
further evidence that this behavior may persist on larger cylinders.

2.1 Summary of Key Results

This chapter studies the double Hofstadter model, a simple lattice model with the following
properties:

1. Short-range repulsive interactions (akin to the Hubbard model),
2. Narrow or “flat” topological bands (akin to quantum Hall and some moiré systems),
3. Time-reversal symmetry (facilitating superconducting phase coherence).

To bake all of these ingredients into a single Hamiltonian, we start with the familiar Harper-
Hofstadter model of spinful fermions on a square lattice with a magnetic flux ® = ®,/q per
plaquette [14, 16]. This is a lattice model whose lowest band carries a Chern number and
limits to the lowest Landau level as ¢ — oo, but is not time-reversal symmetric. We therefore
consider a bilayer Hofstadter model (Fig. 2.1) with opposite magnetic fields in opposite layers,
whereupon the model becomes time-reversal symmetric. Finally, we allow tunneling between
the layers and add strong local repulsive interactions, as in the Hubbard model. We analyze
the resulting double Hofstadter model and argue that it contains an unconventional p-wave
superconductor of purely repulsive origin. After defining the model precisely in Section 2.2,
our key results are five-fold and culminate in connections to contemporary experiments.
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Figure 2.1: The Double Hofstadter Model. This chapter considers a simple lattice
model with three essential ingredients: (1) narrow topological bands with (2) strong repulsive
interactions and (3) time-reversal symmetry. These properties are realized in a bilayer lattice
model of spinful fermions made by joining together two copies of the Harper-Hofstadter
model with opposite magnetic fields in opposite layers. Bonds represent electron hoppings
with in-layer magnitude ¢ and inter-layer magnitude g. Peierls phases of ¢™™/2, graphically
depicted via n arrows along the direction of hopping, yield a magnetic flux of +® = +7/2
per plaquette in the top and bottom layers, respectively. Finally, there are repulsive density-
density interactions (wavy lines) with magnitude U; onsite and Us between the layers.

Flat Bands & Fragile Topology: First, in Section 2.2, we present the bandstructure
of our model (See Fig. 2.2). Crucially, the lowest four bands are narrow and possess “fragile
topology” [23-27]. Even though their total Chern number vanishes, fragile topology implies
that no symmetric, exponentially-localized Wannier basis for these bands exists (without the
addition of trivial filled bands to the model). This precludes any tight-binding description
for the flat band subspace consisting of symmetric and exponentially-localized orbitals.

Correlated Insulator at Half-Filling: Next, in Section 2.3, we investigate the ground
state phase diagram of the double Hofstadter model at half-filling of the flat band subspace.
We first demonstrate analytically that the ground state at strong in-layer coupling is a
generalized quantum Hall ferromagnet, which is a spontaneously-generated quantum spin
Hall insulator. We refer to this state as a layer antiferromagnet (“LAF”) as it is characterized
by ferromagnetism within each layer but antiferromagnetism between layers [See Fig. 2.3(a)].
We confirm this analytical understanding numerically using infinite cylinder density matrix
renormalization group (cylinder iDMRG) methods. Our simulation of the model is enabled
by recent advances in the compression of matrix product operators [170].

Unconventional Superconductivity: Third, in Section 2.4, we provide numerical ev-
idence that hole-doping the LAF produces an unconventional superconducting ground state.
In this purely-repulsive setting, our evidence is based on state-of-the-art parallelized iDMRG
numerics and is strongest at circumference L, = 5. There, we conclusively demonstrate both
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(algebraically) long-ranged superconducting correlations and a finite charge gap. Despite the
exponential scaling of simulation complexity in L,, we attempt a similar analysis on larger
cylinders where we find preliminary—but ultimately inconclusive due to bond dimension
limitations—evidence for a superconducting ground state. We conclude by verifying that
the superconducting phase at L, = 5 is robust, with stability to several perturbations in-
cluding additional repulsive interactions, and always coexists with LAF order.

In Section 2.5, we devise a novel and widely applicable method to probe the supercon-
ducting gap function in charge-conserving cylinder iDMRG, which we use to systematically
characterize the putative superconductor. We find that it is well-described by the weak pair-
ing of quasi-holes above the strongly-correlated LAF insulator (i.e., it is “BCS” like) with
a p-wave pairing symmetry. We emphasize that this weak-pairing phenomenology emerges
in a setting where electronic repulsion dominates the kinetic energy and is, moreover, un-
earthed using non-perturbative numerics that do not presuppose a mean-field description.
This observation then enables us to estimate the superconducting transition temperature.

Connection to Solid-State Experiments: We conclude by presenting a link between
the double Hofstadter model and models of moiré materials. Explicitly, we define a mapping
between the symmetries, Hamiltonian, and even some ground states of our model and those
of chiral twisted bilayer graphene [31, 63, 74, 75, 171].

2.2 The Double Hofstadter Model

We now introduce the double Hofstadter model and its basic properties, showing how it
incorporates repulsive interactions, narrow topological bands, and time-reversal symmetry.
We define the model precisely in Sec. 2.2 and summarize its key symmetries in Sec. 2.2,
focusing on time-reversal and magnetic translations. Going to momentum space in Sec. 2.2,
we show that the lowest four bands of the model are energetically narrow, well-isolated, and
topologically non-trivial. Finally, Sec. 2.2 describes the projected model within the flat band
subspace. We identify a “layer-polarized” basis for this space, which will be the most natural
basis to describe the many-body states, both numerically and analytically.

The Model

The double Hofstadter model consists of spinful fermions in a bilayer square lattice (See
Fig. 2.1). At each lattice site r = (z,y) € Z?, define a row vector of many-body creation
operators,

P WA A T A
We use notation ¢ € {T,B} for layer and s € {f,]} for spin, with associated Pauli matrices
(0%9= and s%H*Y2,

The Hamiltonian has a few simple components. First, it contains nearest-neighbor hop-
ping within each layer. Second, fermions in the top (bottom) layer experience an upwards
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(downwards)-pointing magnetic field that induces a 27/q flux per plaquette, where ¢ is a
fixed positive integer. This is implemented in a tight-binding model via the Peierls sub-
stitution with a choice of electromagnetic gauge field whose value in each layer is Ay/p =
(0, £(27/q)z,0). Concretely, the in-layer hopping Hamiltonian consists of two time-reversal-
related copies of the Harper-Hofstadter model with a 1/¢ flux fraction:

he=—t> Wl e T+ Ol + e, (2.2)

reZz?

where we use the convention that the top and bottom layers correspond to ¥ = +1 and —1,
respectively. Next, electrons may tunnel vertically between the two layers:

hg=—g> WLl . (2.3)

reZz?

Finally, the Hamiltonian contains both an in-layer and inter-layer Hubbard interaction, given
by

~ U R R ~ o
Vi :?12 i +nkg VQ:UQZ S NeTNeB (2.4)
rez? rez?
where i,y = ) 7ipgs and where the colons indicate normal-ordering of the fermion operators.
With these three ingredients, the full Hamiltonian is (see Fig. 2.1):

H=h+hy+Vi+Va=h+V, (2.5)

where £ is the non-interacting portion of the model and V consists of interaction terms.
In what follows, we set the magnitude of the in-layer hopping strength to ¢ = 1 and scale
the other couplings to be in these units. Furthermore, throughout the rest of this chapter,
we will fix the flux fraction to 1/q = 1/4 (the case depicted in Fig. 2.1). We remark that
spinless variants of this model have been explored in previous works for both bosons and
fermions [164, 165, 172-175]. However, we emphasize that most of the physics revealed in
this chapter crucially depends on the presence of both the layer and spin degrees of freedom.

Symmetries

We now discuss the symmetries of the model beyond charge U(1)q and spin SU(2)g, which
are manifest. We will find that the coupling of two opposite Hofstadter layers makes both
the magnetic point group and the translation symmetries of the model slightly non-trivial.
We first note that the model, while not directly invariant under time-reversal (which
would flip the magnetic field penetrating either layer), is invariant under a modified symmetry
M.7T. This operator consists of the usual time-reversal operator 7T, that flips time and
electronic spin, followed by an in-plane mirror flip M, that flips the layer. Furthermore, the
point group of H can be determined by considering the model’s embedding into 3D space (see
Fig. 2.1). In particular, the model is invariant under the dihedral group of two-fold rotations
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around all three cartesian axes (though not four-fold, see below). This group is generated
by m-rotations around the z and x axes, which we denote by C5, and C,, respectively. The
latter naturally exchanges the two layers and is chosen to also flip spin. The combination
of the modified time-reversal symmetry with the point group defines the “magnetic point
group.” As its generators, we take:

CA’QZQ/A}I A2_z1 = @2;. (2'63)
CothlCs) = P, 075" (2.6D)
TPIT =7 075" (2.6¢)

where we have defined a spacetime inversion symmetry I = C’gz . ]\}[27', which has the
convenient property that it preserves the electronic crystal momentum, and where Co,r =
(2, —y). We remark that the spacetime inversion symmetry is anti-linear (ZiZ~' = —i) while
the ordinary point group symmetries are linear.

Next, the translation symmetries of H are also governed by the magnetic field. Define
the operators

2miy 0=

Lpltt =0l e e O ElE = (2.7)

These are not symmetries (unless g = 0), but will be used to define the magnetic transla-
tion group. Their non-trivial commutator f; lfajlfyfx = ¢+ " encodes the layer-dependent
Aharonov—Bohm phase accrued by an electron hopping counter-clockwise around a plaque-
tte.

The translation symmetry of the Hamiltonian is substantially reduced by the inter-layer
tunneling, Eq. (2.3). While the magnetic flux through each layer remains spatially uniform,
the tunneling induces a flux pattern in the region between the layers that is non-uniform;!
see the shaded vertical plaquettes shown in Fig. 2.1. For even ¢, this pattern repeats every
q/2 sites,? and thus the magnetic translation symmetries of H are generated by m, = (fI)Q/ 2
and 7, = fy, which anti-commute:

[H, 1y = [H, 1, =0, i, = —iyi,. (2.8)

To define the Bravais lattice and Bloch states, we consider the largest abelian subgroup of
translations. Its generators

~ ~

T, =m?, T,=m,  [T,T,]=0 (2.9)

x?

specify a Bravais lattice I with primitive lattice vectors a, = ¢x and a, = y. The cor-
responding reciprocal lattice is then spanned by G, = 27x/q¢ and G, = 2ry. Each unit

"'We remark that this non-uniform flux pattern is precisely why our model does not have a Cy, symmetry
in spite of the square lattice geometry.

2When ¢ is instead odd, the pattern of fluxes through the vertical plaquettes repeats every ¢ sites, and
the generators are simply (£,)9 and fy, which commute.
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Figure 2.2: Band Structure of the Double Hofstadter Model. Panel (a) depicts
the single-particle energy bands of the model at a flux fraction 1/¢ = 1/4 and inter-layer
tunneling amplitude g = 0.1. Including spin, there are 16 total bands. In this chapter,
we focus on the lowest four (highlighted in blue), which have narrow bandwidth and are
well-isolated from the remaining bands. (b) These narrow bands, shown here for ¢ = 0.3 in
a smaller energy window, have wy = +1 fragile topology and possess two Dirac cones that
wind in the same direction. In (c), we show a schematic of the layer-polarized basis states,
which span the flat band subspace and carry opposite Chern number C = +1 in opposite
layers. When interactions are large, the energy difference between flat bands is irrelevant;
in Section 2.2 we show that a maximally-layer polarized basis is more natural for studying
ground state physics in the low-energy subspace.

cell contains ¢ evenly-spaced sites. We describe positions in the underlying square grid by
specifying a unit cell and sublattice:

r=u+ox (uel, ce{0,...,q—1}), (2.10)

and relabel the fermion operators as @/A)(T%S(u).

Band Structure and Topology

Combining magnetic translations Eq. (2.9) with Eqgs. (2.2) and (2.3), we obtain the non-
interacting band structure of the double Hofstadter model. The band structure is shown in
Fig. 2.2(a) and, accounting for two-fold spin degeneracy, features 2 x 2 x ¢ = 16 total bands.
The lowest four are narrow (“flat”) and energetically isolated by a large band gap. Partially
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filling these narrow bands in the presence of interactions will be the primary interest of this
study. In what follows, it will be convenient to denote their occupation by a continuous
value 0 < v < 4,

In the absence of inter-layer tunneling, these narrow bands are those of the decoupled
Hofstadter layers. It is known that they are topological with Chern number C = +1(—1)
for the top (bottom) layers [20]. In fact, in the limit of small flux 1/¢ — 0, these flat
bands become time-reversal related copies of the lowest Landau level [176, 177]. Introducing
non-zero tunneling g hybridizes the lowest two bands in each spin sector. Although their
total Chern number is zero, the bands are nonetheless topologically non-trivial. They have
a fragile topological invariant we = 1 € Zy, protected by spacetime inversion symmetry Z
and U(1)q [23-27]. A key implication of fragile topology is that the two SU(2)g-symmetric
bands possess two Dirac cones, as shown in Fig. 2.2(b), that wind in the same direction. At
even ¢, the Dirac cones are pinned to ky = G,/2 £ G,/4 by Cs,, Cs, and m, (details in
Appendix A).

Flat Band Hamiltonian

Let P denote the many-body projection operator into the low-lying Hilbert space of the
narrow bands of h. Provided that the interaction scale U is smaller than the gap above the
narrow Hofstadter bands, we expect the physics at ¥ < 4 to be accurately captured by the
projected Hamiltonian PHP. This simplification is ubiquitous in studies of the quantum
Hall effect at partial filling of the lowest Landau level [178]. There, one finds that interactions
enhance the gap to higher bands, thereby justifying the projection assumption beyond the
naive regime of applicability.

Layer-Polarized Basis for Flat Bands

When the interaction strength U greatly exceeds the bandwidth W of the low-lying bands,
the single-particle energy eigenbasis is no longer a physically useful way to organize the
narrow-band subspace. Drawing inspiration from the g = 0 limit in which layer is a good
quantum number, we instead work in a basis of states that are mazimally-polarized into
either the top or bottom layer. Crucially, these states will carry a layer-dependent Chern
number, a fact that will underpin our analytical and numerical understanding of the many-
body phenomena. Concretely, we define a “layer-polarized” basis for the flat-band subspace
as an eigenbasis of the projected layer operator:

PUEEK)P (k) = N(K) [vs(k)) (2.11)

and demand that the (real) eigenvalues carry a consistent sign across the Brillouin zone.
Here, ¢%(k) = 9T (k)¢*1) (k) is defined in terms of the Fourier transformed microscopic fermion
operators,

a@s Z 77ZJO’ES Zk (wtox) : (2 12)

uel
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In this basis, the creation operators for the layer-polarized orbitals take the form of Block-like
states:

2l (k Z Ul 1 (K)o (k). (2.13)

For numerical convenience, we fix the residual gauge freedom by requiring that these layer-
polarized orbitals be maximally localized in = when Fourier transformed, resulting in hybrid
Wannier states [179-182].

We further remark that the two eigenvalues in Eq. (2.11) are opposite in sign and equal in
magnitude. For all parameters of interest, their magnitude is bounded below as [A1/g(k)| >
0.95, very near the maximum possible value of unity. Like the Harper-Hofstadter bands of
the layer-decoupled Hamiltonian izt, the layer-polarized basis states carry a Chern number
C = +1 for [ = T/B respectively. We emphasize that this holds in spite of the fact that layer
is not a good quantum number in the presence of inter-layer tunneling. We therefore refer
to the label [ as the “dressed layer” index and remark that it is indistinguishable from the
true layer index ¢, within the low-energy subspace, in the layer-decoupled limit.

Flat Band Projected Hamiltonian

We now write the projected Hamiltonian in terms of the layer-polarized basis for the flat-
band Hilbert space:

/\

— PHP = Z HLOh(K) @i + V. (2.14)

This decomposition of the Hamiltonian is chosen so that the interaction part is positive
semi-definite:

f}: Z ‘/ggl (5pqg5p Qs (215)

quBz

and dh(k) consists of the remaining single-particle terms. The latter can be further decom-
posed as dho(k) + dhy(k), where dhy(k) ~ O(g) is purely off-diagonal in dressed layer and
dho(k) oc 19 is controlled by the bandwidth of the bare Hofstadter bands, up to a constant
offset and O(g?) corrections.

We refer to V as the “strong-coupling” form of the interaction. Explicitly, 0pqr = pgqe —
,quf denotes the layer-resolved charge density relative to a translationally-invariant reference
charge background that evenly fills the two layers, where (c.f. [31, 63])

. 1 . .
Pat = \/—_N > G (K)Prta, (2.16)

l/ = Z UO'fl 'Uo-g l/ k + q) (217)
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and pgr = ﬁ Y 1a Oq.ctr [Age(k)]. For purely on-site interactions, Eq. (2.4), the interac-
tion kernel V'(q) is a matrix in the layer indices that can be expressed as:

V(q) = Ulgo + Ung, (218)

which is crucially independent of q. Moreover, we note that the momentum q lives in an
extended Brillouin zone, or “EBZ,” which is defined relative to the microscopic square lattice
as opposed to the Bravais lattice (see Appendix A for more detail).

The symmetries of the double Hofstadter model strongly constrain its form factors.
Namely, spacetime inversion symmetry gives Aq(k) = >, Aqe(k) the following functional
form:3

Aq(k) = FS(k)e'®a®r 4 pa (k) ei®a il (2.19)

with real-valued functions F*¥/4 and ®5/4. In the ‘decoupled’ limit g — 0, the U(2) symmetry
of the double Hofstadter model is enlarged to U(2) x U(2), corresponding to independent
spin rotations and charge conservation in each layer. This implies F4 vanishes when g = 0,
and in fact F4 = O(g) is always perturbatively small. The decoupled limit, therefore, serves
as the starting point for the strong coupling theory of the double Hofstadter model that we
develop in the next section.

2.3 The Layer Anti-Ferromagnet

We now investigate the phase diagram of the double Hofstadter model at electronic densities
consistent with filling two of the four flat bands, i.e., v = 2. Our key finding in this sec-
tion is a correlated insulating ground state, the layer anti-ferromagnetic (LAF) state, that
will later be shown to be the parent state for superconductivity. The LAF is characterized
by ferromagnetic order within each layer and anti-ferromagnetic order between layers [see
Fig. 2.3(a)], thereby spontaneously breaking the SU(2)g symmetry down to U(1)s. Topo-
logically, the LAF is an interaction-induced quantum spin Hall insulator protected by a
U(l)g x U(1)g symmetry.

Analytic Arguments for LAF at Large U;

Let us begin by analytically arguing that the LAF state depicted in Fig. 2.3(a) is the expected
ground state when the inter-layer interaction U is the dominant term in the Hamiltonian. We
do so by showing that interactions favor in-layer ferromagnetic order, while additional inter-
layer hopping selects for inter-layer antiferromagnetic order. We later confirm this picture
numerically in Subsection 2.3, where we use extensive iDMRG computations to demonstrate
the stability of the LAF and discuss a rich array of competing phases.

R 3Thjs form is obtained by passing to the layer-polarized basis in which spacetime inversion acts as
ot (k) I = ot (k)s™1®.
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In-Layer Ferromagnetism

We start by working in the limit with vanishing inter-layer tunneling and inter-layer inter-
actions, g = Uy = 0, in which the two layers are completely decoupled. We further take the
limit where the remaining in-layer dispersion dho(k) [Eq. (2.14)] vanishes (up to an inconse-
quential momentum independent shift). At the filling fraction v = 2, the in-layer interaction
Hamiltonian favors states that occupy the two layers equally. All that remains, therefore,
is to determine the behavior of spin in each layer. For generic narrow, half-filled Chern
bands, strong repulsive interactions will generally favor ferromagnetic spin alignment in a
phenomenon known as quantum Hall ferromagnetism [43, 183]. Intuitively, this behavior
arises from the interplay between strong interactions and the spread of Wannier functions.
In a topological band, Wannier functions cannot all be atomically localized. It is therefore
advantageous for the electrons to spin polarize, which forces the many-body wavefunction
to vanish when two electrons are brought together and results in a favorable direct exchange
energy. We remark that this is different from the paradigm of the Fermi-Hubbard model.
There, electrons can be perfectly localized to atomic lattice sites, resulting in a vanishing
direct exchange energy and a dominant anti-ferromagnetic “super-exchange” interaction.

Consequently, the layer-decoupled double Hofstadter model should have bilayer quantum
Hall ferromagnets as favorable ground states, namely

nr ne) = [ [ @] 0, (K)h 1 (K 0) - (2.20)

Here, each layer is associated with an order parameter characterizing its spontaneous mag-
netization:

n, € S* ~ SU(2)/U(1), (2.21)
and electronic states whose spins are aligned to this axis:
Phm, = cO8(00/2)@) . + ¥ sin(6,/2) @] |, (2.22)

where ¢, and 6, are the azimuthal and polar angles of n,, respectively. We can place this
intuition on rigorous analytical footing by recognizing that the term dpqdp_q¢ appearing
in the strong-coupling interaction V [Eq. (2.15)] is positive semi-definite for each q. This
implies that any state annihilated by every dpq¢ is an exact ground state of this interaction.
In particular, this is true of the ferromagnetic trial states in Eq. (2.20):

5ﬁqg |TI,T,’I’LB> = 0, VTLT/B S 52. (223)

Analytically, this follows from the Pauli exclusion principle and the form factors Aqe(k)
being layer-diagonal in the g = 0 limit, Eq. (2.19), that is itself a consequence of layer
U(1) symmetry. This shows that the trial states (2.20) are exact ground states of the
strong-coupling Hamiltonian (2.15) and are therefore approximate ground states of the full
Hamiltonian.



CHAPTER 2. SCIN A TOPOLOGICAL MODEL WITH STRONG REPULSION 22

(a) (b)

B, by) -
/{ LR B A )
SN K

00 05 1.0 15 20

U,
(d) DMRG  Band Theory (e) [niapl — [nQan|
T T 4 s
3 9—0.05 1.0
- DSM
™/2 2 0.5
S0 2% 0 0.0
_ —0.5
—m/2 -3
—1.0
Uy = 0.05 0 .
/d 0 /4 1 2
k:r U = U1 = UQ

Figure 2.3: The Layer Anti-Ferromagnet and Competing Phases. (a) Schematic de-
piction of the LAF at v = 2, a quantum spin Hall insulator with opposite spin polarization in
opposite layers. We will later argue that hole-doping this state gives rise to an unconventional
superconductor. (b) We numerically evidence the LAF using cylinder iDMRG in a basis of
hybrid Wannier orbitals indexed by unit cell z, momentum k,, spin s, and (dressed) layer .
Threading flux @, through the cylinder shifts the discrete k, momenta by ®,/L,, enabling
continuous access of all momenta in the BZ. (c) In particular, working at L, = 5, we evaluate
the LAF polarization (2.29) as a function of g and U, (at fixed v = 2 and U, = 0), finding the
LAF phase in the majority of the strong coupling regime. The approximate phase boundary
to a weak-coupling metal and Dirac semi-metal (DSM) is marked with a dotted line (See
Sec. 2.3 for details). (d) The metal is identified by examining the fermion occupations n(k)
across the BZ, where we find pockets of excess electrons or holes. We find near-quantitative
agreement between the flux-threaded iDMRG data (left) and the occupations according to
the non-interacting band structure (right). (e) In contrast, the DSM is characterized both
by phase winding of Prg(k) [defined in Eq. (2.31)] and a peak in the le correlation length
at k, = £m/2 that grows with y. From light to dark: x = 128, 512, 1536, 3096. (f)
The presence of inter-layer repulsion modifies the phase diagram by introducing a quantum
anomalous Hall insulator that competes with the LAF.
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Between-Layer Anti-Ferromagnetism

Upon including the inter-layer tunneling g, the above trial ground states, Eq. (2.20), are ex-
pressed in the layer-polarized basis. We then treat the residual single-particle terms pertur-
batively. Similar to the original microscopic basis, the O(g) terms shuttle electrons between
the dressed layer orbitals, or quantitatively:

Shy = > Bl B2 01 + B(K) | i~ Py P. (2.24)
k

Since the bilayer quantum Hall ferromagnets are insulators, these virtual tunneling processes
hybridize them with gapped excitations, generically lowering their energy due to level re-
pulsion. Since such tunneling processes are forbidden by Pauli exclusion when nt/g are
aligned—as opposed to anti-aligned—the effect of ¢ is to introduce an anti-ferromagnetic
“super-exchange” interaction between the top and bottom layers. As a consequence of

second-order perturbation theory in g, any trial state with nt = —ng is reduced in en-
ergy by
2
J = (LAF| h,V"'6h, [LAF) ~ Z—. (2.25)
1

This energetic advantage selects out LAF states, i.e., bilayer quantum Hall ferromagnets
that spontaneously break the SU(2)g spin rotation symmetry down to U(1) by condensing
the vector order parameter

N AF = N1 — NR. (226)

This establishes the LAF as a ground state of the full Hamiltonian in the limit of vanishingly-
flat in-layer dispersion dho(k) [Eq. (2.14)] and perturbatively small g. In the next section,
we go beyond these limits via a large-scale numerical investigation.

Numerical Phase Diagram at v = 2

We now present the phase diagram of our model at the filling fraction v = 2, which we obtain
using cylinder iDMRG methods that we describe below. Consistent with our analytical
expectations, we find a robust LAF phase at large values of the in-layer interaction Uj.
Furthermore, we numerically characterize competing quantum orders, finding evidence for
weakly-interacting metallic phases inherited from the band structure and a layer-polarized
quantum anomalous Hall insulating state at large Us,.

Cylinder iDMRG Numerical Method

Let us now describe the cylinder iDMRG numerical method that we will use to obtain the
phase diagram at v = 2 and, upon doping, superconductivity. Since we are interested in
the physics at partial filling of the isolated flat bands, we restrict to matrix product state
(MPS) wave functions that live entirely within these bands, thereby reducing the number of
degrees of freedom from all 4¢ bands to just 4, for layer and spin. Moreover, since the fragile
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topology of the flat band subspace forbids an exponentially-localized basis that respects all
the symmetries [23-27], we choose a computational basis of mixed position-momentum space
states. Such states, commonly referred to as “hybrid” Wannier states [28, 179-182, 184],
are exponentially-localized along the cylinder and are delocalized around the cylinder. A
similar topological restriction arises in TBG [69, 76], where a line of work by some of us has
established the use of such states in cylinder iDMRG [185-187].

This basis, which we encode into the MPS tensors, takes the following form:

2m/q

Ny 1 ihoai A
(pls(jv ky) - \/—T Z € kmqj@ls(k>7 (227)

T k=0

and is depicted graphically in Fig. 2.3(b). Here, j labels “rings” along the cylinder length,
k, = (2mn + ®,)/L, labels discrete momentum cuts through the BZ that can be shifted by
tuning the flux through the cylinder, ®, € [0,27). The basis is chosen such that its Fourier
transform ¢;4(k) is a layer-polarized basis (as described in Sec. 2.2), permitting ¢(7, k) to
be labeled by dressed-layer and spin. Moreover, the phase of each ¢;s(k) is chosen such that
¢1s5(4, ky) are maximally localized in the x direction [28, 188], giving hybrid Wannier states
(see Appendix A for more details). Each ring of this computational cylinder, therefore, has
a total of 2 x 2 x L, tensors whose physical legs encode the occupations of fermions at a
given dressed-layer, spin, and momentum. Our numerics explicitly conserve electric charge
U(1)g, spin U(1)s C SU(2)g, and Z/L,Z momentum around the cylinder.

Carrying out iDMRG on this model requires “MPO compression” [170]. When the Hamil-
tonian is resolved in the basis (2.27), both the dispersion and interaction become long-ranged.
A naive matrix product operator (MPO) representation of this Hamiltonian has bond di-
mension D = 105, far beyond what is computationally feasible. We therefore apply an MPO
compression technique [170, 185] to create a faithful MPO representation of our Hamilto-
nian with bond dimension D ~ 300 and operator norm errors of 6 < 1073t or better. We
consider cylinder circumferences L, = 5,6,7. Since the the MPS bond dimension required
to accurately describe ground states increases exponentially with L,,, we employ parallelized
iDMRG simulations to reach MPS bond dimensions as large as x = 12288 using the open
source tenpy library [189].

The LAF at Strong In-Layer Interactions

We now numerically verify the presence of LAF order at v = 2 in the regime of large in-
layer repulsive interactions U; > t. First, however, we must address a subtlety associated
with the cylinder geometry used for iDMRG. Since the underlying infinite cylinder is quasi-
1D and the candidate LAF state spontaneously breaks continuous spin rotational symmetry,
Hohenberg-Mermin-Wagner (HMW) considerations imply that it must disorder due to quan-
tum fluctuations [190-192]. The resulting quasi-1D state is symmetric with a spin gap that
decays exponentially in the cylinder circumference [193]. Moreover, its LAF polarization,
though finite at finite bond dimension, decays to zero as Y — co. To estimate the extent of
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the LAF phase in the 2D limit, we take an approach analogous to a susceptibility experiment.
In particular, we add a weak Zeeman field to the Hamiltonian:

H— H+B.Y §i7s¥),, (2.28)

reZ?

and take B, = 1072, which is much smaller than all other microscopic scales in the problem.
Such a Zeeman field explicitly breaks SU(2)s spin symmetry down to U(1)g but leaves all
other symmetries unbroken.? We then approximately identify the phase extent of the LAF
in the 2D limit by evaluating

niar(r) = (L) (2.29)

in iDMRG, which effectively measures the susceptibility to LAF ordering. Fig. 2.3(c) shows
ni xp as a function of g and U; at fixed U, = 0, with a heuristic phase boundary identified
where Onf ,r/0U; has the largest slope. In Appendix A, we numerically verify that the LAF
region of the phase diagram is insulating by computing the charge-1e correlation length, &,
and demonstrating that it converges to a finite value as Yy — oco. In summary, we have
numerically identified the presence of a LAF insulating state at v = 2 that inhabits a broad
portion of the strong-coupling regime, confirming our analytical expectations.

Competing Phases at Weak Interactions

Next, we explore the weakly-interacting regime. We first remark that the non-interacting
band structure at v = 2 exhibits two distinct phases as a function of g. The first occurs at
g < 1, where the nearly-degenerate, weakly-hybridized Hofstadter bands give rise to a metal
with a one-dimensional Fermi surface. In contrast, sufficiently large g gaps out these bands
except at the two Dirac cones protected by Z and SU(2)s (see Sec. 2.2), yielding a Dirac
semimetal (DSM).

Using iDMRG, we confirm that these phases persist in the presence of weak interactions.
We diagnose the metallic phase by plotting the fermionic occupations

n(k) =Y (@l (k)gi(k)) . (2.30)

l,s

Since we work at finite cylinder circumference, we access only a finite number of cuts through
the BZ. Nonetheless, we can gain continuous momentum resolution by threading flux through
our cylinder [194], as depicted in Fig. 2.3(b). The results of this are shown in Fig. 2.3(d) for
g = 0.15 and U; = 0.05. We find that the occupancies obtained using iDMRG quantitatively
match the band structure occupancies of the non-interacting limit.

4In the presence of such a field, the LAF is no longer a symmetry-breaking phase but remains a topo-
logically non-trivial quantum spin Hall insulator.
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Next, we confirm the DSM by two independent means.® A defining characteristic of

this state is that it possesses two Dirac cones that wind in the same direction within each
spin sector. This can be detected via the winding of arg Prg(k), where P is the correlation
matrix [185]:

Pu(k) = (dh(k)drs(k)) - (2.31)

Fig. 2.3(c) plots arg Prg(k) over the flux-threaded BZ at g = 0.05 with finite interactions
Uy = 0.05. We find that it indeed has the same winding around the points ky = (7/4, £7/2).
That these points are Dirac cones—even at finite interaction strength—can be confirmed by
computing the maximum charge-1e correlation length &.(k,) as a function of the momentum
k, around the cylinder, made continuous by threading flux. In a weakly-interacting system,
this quantity parameterizes the decay of correlations of the form <§5l7ky¢0,ky> ~ e~/ relky)
As such, when charge-1e excitations are gapless, &1, should diverge. Indeed, we find that it
strongly peaks and grows rapidly with bond dimension precisely when &, passes through the
isolated values £7/2, indicative of a semi-metallic gap closure [see Fig. 2.3(e)].

Robustness of LAF to Interlayer Interactions

We further confirm the robustness of the LAF phase by re-introducing the inter-layer re-
pulsion Us. Even at U = U, = U; (a regime more relevant to the experimental realizations
in Sec. 2.6 below), we find that the LAF continues to occupy a sizable phase space, but is
accompanied by a layer-polarized correlated insulator at smaller values of g [See Fig. 2.3(f)].
In this phase, ﬁlézﬂr acquires a non-zero expectation value, thereby breaking both (5, and
C5.T spontaneously. Since the dressed-layer index is locked to Chern (Sec. 2.2), then it also
has a quantized Hall conductance of o,, = 2 x €*/h, making it a quantum anomalous Hall
(QAH) phase. We detect the presence of both the LAF and QAH phase simultaneously by
plotting R R o

[nrar(r)| = [nqan(r)| = [(DLEs )] — [(91CF)] (2.32)
as a function of g and U, which is positive in the LAF phase and negative in the QAH phase.
In Fig. 2.3(f), we observe a first-order phase transition between the LAF and the QAH phase
at large U.

2.4 Numerical Evidence for Superconductivity

In this section, we use large-scale cylinder iDMRG to argue that hole-doping the LAF gives
rise to a robust finite-circumference superconducting phase, which pairs holes with opposite

5Note that in the presence of B,, the Dirac cones are generically gapped out, as explicitly breaking
SU(2)s removes their topological protection. Nevertheless, since B, is weak compared to the single-particle
energy scales, the DSM can still be identified using the present diagnostics.
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spin and between opposite layers. In particular, in Subsection 2.4, we undertake a care-
ful double scaling analysis of the superconducting correlations in both bond dimension and
cylinder circumference at a particular point in parameter space. We find strong evidence
for a superconducting state at L, = 5 as well as indications, though ultimately inconclusive,
that this behavior persists at larger circumference. Subsequently, in Sec. 2.4, we work at
fixed circumference L, = 5 and demonstrate that this superconducting ground state belongs
to a robust and stable superconducting phase. In particular, we find that superconductivity
is present across various parameter regimes and always coexists with LAF order, suggesting
that the broad LAF phase at v = 2 is the “parent state” of the putative superconductor. Fi-
nally, we find that this L, = 5 superconducting order is stable to sizable inter-layer repulsive
interactions and a finite spatial interaction range, both of which add additional repulsive
interactions to the channels in which we find superconductivity.

Existence of Superconducting Order

In 2D systems, superconductivity typically manifests as a charge-2e operator A(r) having
long-range order: X R
lim [(AT(r)A(0))| — constant,  (2D) (2.33)
r—o0

thereby spontaneously breaking U(1)g symmetry down to Zs. However, to diagnose a super-
conducting state with iDMRG, two important subtleties arise due to the finite circumference
and bond dimension of the simulations. This subsection gives a brief technical discussion
of some of these subtleties and presents numerical evidence for the existence of a supercon-
ductor in the double Hofstadter model. Readers more interested in the phenomenological
properties of the purported superconducting phase may skip to the next section.

Superconductivity in Cylinder iDMRG

Let us discuss how superconductivity manifests in general in cylinder iDMRG (see also [168,
195]). First, since iDMRG uses a quasi-1D cylinder geometry with finite circumference
L,, we must understand how to diagnose the quasi-1D analog of the superconductor—the
Luther-Emery liquid—and characterize its approach to a superconductor as L, — oo. The
Luther-Emery liquid is characterized by the presence of fractionalized excitations—namely
gapless “chargeons” and gapped “spinons”— that independently carry the electron’s charge
and spin (see e.g. [196]). As a consequence, charge-2e excitations (with vanishing total gz)
have correlations that exhibit algebraic long-range order:

(AT(r)A(0))] ~ [r| ") (L,-cylinder). (2.34)

As the cylinder circumference is increased, the realization of true long-range superconducting
order in 2D is tied to the behavior n(L,) — 0 as L, — oo. In the Luther-Emery liquid,
furthermore, correlation functions of electrons (gapped states comprised of both the chargeon
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Figure 2.4: Evidence for Superconductivity. Working at fixed parameters (g, Uy, Uy) =
(0.15,1.5,0) and doping v = 2 — 1/L,, we provide our numerical evidence for the existence
of a superconducting state at L, = 5 and algebraically-decaying pair correlations at all three
circumferences. In (a), we examine the superconducting correlation function [Eq. (2.38)] as
a function of bond dimension x for each circumference, finding that they each approach a
power law as x — oo. The power law obtained via a scaling collapse [see panel (b)] is shown
with an orange dashed line. For ease of viewing, the correlations for L, = 6,7 are offset
vertically by an arbitrary amount. (b) Power law behavior is quantitatively demonstrated
by performing a scaling collapse [Eq. (2.39)], shown here for L, = 5. To differentiate this
power law behavior from that of a gapless metallic state, in the inset we show that the
ratio & /& increases as a function of bond dimension, a hallmark of a superconducting
state [See Sec. 2.4]. (c) Power-law exponents of the superconducting correlations for all
three channels as a function of cylinder circumference L,. The powers 7(L,) decrease as L,
increases, consistent with the survival of superconductivity in the 2D limit. At the bottom
of the panel, we summarize our confidence in the requisite gaplessness of 2e excitations and
gap to le excitations at each circumference (See Sec. 2.4 for more details).

and spinon) exhibit exponential decay:
(@ (r)p(0))rm ~ e/, (2.35)

At finite circumference, this behavior crucially distinguishes the Luther-Emery liquid from
the Luttinger liquid, where such correlations are algebraic.

A second important subtlety concerns the finite bond dimension of the MPS, which only
permits the expression of exponentially-decaying (connected) correlations, and introduces a
length scale &, associated to the largest non-trivial eigenvalue of the MPS transfer matrix.
As a consequence, power law correlations of any charge-() operator are cut off at a distance
Eox < &, that scales with bond dimension according to [197-199]:

log(€q.y) o< log(x). (2.36)

However, in practice, this scaling behavior can also be found in gapped systems when the
true correlation length &, which dictates the exponential decay and is inversely related to
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the energy gap, greatly exceeds &,. This makes it difficult to distinguish the Luttinger and
Luther-Emery liquids discussed above, especially in scenarios where the latter has a very
small spinon gap, as both may appear to show algebraic scaling of &;.,. Nevertheless, even
in such cases, the two could be distinguished by making use of standard arguments in the
finite entanglement scaling theory of matrix product states [197-199]. In particular, when
the MPS is attempting to capture a fully gapless state like the Luttinger liquid, &, is the
only length scale present in the correlations of the state. As such, we expect correlation
functions of charge () operators will decay with a correlation length £o, = ag&y, where
ag (at asymptotically large x) is a constant of proportionality that does not depend on
bond dimension. For the Luttinger liquid, this leads to the sharp prediction that &5,/
approaches a constant as y — oo. This contrasts with the Luther-Emery liquid, in which
&ae /€16 18 expected to diverge.

In summary, to demonstrate the existence of superconductivity in cylinder iDMRG, one
must in principle perform a double scaling analysis. At each fixed circumference, the state
must approach a Luther-Emery liquid, characterized by algebraic correlations of charge-2e
operators and the divergence of & /& with bond dimension. In addition, in principle, one
must show that the exponent of algebraic decay for charge-2e operators goes as n(L,) — 0
as L, — oo. However, since increasing the cylinder circumference results in exponential
scaling of the simulation complexity, cylinder iDMRG studies can typically only demonstrate
convergence to a Luther-Emery liquid for a few, relatively small circumferences [200-204].

Bond Dimension Scaling

We begin by providing strong numerical evidence for Luther-Emery liquid physics at L, =5
by performing a careful scaling in the bond dimension. We work at fixed hole doping v =
2—1/5 and at parameters (g, U;) = (0.15, 1.5), choosing for the moment to set Uy = 0, though
we emphasize that our results are robust to the inclusion of further repulsive interactions (as
we illustrate in Subsection 2.4). As discussed above, we must demonstrate that the ground
state exhibits algebraically-decaying correlation functions of charge-2e operators. To this
end, we work in the computational basis of fermions defined in Eq. (2.27) and introduce the
following set of zero y-momentum charge-2e operators:

Aly(ws 0w, ky) = ¢ (2 + %x ko) st p (2 — %x ~ky). (2.37)

where z is the center of mass position of the holes, dz is their relative position,® and o, 8 €
{0,2,y, z}. We then consider correlation functions of such operators:

Cap(,ky) = Ny (Al 5(2:0,k,)Aas (050, k), (2.38)

which we choose to normalize by the average number of available hole pairs Ny, = |2 — v/| /2.
This correlation function is shown in Fig. 2.4(a) for ky*~> = 47/5 and a8 = zz. As the

6Here, éx is implicitly assumed to be even. For odd dz, we instead take the holes to be at  + (6x +1)/2
and z — (0x — 1)/2 (see Appendix A).
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bond dimension increases, the correlation length increases and C,, approaches a power law
(the dashed straight line on the log-log scale), signaling the onset of algebraic order. To gain
further quantitative confirmation, we perform a scaling collapse of the form

CO(w, ky) = &7 Gua(/E2e.x Ky, (2.39)

where C%¥ is the correlation function Eq. (2.38) at bond dimension y and &, is its cor-
relation length. This scaling collapse, shown in Fig. 2.4(b), is achieved with a power law
exponent 7(L, = 5) = 1.3 £ 0.2. This data confirms the existence of algebraic long-range
order in 2e pair correlations at fixed L,,.

In addition, we demonstrate that the behavior of the le correlations is consistent with a
Luther-Emery liquid and not a Luttinger liquid (see Sec. 2.4 for the distinction). To do so,
we investigate the ratio &, /&1e,, @s a function of bond dimension, which we plot in the inset
of Fig. 2.4(b). We find that the ratio increases rapidly with bond dimension which, per the
discussion of Sec. 2.4, is inconsistent with the behavior of a Luttinger liquid and suggests a
gap in the le sector. In fact, employing the recently developed methods of Refs. [199, 205],
we obtain an extrapolated, and clearly finite, value 51200 = (.11 in units of inverse 4a, the
length of the unit cell. In contrast, |&,' | < 0.003 is nearly zero, consistent with our above
evidence for algebraic order in this charge sector. This demonstrates that the ground state
at L, = 5 is a Luther-Emery liquid, the quasi-1D analog of the superconducting phase.

We conclude with some important phenomenological observations about the supercon-
ducting correlations. In particular, algebraic long-range order is most dominantly seen in
the following pairing channels:

sl sV, (2.40)
appearing with nearly equal strength, as well as the s%I channel, which is notably of much
weaker strength. As such, the pairing is between opposite spins and predominantly between
opposite layers. The approximately equal strength of the s*I* and sYlY correlations are
a consequence of an approximate U(1) symmetry generated by s?[*. This symmetry also
explains the dominance of inter-layer pairing over s%I°, which we henceforth ignore. In
summary, the dominant condensing pairing channels imply that the superconducting order
is due to the condensation of inter-spin, inter-layer hole pairs. We return to this point in
Sec. 2.5 in our analysis of the superconducting pairing symmetry.

Circumference Scaling

Having established the presence of a Luther-Emery liquid state at finite circumference L, = 5,
we now investigate whether such a state tends to a bona fide superconductor in the 2D limit
by investigating it at larger circumferences. This investigation is challenging for three dis-
tinct reasons. First, as with all DMRG studies, the computational resources required increase
exponentially with the 2 x 2 x L, tensors that wrap around the cylinder. To partially com-
pensate for this scaling, we use parallelized iDMRG for circumferences L, = 6,7 with bond
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dimensions up to x = 12288. As a remark, compared to the Fermi-Hubbard model at the
same L, our projected four-flavor model has twice as many degrees of freedom, making it
vastly more expensive to simulate. Second, since the electronic filling must be commensu-
rate with the periodicity of the MPS, we are limited to the circumference-dependent densities
v =2—1/L,." This makes it difficult to directly compare the physics at each circumference.
Finally, we will later show in Sec. 2.5 that the superconductor pairs holes at an emergent
Fermi surface (or more accurately Fermi points at finite circumference). Crucially, the num-
ber and location of Fermi points vary significantly for small and accessible L, and, unlike
in the Hubbard model, are non-monotonic in cylinder circumference (see Appendix A). This
makes studying the approach to the 2D limit particularly challenging in our model. Nev-
ertheless, in what follows we analyze the superconducting correlations for each accessible
circumference, ensuring that the MPS truncation error is 3 x 107 or better at each bond
dimension. Ultimately, we find signatures of large pair correlations at L, = 6,7 but are
unable to rule out the possibility of a Luttinger liquid at these circumferences.

We first determine whether the states we find are gapless in the charge-2e sector by
examining correlation functions of the form Eq. (2.38). These are plotted in Fig. 2.4(a) at
all three circumferences in the a8 = xx channel, with the larger two L, vertically offset for
display, and taken at k; =0 — —2m/3 and k;yL =T = —2m /7. Evidently, at each circumference,
these correlations become algebraically long-ranged with increasing bond dimension. The
exponents of algebraic decay are then extracted by collapsing under a scaling hypothesis
analogous to Eq. (2.39) and are shown in Fig. 2.4(c) for each circumference and for each
of the dominant superconducting channels. We find a quantitative decrease in n(L,) as L,
increases for the xz and yy channels, consistent with the superconducting expectation that
n(L,) — 0 as L, — oco. For the 20 channels, the superconducting correlations at L, = 6 are
found to have a quantitatively different exponent and behavior as compare with the other;
we comment in Appendix A that this coincides with it having a different pairing symmetry
in the 20 channel at L, = 6.

Next, we investigate the behavior of the 1le-correlations, which we find to be more sub-
tle and ultimately inconclusive. We provide the core results here and give further details
in Appendix A. Recall that our previous analysis of L, = 5 found that these charge-1le
correlations remained exponentially decaying even as y — oo. This was evidenced by the
growth of & /&1 and by performing a systematic extrapolation [199, 205] to infinite bond
dimension that revealed a non-zero inverse correlation length &' (L, = 5) ~ 0.11. The
charge-2e and le correlations therefore both matched the expectations for a Luther-Emery
liquid, Eqs. (2.34, 2.35), at L, = 5. This conclusively identified the L, = 5 ground state as
a quasi-1D superconductor.

At larger circumferences, however, the situation is less clear. At L, = 6, we find that
the behavior of the le-correlations does not conclusively point to either a Luttinger liquid
or a Luther-Emery liquid. On the one hand, we find that the magnitude of &, is nearly

"Since L, =5,6,7 are coprime, prohibitively large unit cells would be required to have equal fillings at
each circumference.
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2.5 times larger than &, at xy = 12288, indicating large superconducting pair correlations
in the state. This is suggestive of a Luther-Emery liquid. On the other hand, we find that
¢ /€16 1s Toughly constant with bond dimension, which fails to exclude a Luttinger liquid.
Generally, at this circumference, we conclude that the finite-bond dimension state is too far
from a ‘scaling limit’ to properly differentiate the two possibilities. This is evidenced by
extrapolating & 1/26,00(Ly = 6) using the method detailed in Ref. [205] and finding that we
are too far from convergence to obtain sensible (e.g. non-negative) values of these quantities.

We conclude by discussing the case of L, = 7. Here, unlike the previous two cases, we find
that & is only slightly larger than &, with a ratio &5./&1. that remains relatively constant
across the largest bond dimensions we can access. As such, at this circumference, both
correlation lengths appear to diverge as a function of bond dimension, though much larger
bond dimension would be required for a more definitive determination. Hence, there is little
evidence in direct support of a Luther-Emery liquid over a Luttinger liquid. Indeed, the two
may exhibit similar behavior when the finite-x correlation length is too small to resolve the
charge gap (see Sec. 2.4). Altogether, this highly circumference-dependent behavior prevents
us from drawing firm conclusions about the 2D phase.

Robustness of the Superconducting Phase

Restricting to L, = 5, where our detailed bond-dimension-scaling analysis conclusively
demonstrated the existence of a superconductor, we now evaluate the extent and robust-
ness of the finite-circumference superconducting phase. To do so, we use a heuristic, but
nonetheless principled, diagnostic of superconductivity that enables detailed investigation of
the double Hofstadter phase diagram with the available computation resources. We find that
the superconductor appears exclusively upon doping the LAF insulating state at v = 2 and
that it is nearly maximally LAF polarized, leading us to posit that the LAF insulator is the
parent state of the superconductor. Moreover, the superconducting phase is found to exist
across a broad range of hole densities v < 2 and is, rather surprisingly, substantially resilient
to additional repulsive interactions, namely those between the layers and at a longer range.

Our diagnostic consists of examining the scaling of &,./&;. as a function of bond dimen-
sion. In particular, following the discussion of Section 2.4, the bond dimension scaling of
this quantity can be used to distinguish a Luther-Emery liquid from a Luttinger liquid or
any fully gapped quasi-1D phase. In our numerics, we label portions of the phase diagrams
“superconducting” if the ratio &y./&. is both increasing as a function of bond dimension
and, in particular, if it has exceeded unity at the largest bond dimension available.

The Superconducting Phase: LAF Coexistence

We now chart the portions of parameter space that host superconductivity at L, = 5. We
begin by studying the (g, U;) plane at a fixed electronic density v = 1.8 and in the absence of
inter-layer interactions. Using the diagnostic described above, superconductivity is found to
occupy a broad portion of the strong-coupling regime that hosts the LAF insulator at integer



CHAPTER 2. SCIN A TOPOLOGICAL MODEL WITH STRONG REPULSION 33

03 Vi . QAH . .
O 2 15F & T amarflTrom----_
Band Metal/ /( o . LAFMetal c
/(-. o o o o ° b
S LOf - .
®02F 8 e o0 0o e = 0 -
/ &5 LAFSC . LAFSC | |
So cie o Yo o 0.5F
/ Q,@ »o ’ * ’
0.1F {}Vn o e o o o o o o : :
o ! ! ! ! ! 0.0E§ ! T
0 1 2 1.4 1.6 1.8 2.0 0.0 0.2 0.4
U, Filling Fraction v d

Figure 2.5: Robustness of the L, = 5 Superconductor. We investigate the extent of the
L, = 5 superconducting phase by examining the ratio &./&. (see Sec. 2.4 for more details).
In panel (a), we depict the phase diagram at ¥ = 1.8 in the absence of inter-layer repulsion.
A robust LAF-polarized superconducting region appears where the LAF order was found
at integer filling, suggesting the LAF may be the parent state for the superconductor. We
mark, with a star, the point at which the scaling analysis of Sec. 2.4 was performed and
remark that the phase competes with a band metal and LAF-polarized metal, the latter of
which retreats with increasing bond dimension (see Section 2.4). In panel (b), we fix g = 0.1
and U; = 1.8 and depict our heuristic diagnostic, the growth of the ratio &./&e vs. X,
as a function of the electronic density v € [1.4,2]. Superconductivity is found across the
span 1.7 < v < 2, with metallic LAF behavior beginning at v = 1.6. In Appendix A, we
show that the system remains LAF-polarized throughout this range, further cementing the
LAF as the superconducting parent state. In panel (c), we examine the robustness of our
superconductor to additional repulsive interactions. In particular, fixing (g, U;) = (0.1, 1.4),
we chart the phase diagram as a function of inter-layer repulsion U; and interaction range
d [See Eq. (2.41)]. We find the superconductor is remarkably robust, giving way initially to
a LAF metallic phase when U, is sufficiently large, and then to a layer-polarized metallic
phase when U; exceeds U;. In Appendix A, we performed a scaling analysis similar to that
detailed in Sec 2.4 for the point marked with a red star.
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filling [see Fig. 2.5(a)]. Intriguingly, the superconductor itself is always found to have sizable
coexistent LAF polarization. Moreover, its correlations are most long-ranged in the channels
Eq. (2.40), suggesting a consistent pairing symmetry throughout the superconducting phase.
On the other hand, in the weak-coupling regime with small Uy, we identify a metallic state
with nearly-vanishing LAF polarization, i.e. a band metal. In between these two phases, we
observe a metallic state with significant LAF polarization.

Similar to our identification of the LAF phase boundary at v = 2, we demarcate the
transition between the weak-coupling and LAF metallic phases by a dotted boundary cor-
responding to the largest slope Onf,r/0U;. In contrast, the boundary between the LAF
metallic and superconducting phases is more sensitive to bond dimension, even at the siz-
able value xy = 5793. This exemplifies a pattern that is pervasive in our numerical data:
LAF metallic states commonly undergo a finite-y transition into the LAF superconducting
phase at a bond dimension that depends sensitively on parameters, whereas the reverse is
exceedingly rare. As a result, we expect that the set of points that meet the criteria for
superconductivity will continue to grow with bond dimension, and that the LAF metallic
phase may purely be an artifact of the finite accuracy of our simulations.

The intrinsic coexistence between superconductivity and LAF polarization is further
elucidated by tuning the electronic density in the range v € [1.4,2]. To access density
increments of 1/10 of a band, we quadruple the MPS unit cell. In Fig. 2.5(b), we plot our
diagnostic for the superconducting order—the ratio &5, /&1, as a function of bond dimension—
and find it that indicates the persistence of superconductivity in the range 1.7 < v < 2.
Moreover, in Appendix A, we demonstrate that the system remains substantially LAF-
polarized across this parameter regime, with nf , » decreasing only linearly in the hole doping.
At the remaining parameter points 1.4 < v < 1.6, we find evidence of metallic correlations
and possible translation symmetry-breaking along the x direction, though we caution that a
careful circumference scaling analysis would be required to identify the precise nature of this
nearby phase. Across the entire range of fillings, and in particular across the superconducting
region, we find a persistent LAF polarization that nearly saturates the maximal value v,
i.e., the total density of electrons. This ubiquitous coexistence with LAF order leads us
to hypothesize that the LAF insulator is the “parent state” of the superconducting state.
We further corroborate this claim in Sec. 2.5 where we identify the superconductor as a
weak-pairing instability of holes at the LAF’s mean-field Fermi surface.

Stability to Further Repulsive Perturbations

We now show that the superconductor is robust to both large inter-layer repulsion and a
finite interaction range. To this end, we replace the microscopic on-site interactions with a
longer-range Gaussian, parameterized as:

A e[ U
V = Ze_ 2d2 l71<ﬁ3T + TALEB) + Uship1eg | (241)
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where d specifies the interaction range. In Fig. 2.5(c), we show the extent of the supercon-
ducting phase in the (d, Us) plane at the fixed parameters (g,U;) = (0.1, 1.4). Remarkably,
in spite of the pairing being predominantly inter-layer (see Subsection 2.4), we find the su-
perconductor survives in the presence of substantial inter-layer repulsion Uy ~ O(U;) and is
further resilient to simultaneously increasing the range of the interactions. While the super-
conducting phase is globally identified by using the heuristic diagnostic introduced at the
beginning of Sec. 2.4, we cement its existence at L, = 5 in the presence of additional inter-
layer repulsion by performing a detailed scaling analysis of the superconducting correlations,
analogous to the one performed in Sec. 2.4. We also see indications, via a slow but monotic
increase in the ratio &s./&., that this behavior may persist at L, = 6. These analyses are
detailed fully in Appendix A and are performed at the parameter point (d, Us) = (0.358,0.2)
[marked with a star on Fig. 2.5(c)].

Despite the resilience of the superconducting phase, we find that when d is increased
sufficiently, the superconductor gives way to a translation-invariant, LAF-polarized metallic
state. Moreover, we remark that increasing U, in excess of U; induces a transition out of the
LAF phase into a layer-polarized, translation-invariant metal that originates from the v = 2
QAH insulator.

Stability to Changing the Zeeman Field

We conclude by remarking briefly on the influence of the Zeeman field B, [Eq. (2.28)].
Recall that this weak pinning field is necessary in order to stabilize LAF polarization, which
otherwise disorders due to the quasi-1D cylinder geometry (see Section 2.3). Though the bulk
of our calculations are performed at the fixed value B, = 1072, a scan of the Zeeman field
reveals superconductivity at values as small as B, = 1073, For comparison, the bandwidth,
the inter-layer tunneling and average interaction energy per electron are of order 1071, At
some larger values of B,, we encounter numerical errors in the limit of only in-layer Hubbard
interactions, i.e., Uy = d = 0, though we find that enlarging the MPS unit cell greatly
improves convergence and favors a translation-invariant LAF metallic state. On the other
hand, no convergence issues are encountered at the finite values (U, d) = (0.2,0.466), at
which superconductivity appears to persist up to B, = 0.1. Additional details and numerical
data are provided in Appendix A.

2.5 Emergent Weak-Pairing Description of the
Superconductor

We now turn to characterizing the superconducting order reported in the previous section.
We do so by examining the so-called pair wavefunction [121]:

Ans(k) = (¢ (K)s* I p(—k)) = (Al 5(Kk)), (2.42)
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where we refer to the two-hole operator, colloquially, as the Cooper pair operator. In Sec. 2.5,
we introduce a novel technique to probe this quantity in iDMRG numerics, which may
be applied to a variety of 2D systems. By examining A(k) across the Brillouin zone in
Sec. 2.5, we find that it peaks at specific locations that coincide with the Fermi surface
of non-interacting holes above the LAF insulator predicted within self-consistent Hartree-
Fock. This phenomenology is characteristic of a (BCS-like) superconducting state formed
from the pairing of holes near this LAF Fermi surface. We emphasize that this weak-pairing
phenomenology emerges in a context where the interaction scale is the largest energy scale
present and is found via non-perturbative iDMRG numerics that do not presuppose a mean-
field description of the state.

Moreover, the emergent mean-field description enables us to characterize other phe-
nomenological features of the superconductor. In particular, in Sec. 2.5, we use the pair
wave function (2.42) to uniquely characterize the pairing symmetry of the superconductor
and find that, among other symmetry indices, it is p-wave. Finally, in Sec. 2.5 we leverage
results from BCS theory to heuristically estimate the transition temperature of the super-
conducting state.

Numerically Probing the Superconducting Pair Wavefunction

The definition of the pair wavefunction (2.42) implicitly assumes that the ground state
wavefunction is a superconducting condensate in which the number of Cooper pairs in the
ground state wavefunction is uncertain. This presents an obstacle to extracting this quantity
in our iDMRG calculations, as U(1) particle number conservation causes A(k) to vanish
uniformly. Here, we provide an account of how to circumvent this difficulty. Broadly, we do
so by introducing a prozy pair wavefunction A,z(k) that can be extracted within iDMRG
and is proportional to A,s(k). Readers more interested in our physical results may skip to
the next subsection where this quantity is used to probe the structure and pairing symmetry
of the superconductor.

In the L, — oo limit, the definite U(1)¢ charge of the iDMRG ground state implies that
it will fail to satisfy cluster decomposition, defined as [206]:

~

lim ((Af(r)A(0)) — (AT(r)(A(0)) =0 (2.43)

|r|—o0

As a result, long-range superconducting order [defined in Eq. (2.33)], does not imply a finite
expectation value of the Cooper pair operator. Nevertheless, let us assume that there exist
cluster decomposition-satisfying ground states |¢) of the 2D superconducting manifold for
which

lim tim (AT)A©O) s,y — (Al)(A0),) =0, (2.44)

|r| =00 Ly—o0

where (---), = (a| - - - |a) and |[¢p(L,)) is the IDMRG ground state at circumference L,,.
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The pair wavefunction can then be extracted numerically as follows. First, we define the
proxy pair wavefunction by the following correlation function:

Nasap, (k) = (Al 50 k) Aus(50,py)) w1, (2.45)

Here Aaﬂ(x;O,py) is as defined in Eq. (2.37), while the Al term is defined by a Fourier
transform in the relative position coordinate:

ALﬁ(I; k) = Z Alﬁ(@ 0z, ky)e=0r, (2.46)
ox

which, when averaged over the center of mass x, is equal to the Cooper pair operator defined
in Eq. (2.42).

The proxy pair wavefunction—which need not vanish in U(1)-conserving iDMRG since
it involves the expectation value of a charge-neutral operator—should be thought of as a
function of k (with fixed parameters = and p,). Provided that we consider translationally-
invariant states and take x to be larger than both the characteristic size of the Cooper pair
(the “coherence length”) &sc and the connected correlation length &, then for sufficiently
large L, we expect that:

B, (&) = €20, (AL (), + O (el (2.47)
where the prefactor is a k-independent constant and |¢) is a cluster decomposition-satisfying
superconducting ground state of the 2D system. As such, by examining the proxy pair
wavefunction A(k) as a function of momentum, we gain direct insight into the structure of
the true pair wavefunction A(k).

Emergent Weak Pairing at the LAF Fermi Surface

In this section, we demonstrate that our superconductor arises from the momentum space
“BCS” pairing of holes above the LAF insulator. To be explicit, we will provide evidence that
this emergent weak-pairing picture occurs as a two-step process. First, strong interactions
select LAF-polarized ground states, even in the presence of hole doping. Such “normal”
states are well-described by a LAF bandstructure that strongly renormalizes the four non-
interacting bands into two valence bands and two conduction bands. Second, holes—initially
occupying a normal LAF metallic state—pair at the renormalized Fermi surface, triggering
a superconducting instability. Before continuing, we emphasize once again that this weak-
pairing picture emerges in a setting where repulsive interactions are the dominant energy
scale.

As preliminary evidence for this picture, we plot the density of electrons in the supercon-
ducting state as a function of momentum [see Fig. 2.6(a)], finding that the density is depleted
in localized “pockets” of momentum space but is otherwise uniform. To understand the ori-
gin of these disconnected Fermi surfaces, we examine the mean-field band structure of the
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Figure 2.6: Evidence for Weak Pairing at the LAF Fermi Surface. (a) The electronic
density of the putative superconducting iDMRG groundstate for the L, = 6 cylinder, shown
here at x = 12288 and (g,U;,v) = (0.15,1.5,2 — 1/6), is uniform in the majority of the
Brillouin zone but sharply depleted in isolated regions. The locations of these drops in the
density match the mean-field Fermi surface of non-interacting holes above the LAF insulating
state, marked in orange (in all subplots) and obtained using self-consistent Hartree-Fock
(SCHF). In (b), we plot the SCHF band structure computed at v = 2 on 48 x 48 unit cells.
The energy AFEyr of the two-fold degenerate valence band is shaded in blue and defined
relative to the valence band edge. For small hole-doping away from v = 2, the Fermi surface
(shown in orange) consists of four disconnected pockets. As SCHF enforces electronic U(1)
(disallowing pairing), this strongly-interacting effective bandstructure is a metallic “parent
state” for superconductivity. In (c), we zoom into one particular pocket—specified by blue
and magenta boxes in (a) and (d), respectively—and plot both the electronic density (left
axis) and the proxy pair wavefunction Eq. (2.45) (right axis) obtained from iDMRG. The
former drops off rapidly, while the latter sharply peaks, precisely at the location of the
SCHF Fermi surface, strongly suggesting that the superconductor arises from a weak-pairing
instability upon hole-doping the v = 2 insulating LAF state. Panel (d) gives a global
view of the proxy pair wavefunction, whose real part is orders of magnitude larger than its
imaginary part. From its sign structure, we deduce the unconventional pairing symmetry of
the superconductor, namely that it is p-wave and is phenomenologically consistent with a
Bogoliubov gap function (k) ~ sin(k,)(s™ T + s717).
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LAF insulator computed using standard (see e.g. [31]) self-consistent Hartree-Fock (SCHF).
We show these bands in Fig. 2.6(b), with the lower two degenerate bands corresponding to
the occupied electronic states of the LAF insulator and the upper two degenerate bands cor-
responding to the spectrum of gapped single-electron excitations above the LAF. At lowest
order in g, these two sets of bands are merely the bare Hofstadter bands, but massively split
by the interaction scale. In Fig. 2.6(a,b), we mark the Hartree-Fock Fermi energy at filling
v = 1.8 with orange lines, finding that their locations coincide closely with drops in the
iDMRG electronic density.

To further corroborate the BCS picture described above, we examine the structure of
the pair wavefunction, Eq. (2.42). We first lay out our expectations. If BCS theory was
applicable, we would expect the pair wavefunction to be related to the Bogoliubov gap
dap(k) by
0o (k)

2,/(Bue(k) = Er)? + 52 (k)

where Eyp(k) is the dispersion of holes above the normal LAF state—corresponding to the
Koopman spectrum of hole excitations in self-consistent Hartree-Fock—and Fr is the Fermi
level. Generally, we expect the superconducting gap 0,4 to be smaller than the characteristic
scale of the dispersion, namely the bandwidth. Within the validity of BCS mean field theory,
we would therefore expect Eq. (2.48) to vanish sufficiently far from the Fermi surface. On
the other hand, the pair wavefunction would peak at the Fermi surface, at which it would
be proportional to the phase of the gap function: A,g(k) = dup(k)/2[00s(k)|.

These expectations are borne out in our iDMRG numerics. In particular, in Fig. 2.6(c,d)
we plot the proxy pair wavefunction (2.45) and find that it peaks precisely at the Fermi
surface and decays quickly away from it. In Fig. 2.6(c), we zoom into one Fermi pocket
and observe excellent agreement between the Fermi surface predicted from Hartree-Fock,
the location at which the charge density drops off in iDMRG, and the peak in the proxy
pair wavefunction. In Fig. 2.6(d), we plot the latter over the Brillouin zone and find that
its magnitude is maximal at each of the four disconnected Hartree-Fock Fermi surfaces,
providing further evidence that the superconductor arises as an instability of the LAF Fermi
surface. We leave the analysis and interpretation of the relative complex phase of A,z(k) to
the next subsection.

Aus(k) = (2.48)

Pairing Symmetry

In what follows, we characterize the pairing symmetry of the superconducting state by us-
ing the proxy pair wavefunction A(k). To be precise, the pairing symmetry corresponds
to the irreducible co-representation—the generalization of a representation to incorporate
anti-unitary symmetries—of the magnetic space group under which the pair wavefunction
transforms [121, 124, 207]. In our case, since the Cooper pairs that condense to form the
superconductor carry zero total momentum, we need only specify the transformation prop-
erties under the discrete rotations Csy, and Cs,, the non-trivial magnetic translation m,,
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and the anti-unitary spacetime inversion symmetry Z (see Appendix A). Since these opera-
tors each square to the identity and mutually commute in the zero-momentum sector, these
generators act on Cooper pairs as the group (Z,)? x Z% with anti-unitary Z¥. Given that
the co-representations of ZX are trivial, specifying the irreducible representation amounts to
identifying three Z, characters for each condensed superconducting channel s*1%.

Let ¢ be the unitary operator corresponding to a symmetry g € {Cs,,Co,,m,}. We
define the corresponding characters 1/90‘5 by [121, 124):

(§"ALs(K)9) = vy Aap(k), (2.49)

where Vgaﬁ = 41 and af (no implicit summation) correspond specifically to the dominant
condensed channels specified in Eq. (2.40). Intuitively, the characters capture how the pair
wavefunction transforms under the application of symmetries on the ground state. More
generally, the role of these characters is played by matrices v, that form a co-representation
of the magnetic space group (see Appendix A for a more formal and general treatment).

As an illustrative example, we compute the index for g = Cs,. Its action on our Cooper
pairs is given by:

CrAl ()05t = Al (). (2.50)
In the case aff = zx, whose proxy pair wavefunction we have plotted in Fig. 2.6(d), we

readily observe that A, (—k) = —A,, (k). From this and Eq. (2.49), we immediately find
that:

ve, = —1  (p-wave symmetry). (2.51)
We also find that that v}¥ = V;”O = —1, indicating that all condensed channels are p-wave in

nature.
A similar analysis can be performed for the other symmetries. In particular, inspection
of the proxy pair wavefunction likewise leads to the conclusion

vl =188 = 1, (2.52)

Mg

for both dominant pairing channels af = xx,yy. Finally, for the anti-unitary symmetry Z,
our choice of layer-polarized basis guarantees that iAL 5 (k)L™ = AL (k). This implies that
the pair wavefunction has a constant phase, assuming that Z remains unbroken in the ground
state. Indeed, our numerically-obtained proxy pair wavefunction is found to be purely real.

We conclude by remarking that our numerical observations are consistent with a su-
perconductor whose Bogoliubov gap function d,4(k) has the same symmetry properties as
sin(k,) for af = zx,yy. Moreover, in Appendix A, we provide numerical evidence that the
pair wavefunction in the a8 = xx channel appears with a relative minus sign compared to
the aff = yy channel. As such, the symmetry properties of a putative gap function can be
summarized as:

d(k) ~ sin(k,)(sTIt +s717). (2.53)

Consistent with a parent LAF state, the gap function corresponds to non-unitary pairing
with §7(k)d(k) o (1 + s*1*)/2 = Ppar, the LAF projector. Furthermore, while this form
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of the gap function typically implies the presence of symmetry-enforced nodes along the
lines k, = 0, %, our superconductor instead remains gapped. This is because the Fermi
surface at which pairing occurs is disconnected and does not intersect either of these lines
in momentum space (see Fig. 2.6).

Estimate of Transition Temperature

The weak-pairing picture for the superconducting state, advocated for above, provides a
heuristic framework for estimating the superconducting transition temperature. To this
end, we recall that the finite temperature transition out of a (2 + 1)d superconductor oc-
curs either due to: (7) the loss of phase coherence and algebraically-long-ranged phase cor-
relations, or (i) the unbinding of Cooper pairs. The former is described by a Berezin-
skii-Kosterlitz—Thouless (BKT) transition corresponding to the proliferation of vortices in
the superconductor and has a transition temperature that is typically upper bounded by the
ground state superfluid stiffness py as [121, 124]:

TEET < 71py /2. (2.54)

In contrast, the Cooper pair unbinding transition occurs at a temperature scale set by the
maximum Bogoliubov gap dsc at the Fermi surface [121, 124]:

TP ~ bsc. (2.55)

With input from self-consistent Hartree-Fock, we can estimate both scales.

In a BCS-like superconductor, the superfluid stiffness at 17" = 0 is set by the density of
paired dopants divided by their effective mass, which in two dimensions scales as the Fermi
energy [208]. As such,

TR < 7p,/2 ~ 7Er/2 = 0.03t. (2.56)

On the other hand, the approximate magnitude of the Bogoliubov gap dsc can be extracted
from the pair wavefunction A,g(k). In particular, for momenta around the Fermi surface
k ~ kp, Eq. (2.48) implies that

6%5(kp)
0%g(kr) +vi(k — kp)?

AN%5(k) ~ (2.57)

Here, we made the linear approximation Eyr(k) — Er =~ vp(k—kp), with vp being the Fermi
velocity, and took d.5(k) = dap(kp). As such, around the Fermi surface, 4A7 (k) is pre-
dicted to have a Lorentzian profile whose half-width-half-maximum is equal to d.5(kp)/vp.
Maximizing over the dominant channels a8 = zx,yy and taking vp = 0.17 obtained from
self-consistent Hartree-Fock at L, = 5, we obtain the following estimate for the Bogoliubov
gap:
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In particular, we find that the pair-breaking temperature 7? is comparable to or less than
the BKT temperature. Though we expect the superconducting transition temperature to
therefore be set by the energy scale dsc, we carefully note the possibility of a BKT-type
thermal transition out of the superconducting phase. This is because of a reduction in
the condensate fraction (equivalently, the Cooper pair density) at finite temperature due
to thermal fluctuations, which can significantly decrease the superfluid stiffness p, as we
approach the pair-breaking scale. Consequently, as 7" — TP, the small value of p, can
decrease the cost of vortices and cause them to proliferate, triggering a BKT transition that
preempts TP.

2.6 Relation to Chiral Twisted Bilayer Graphene

Thus far, this chapter has focused on theoretically and numerically analyzing the double
Hofstadter model: explicating its symmetries and topology, detailing its undoped phase
diagram, and arguing for the emergence of a p-wave superconducting state at non-integer
filling. Here we elucidate a relationship to moiré materials via a “dictionary” between the
degrees of freedom and symmetries of the double Hofstadter model and models of magic-angle
TBG.

Recall that we formulated the double Hofstadter model in an effort to explore, in a min-
imal setting, the interplay between a set of ingredients commonly found in moiré materials.
Nevertheless, the presence of both correlated insulating states and unconventional super-
conductivity in this model, both appearing independently in experimental and theoretical
studies of moiré graphene platforms, invites us to make precise the connection to such sys-
tems. In this section, we reveal a close structural correspondence with the chiral model of
magic-angle twisted bilayer graphene® [31, 74, 75, 209)].

At the level of their band structures, the similarities between the two models are already
striking. In chiral TBG, the low-energy single-particle subspace also consists of energetically
narrow bands with wy = 1 fragile topology in each flavor sector (i.e., valley and spin) and,
consequently, hosts two Dirac cones of the same chirality per flavor [24, 68-73]. Furthermore,
just as the low-energy bands of the double Hofstadter model are naturally expressed in a
Chern basis (2.11) of layer-polarized orbitals, the flat bands of chiral TBG are conveniently
described by a basis of graphene sublattice-polarized Chern bands [31].

Going beyond single-particle physics, we will construct an explicit dictionary between
the interacting models. To do so, let us first recall some details of the strong-coupling theory
of TBG. The narrow bands of TBG are modeled by electrons carrying electronic spin s and
valley pseudospin 7, with each electron occupying one of two narrow sublattice-polarized
bands labeled by o, for a total of eight flavors. At the magic angle, these sublattice-polarized
bands are exactly flat and the chiral model has a large U(4) x U(4) symmetry generated by
independent spin and valley rotations in each Chern sector [31, 75]. In Fig. 2.7 (Top), we
depict the division of the eight flat bands into two U(4)-symmetric subspaces with opposite

8For a pedagogical review of chiral TBG, we refer the reader to Ref. [32].
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Figure 2.7: Connection to Chiral Models of TBG. (Top) Chiral TBG at its magic
angle is typically described by a U(4) x U(4)-symmetric model with eight internal states per
momentum. These states can be partitioned into two U (4)-symmetric four-dimensional sub-
spaces whose wavefunctions carry Chern number v = +1. (Middle) Upon flavor-polarizing,
this model reduces to a four-band U(2) x U(2) symmetric model; the U(2)’s correspond
to independent pseudo-spin rotations in opposite Chern sectors. (Middle, Left) When the
flavor that is polarized is the electronic spin, this pseudo-spin roughly corresponds to the
valley [See Eq. (2.59)]. (Middle, Right) In contrast, when the electrons polarize into par-
ticular intervalley-coherent orbitals, this pseudospin corresponds to the electronic spin [See
Eq. (2.60)]. (Bottom) Both U(2) x U(2) symmetric models can be mapped to the strong-
coupling double Hofstadter model [see Eq. (2.15)].
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Chern numbers. Since experiments on TBG suggest some degree of flavor polarization in
the vicinity of the superconductor (see e.g. [80, 81, 210]), many theoretical works reduce the
eight degrees of freedom of the U(4) x U(4) model to four active flavors. The result is a
model with a U(2) x U(2) continuous symmetry (corresponding to charge conservation and
independent rotations of a pseudospin) within each Chern sector v* = o*7% [31, 211]. These
flavor-polarized models can be mapped explicitly to the double Hofstadter model.

Here, we consider two particular routes to flavor polarization studied in the literature [See
Fig. 2.7 (Middle)]. In the first route, the electronic spin is assumed to be fully polarized, and
the resulting pseudospin 7 is related to the valley. Each U(2) symmetry is then generated
by the electric charge, along with a pseudospin [32]

n = ("1, 0"7Y,7%). (2.59)

In the second route, recently posited in Ref. [211], electron-phonon coupling causes the elec-
trons to polarize into particular intervalley-coherent orbitals [See Fig. 2.7 (Middle, Right)].
The resulting pseudospin is then just the electronic spin

n = (s%, s, 5%), (2.60)

whose components, along with electric charge, similarly serve as generators for each U(2)
symmetry.

To map these two flavor-polarized models to the double Hofstadter model, we recall from
Sec. 2.2 that the latter has an enhanced U(2) x U(2) continuous symmetry in the decoupled
(9 = 0) limit. We may then identify the Chern index and pseudospin of the chiral models
with the layer and electronic spin of the decoupled double Hofstadter model, respectively:

Map 1
F «— 77, 8 +— {"7 (Map 1) : (2.61)

n  (Map 2)

Map 1 and Map 2, summarized in Fig. 2.7 (Bottom), are bijections of both the degrees
of freedom and continuous symmetries between the double Hofstadter model and flavor-
polarized models of chiral TBG.

This identification extends to the Hamiltonian level. Since the dispersion vanishes at the
magic angle in the chiral limit, the projected Hamiltonian HTBG — Zq Vq @ PgP—q : With
Pa =Dk éLAEBG(k)ékJrq is entirely specified by the form factors AT8¢ [c.f. Eq. (2.16)]. Sym-
metries constrain their matrix structure to be AJP% (k) = Fy(k)e®a®)7* [32]. For the double
Hofstader model, the form factors (2.19) in the decoupled limit are Ag(k) = F} (k)ei®ator
which therefore have exactly the same structure. Moreover, departure from the magic angle
in chiral TBG introduces a non-zero dispersion hy*/¥ that hybridizes the two Chern sec-
tors (see Fig. 2.7) [31, 32, 79]. Such a term maps directly onto the inter-layer tunneling
gl*/¥ of the double Hofstadter model.” Maps 1 & 2 therefore give an almost term-by-term
correspondence in matrix structure between the Hamiltonians.

In the double Hofstadter model, finite inter-layer tunneling g also introduces an O(g) interaction term
from F4 in Eq. (2.19).
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The similarities between the Hamiltonians suggest that their ground states may also be
analogous. To check this, we apply the above mappings to the LAF ground state at v = 2.
Recall that the LAF state occupies the layer-polarized bands in the pattern:

C=+1 C=-1
LAF) = [

) —— eeoeee

(2.62)

Under Map 1, the LAF becomes either the Valley Hall (VH) state or the Kramer’s Intervalley
Coherent State (KIVC) (which are symmetry-equivalent in chiral TBG). Strikingly, these are
the ground states of the strong coupling model of chiral TBG at |v| = 2 [31, 75]. Under Map
2, the LAF instead corresponds to the “TIVC-QSH” state, which has intervalley coherence
and forms a spontaneous quantum spin Hall insulator in the microscopic electronic spin.
Studies of TBG where electron-phonon terms favor the relevant flavor polarization of Route
2 indeed find a TIVC-QSH ground state [211]. The LAF therefore maps to ground states of
flavor polarized models of TBG. This is remarkable. Indeed, this suggests that the double
Hofstadter model-—which minimally incorporates the ingredients introduced in Sec. 2.1—
may yield valuable conceptual insight into the interacting phenomena present in chiral TBG.

We conclude this section by highlighting notable differences between chiral TBG and the
double Hofstadter model. Manifestly, the unit cells are quite different: hexagonal with Cg,
symmetry for unstrained TBG, versus rectangular in the double Hofstadter model.Chiral
TBG also has an exact particle-hole symmetry [32], whereas particle-hole is only approxi-
mately satisfied in the lowest-band-projected double Hofstadter model, becoming exact only
in the ¢ — oo limit. Another obvious difference lies in the interactions, which are local in the
double Hofstadter model but longer ranged (screened Coulomb) in models of TBG. While
the range of interactions is expected to affect the energetics of excitations above the afore-
mentioned insulating ground state [57], the relevance of the different discrete symmetries is
less obvious and requires further investigation.

However, the key difference between the two models lies in the gauge-invariant properties
of the Bloch wavefunctions [212]. These include the Berry curvature, or more generally the
“quantum geometry” (reviewed in [32, 89]), and determine numerous physical quantities
like the interaction-generated (Hartree-Fock) dispersion [31]. A key feature of TBG is that
all these quantities are sharply concentrated near the I'" point, which is known to strongly
affect the ground state phenomenology (see e.g. [213-216]). In the double Hofstader model,
by contrast, these quantities are distributed almost uniformly across the Brillouin zone,
and the quantum geometry is much closer to an ideal “vortexable” limit [217] (comparable
to TBG at a chiral ratio wy/w; ~ 0.3; details in Appendix A). Incorporating such an
inhomogeneity into the double Hofstadter model could help gain a “bottom-up” view of the
phenomenology of TBG and is an interesting direction for future research. Nevertheless,
given that experiments in magic-angle TBG [218] and its multi-layer generalizations [141]
point towards nodal pairing [219], the emergence of p-wave unconventional superconductivity
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in the related double Hofstadter model makes it a valuable departure point to explore pairing
in more realistic moiré models.

2.7 Discussion

In this chapter, we introduced the double Hofstadter model, a simple lattice model featuring
strong repulsive interactions, narrow topological bands, and time-reversal symmetry. By
using state-of-the-art cylinder iDMRG, we investigated the ground state phase diagram
of this model. We found strong numerical evidence for the existence of a robust p-wave
superconductor at circumference L, = 5 upon hole-doping a quantum spin Hall (QSH)
insulator appearing at half-filling of the flat band subspace. This correlated insulator, which
we termed the Layer Anti-Ferromagnet (LAF), has opposite spin polarization in opposite,
time-reversal-related Hofstadter layers. Using a novel technique for probing the gap function
of the superconducting condensate, we deduced both its pairing symmetry and characterized
it as a “BCS”-like superconductor comprised of Cooper pairs near the mean-field LAF Fermi
surface. We also presented an experimental blueprint for implementing the double Hofstadter
model in near-term optical lattice setups and elucidated a close correspondence to chiral
models of twisted bilayer graphene (TBG).

Before discussing our work in a broader context, we comment on the extent of our evi-
dence for superconductivity and routes toward a more definitive verification. Recall that our
results were enabled by exploiting recent developments in the compression of matrix product
operators [170], extensive parallelization, and working at the largest accessible bond dimen-
sions. Although this enabled us to find definitive superconducting signatures at L, = 5,
the story at the larger circumferences, though promising, remains unclear. Indeed, this is
a consequence of a fundamental limitation of the cylinder iDMRG method, namely the ex-
ponential complexity of scaling the circumference. An important and interesting direction
for future work is to more conclusively demonstrate superconductivity in the 2D limit, ei-
ther by developing new numerical methods to enable larger scale exploration within cylinder
iDMRG, or by developing and utilizing intrinsically 2D numerical methods [220].

Caveats aside, one of the most intriguing features of this superconducting state is the
persistence of superconductivity down to a very small LAF Zeeman pinning field, Eq. (2.28).
While we introduced this as a numerical convenience—namely for stabilizing the LAF phase—
its numerical value in this study is smaller than all other microscopic energy scales. It is
therefore likely that superconductivity is stabilized in the absence of any Zeeman field. In
this limit, the LAF is a spontaneous symmetry-breaking state whose various low-energy
fluctuations may play an essential role in the pairing mechanism.

This phenomenological feature of the model suggests intriguing connections to previous
literature on superconductivity in doped, spontaneous QSH systems [221, 222] and important
qualitative difference from prior numerical studies of superconductivity in models where the
spin rotational symmetry is broken explicitly by strong spin-orbit coupling, e.g., interacting
Kane-Mele systems [223-226]. In the former case, superconductivity arises from the conden-
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sation of low-lying charge-2e skyrmions of the QSH order parameter. A recent microscopic
treatment of this mechanism demonstrated pairing within a purely repulsive model, which
was proposed as a theory for superconductivity in TBG [79, 168, 227]. The skyrmion mecha-
nism was studied numerically both in coupled opposite-field Landau levels using iDMRG [168]
and in models with effective local interactions amenable to QMC simulation [228, 229], as
well as within effective field theory approaches [169].

An interesting future direction would be to study the relationship between a skyrmion
superconductor and that which we have presented here. In particular, while we have argued
that our superconductor is “BCS”-like and is phenomenologically consistent with the weak
pairing of holes at a Fermi surface, a skyrmion superconductor is, in its simplest manifes-
tation, formed from tightly-bound, bosonic skyrmion “molecules.” Interpolating between
these limits, for instance through spin polarons or baby skyrmions, is an active area of
research [230, 231]. In the case where both superconductors have p-wave pairing symme-
try, such a transition could constitute a novel realization of the p-wave BCS-BEC phase
transition [232, 233].

Given that topology plays an essential role in a skyrmion superconductor by imbuing
individual skyrmion textures with electric charge, it is important to understand the extent
to which the weak-pairing superconductor presented here depends on the topology of its
parent state. For instance, one can imagine modifying the single-particle problem so that
the low-energy bands are exponentially Wannierizable but the spread of these Wannier func-
tions is sufficiently broad to favor a spontaneous—but topologically trivial—LAF insulating
state [183]. One could determine whether superconductivity still manifests in this context
and whether it is similarly robust.

Finally, we further remark on routes to experimentally realizing the double Hofstadter
model, both in solid-state and cold-atom settings. In the main text, we highlighted a pre-
cise mapping to the degrees of freedom of chiral TBG, but also commented on how these
systems may differ energetically. Given these differences, an interesting direction of future
research would be to identify solid-state materials that realize double Hofstadter systems
more faithfully, for instance in the family of moiré TMDs. While our study primarily sought
to understand zero-temperature behaviors, directly accessing ground state physics in cold
atom quantum simulators remains an outstanding challenge. Namely, experiments typically
either remove entropy by coupling to finite-temperature thermodynamic reservoirs [154,
234] or indirectly probe the ground state through quasi-adiabatic state preparation [157].
These obstacles motivate a systematic exploration of both the finite-temperature equilib-
rium phenomenology of the double Hofstadter model (e.g., applying the insights developed
in Ref. [235]), as well as non-equilibrium dynamical state preparation in this system, which
has the potential to drastically influence the observed order [236].
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Chapter 3

Chiral Spin Liquid and Quantum
Phase Transition in the Triangular
Lattice Hofstadter-Hubbard Model

The Kalmeyer-Laughlin chiral spin liquid (CSL) is one of the earliest and most important
examples of a topologically-ordered quantum state [37, 38, 111] and has been extensively
studied in the context of spin models [82, 117, 237, 238]. Recently, considerable effort
has been devoted to identifying electronic settings in which the CSL may emerge [107,
108, 110, 118, 119, 239-245]. These studies set the stage for the investigation of charge
fluctuation-driven transitions out of the CSL phase into other phases such as metals [107],
superconductors [246], exotic charge-density waves [247], and quantum Hall states [118, 248].

The triangular Hofstadter-Hubbard model is thought to host both conventional and CSL
electronic phases in the regime of strong orbital magnetic flux [104-106, 109, 116, 117,
249, 250]. It is parameterized by an on-site interaction U and single-particle hoppings of
magnitude ¢ and phases consistent with a magnetic flux of & per triangular plaquette
(see Fig. 3.1a). When &, = 7/2, this system realizes a spin-singlet integer quantum Hall
(IQH) insulator at small U and density of one electron per site, with o,, = 2e?/h. At
very large U, the state is a non-topological Mott insulator with a large charge gap, 120°
antiferromagnetic (AF) order, and gapless spin excitations described by a nearest-neighbor
Heisenberg exchange coupling of magnitude ~ ¢2/U.

A qualitative argument for the existence of an intermediate CSL phase is that the leading
correction to the large-U Heisenberg spin Hamiltonian is a chiral term S-S5 x .S with coefficient
Jn ~ t3sin® /U?, which explicitly breaks both time-reversal and parity symmetry and
favors a CSL state [104-106, 116, 117, 250, 251]. Very recently, Kuhlenkamp et al. presented
cylinder iDMRG evidence of this intermediate CSL phase starting from U 2 8.5¢ at flux
dp =n/3 and U 2 10.5t at o = w/2 [118].

The nature of the IQH-CSL transition, however, is not well understood. Parton mean field
theories have been proposed for square lattice and honeycomb systems [248, 252|. Beyond
this, there has been very little direct investigation into the nature of the putative critical



CHAPTER 3. CSL AND QPT IN THE HOFSTADTER-HUBBARD MODEL 49

o
" .ﬁi‘pﬁfq
-3 Ez,.;f*‘ﬁgl“”‘ﬁ‘ﬁk | ~ =11
—6 0 @Aﬂ, /2 s k»'y
(c) v =2 IQH e CSL . Ut

Figure 3.1: (a) Upper panel: The triangular Hofstadter-Hubbard model, with magnetic
translations 7T} ,, Hubbard interactions U, and flux per triangle ® indicated. Lower left
panel: “butterfly” representation of non-interacting spectrum in the plane of ® 5 and energy
E. The band structure at &, = 7/2 enjoys a doubled “magnetic” unit cell and particle-hole
symmetry P relating opposite C' = £1 bands [lower right panel]. (b) A finite segment of
the circumference-L, cylinder, threaded by @ external flux. With the chosen “YC-L,”
cylindrical geometry, T, is orthogonal to the cylinder axis and x € Z indexes rings. (c)
Expected 2+1D phase diagram at a density of n = 1 electron per site as a function of U/t
showing the integer quantum Hall (IQH) and chiral spin liquid (CSL) phases, with their
transition marked by a star.

point from either theory or numerics. In particular, the iDMRG investigation of Ref. [118§]
unearthed the IQH-CSL transition only as a crossover indicated by a weak maximum in a
correlation length.

In this chapter, we use a compactification to infinite-length, finite-circumference cylin-
ders (see Fig. 3.1b) in combination with a symmetry analysis and large-scale iDMRG sim-
ulations [34-36] to characterize the IQH and CSL states, as well as the transition between
them. We show that a combination of particle-hole interchange and translation is sponta-
neously broken on odd-circumference cylinders in the CSL phase and present evidence that
the IQH-CSL transition is in fact continuous in these geometries, with no intervening phase.
We argue that the critical fluctuations are spin-singlet, with both spin and electron corre-
lation functions decaying exponentially with distance. Considering also even-circumference
cylinders, we argue that in 241D, the IQH and CSL phases are separated by a continuous
quantum phase transition that hosts critical current fluctuations.
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3.1 Model, Particle-Hole Symmetry and
Compactification

We study the Hofstadter-Hubbard model on the triangular lattice, defined pictorially in
Fig. 3.1(a). In this model, electrons hop between nearest-neighboring sites and experience
an Aharonov-Bohm phase of &, upon orbiting a triangular plaquette (see App. Al for
details). We focus on the consequences of the orbital motion, setting the Zeeman coupling
to zero [118, 119]. We fix &5 = 7/2, which endows the Hamiltonian with a unitary particle-
hole (PH) symmetry P chosen to act as

Pel Pt = (=1)"(ioy)cay, PIP™ =+, (3.1)

(the spin rotation io, is included in P so it leaves the spin operator S = %c*crc invariant;
see App. C). Denoting translation along the two non-parallel directions shown in Fig. 3.1 as
T, ,, which we represent in a gauge where

Toch Tt = (-1)'chyy,, T, T =y, (3:2)

we obtain the required magnetic translation algebra 7,7, = —T,T,. The commuting trans-
lations (T7)?, T, define a larger “magnetic” unit cell with two sub-bands with Chern numbers
C' = +£1 related to each other by P (Fig. 3.1a). We fix the filling to n = 1 electron per lattice
site, corresponding to full filling of the lowest spin-degenerate magnetic sub-band.

Dimensional reduction can break the T, symmetry. Consider the closed “tin can” shaped
surface specified by a pair of adjacent lattice rings at = and x + 1. Applying Gauss’s law
on this surface [120, 253], with ®, denoting the external flux through the cylinder ring at x,
we have ®,41 + 2L, Pa = &, modulo 27. The ring fluxes are therefore uniform when L, is
even, but staggered when L, is odd. In the latter case, T}, is explicitly broken.

Consider the odd circumference case and fix the ring fluxes to alternate between 0 and 7.
Though T, is broken, the combined translation-like operation PT, (“glide-PH”) commutes
with the Hamiltonian. The IQH state, being adiabatically connected to the unique ground
state of the non-interacting Hamiltonian, respects PT,. However, the odd-L, CSL phase
breaks PT, spontaneously. To see this, note that in the CSL phase the charge fluctuations
are gapped; when U is large, the low energy degrees of freedom are described by an effective
spin model [117]. Since PSP~! = S, this spin model has a pure translation symmetry
t,. Since each ring contains an odd number of spin-1/2 moments, the Lieb-Schulz-Mattis
theorem requires that any gapped ground state be at least twofold degenerate [254], e.g., by
breaking t, spontaneously. The same conclusion can be drawn from the anyon content of
the CSL: the presence of one semion per unit cell [253, 255-257] causes t, to permute the
two minimally-entangled ground states [258-260)].

We can also interpret the CSL symmetry breaking in terms of the parton decomposition
of the electron into a bosonic chargon b carrying the charge and a fermionic spinon f carrying
the spin, ¢, = bf, [149, 261, 262]. This requires introducing an internal gauge field a. In
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Figure 3.2: CSL symmetry breaking at odd circumference. (a) The particle-hole operation P
transforms the internal gauge flux through an odd-L,, cylinder ring from ¢ to 7—¢. (b) Upper
panel: In an odd-L, CSL ground state, the alternating pattern of these internal fluxes at
strong coupling (7/2, —7/2,...) spontaneously breaks PT, symmetry, whose action is then
equivalent to threading 7 internal flux. Lower panel: the low-lying entanglement eigenvalues
at cuts between adjacent pairs of rings, which not only exhibit the approximate degeneracy
expected for the CSL at each S, [circled numerals], but also signal spontaneous breaking of
PT,. (c) The internal flux configuration [upper panel|] and entanglement spectrum [lower
panel] of the IQH.

both the CSL and IQH phases, the saddle point configuration of the internal gauge field
yields an internal flux through the triangular surface plaquettes that matches the external
flux, oo = 7/2 [82, 117, 246]. Moreover, assuming 77 is unbroken and L, is odd, the
internal flux through adjacent cylinder rings may be written as (¢, ¢ + ), again differing by
m due to Gauss’s law. Since the CSL ground states are adiabatically connected to the Mott
limit where P acts as the identity operator, at strong coupling their internal ring fluxes will
energetically lock to (7/2,—m/2) or (—m/2,7/2), which are both insensitive to the action
of P, namely ¢ — m — ¢ (Fig. 3.2a). These two configurations are related by PT, ~ t,,
indicating spontaneous symmetry breaking (SSB) in these odd-L, geometries (Fig. 3.2b). In
the IQH phase where the chargon is condensed, the Higgs mechanism instead pins together
the internal and external gauge fields [263-265]. The resulting internal ring flux pattern
(0, ) respects PT,, consistent with a unique, gapped ground state (Fig. 3.2c, top).

3.2 Numerical Observation of Phase Transition

We have used the iDMRG algorithm to determine the ground state on cylinders of circum-
ference L, = 3,4,5,6. For the numerically studied range U < 14, we find no sign of the
strong-coupling 120° AF, so we focus on the IQH and CSL phases. We study the entangle-
ment spectrum (ES) [266, 267] at a bipartition of the system into left and right semi-infinite
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Figure 3.3: Evidence for the IQH-CSL continuous phase transition. (a) Upper panel: Sketch
of two cylinder rings, illustrating the Z, order parameter O, defined as the total circum-
ferential current operator [orange arrows|. Lower panel: (Og) versus U/t for the two odd-
circumference cylinders, with (Og) # 0 implying PT, is spontaneously broken. (b-d) Cor-
relation length in the (Q,S,,k,) = 0 charge sector for a range of MPS bond dimensions
[increasing light to dark] and extrapolated to infinite bond dimension for L, = 4,5 [gray
points]; the insets specify the external magnetic flux through the cylinder rings.

cylinders [107, 118]. According to the Li-Haldane proposal [267], the low-energy part of
the ES corresponds to the conformal field theory (CFT) of the physical edge and exhibits
degeneracies characteristic of the CFT [268-275]. We see (Fig. 3.2b,c) that the CSL phase
has degeneracy (1,1,2,3,5,...), corresponding to the free boson CFT [276], while the IQH
phase has (1,2,5,10,20...), corresponding to two copies of the free boson CFT. Consis-
tent with the above expectations, the CSL phase spontaneously breaks PT, symmetry on
odd-L, cylinders as seen from the different entanglement spectra observed on adjacent cuts
(Fig. 3.2b, bottom), whereas the ES of the IQH is fully invariant under PT, (Fig. 3.2c,
bottom).

We also construct a Z, order parameter for PT,, O = > _, J.- where J;" is the average
current along the circumferential bonds on ring . In the chosen gauge:

Ty = (=1L, (el e ysr — hoc) (3.3)

Yy

It can be verified that (PT,)J;(PT,)" = —J,, so that O is charged under PT,. Since
all the ground states are invariant under (PT},)? so that (J;*) = (J;5,), then it suffices to
examine the condensation of Oy = Ji- + Ji-. In the CSL phase, (Op) # 0 (see Fig. 3.3a),
signaling SSB. Near the transition at odd L,, the transfer matrix spectrum [277] contains a
diverging correlation length in the (Q, S, k,) = 0 charge sector (see Fig. 3.3(b) for L, =5
and Appendix B for L, = 3) consistent with the order parameter O. Threading ®ey = /2
external flux through each odd-L, cylinder reduces the transition to a crossover since glide-
PH symmetry is explicitly broken unless @ € 7Z.
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Figure 3.4: Connected correlations for the odd-circumference cylinders at their critical point,
ULy, = 3) = 11.1 [yellow] and U.(L, = 5) = 11.6 [blue]. The L, = 5 correlation func-
tions are scaled down by 10 for ease of viewing. (a-b) Current-current and density-density
correlations, approaching quasi-long range order as a function of MPS bond dimension y
[increasing light to dark]. (c-d) Spin-spin and electron-hole correlations decay exponentially,
demonstrating a spin gap and gap to charge-le excitations.

On the even-circumference geometries L, = 4,6 we reproduce the weak crossover, with
a correlation length of < 1.5 lattice sites, found by Kuhlenkamp et al. for L, = 6 and
®oy = 0 [118] (App. E1). Remarkably, upon threading ®.., = 7/2, the correlation length
in the range 10 < U < 12 increases dramatically, notably in the same charge-neutral sector
in which our odd-circumference correlation lengths diverge [see Fig. 3.3(c.,d)]. At L, = 4,
extrapolation to infinite bond dimension following Ref. [205] predicts a maximal extrapolated
value of §>L‘::Cf = 6.6 in units of cylinder rings (see App. E2). While at L, = 6, we obtain { =
5.8 at the largest bond dimension x = 32768, the correlation length is still growing rapidly
with y. This hampers the precise extrapolation of 52‘7:0; but also indicates it substantially
exceeds ff;f. This suggests that the larger even—Ly' geometries will exhibit a sequence of
increasingly-sharp crossovers toward 241D criticality.

We now discuss the behavior of correlation functions. The connected current correlator
Cyy(x) = (Ji-JF). exhibits power-law decay at the approximate transition points U,(L, =
3) =11.1 and U.(L, = 5) = 11.6 (Fig. 3.4a), i.e., U at which the correlation length is largest
at the largest available x. The critical fluctuations also manifest in the charge density: the
connected correlations C,(z) = (non,). (with n, averaged over ring z) decay algebraically
(Fig. 3.4b), but fall off much more rapidly than the current correlations. While there is no
SSB for L, = 4,6 we still observe an enhanced correlation length and slow decay of the

current and density correlations (App. H).
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On the other hand, the connected spin correlations Cs:g:(z) = [(S§SZ).| (with SZ av-
eraged over ring z) exhibit clear exponential decay at the odd-L, critical points, with
no apparent enhancement from L, = 3 to L, = 5 (Fig. 3.4c). The electron correlators
Cutelw) = L2 370, [(c1(0, ky)c(x, ky))| likewise decay exponentially (Fig. 3.4d), so that both
spin and electronic excitations remain gapped at the transition. Should these behaviors per-
sist in the thermodynamic limit, they imply that the 241D critical point is continuous and
hosts gapless, charge-neutral spin-singlet excitations, particularly of the charge current.

We comment briefly on the nature of the odd-L, quasi-(1+1)D critical points. As the le
and 2e correlators remain gapped (App. F1), the data are incompatible with Luttinger and
Luther-Emery liquid criticality. The spontaneous breaking of a Z, symmetry suggests the
transition is in the 2D Ising universality class. In fact, we note that a 1+1D Mott transition
of the Ising type has been proposed in the “ionic” Hubbard chain [278-280], which shares
symmetries and behavior with our odd-L, model [281-284] (App. F2). Further investigation
into this transition, particularly how it evolves to the 2+1D transition and which operators
remain critical and with what exponents, is needed. The prominence of the current-current
correlations, namely their slow fall-off at both short and long distances, strongly suggests
they will remain prominent at the 241D critical point.

3.3 Discussion

Our numerical data on both even and odd-circumference cylinder geometries provides con-
firming evidence of a CSL phase and indicates that the CSL-IQH transition is in fact con-
tinuous in the Hofstadter-Hubbard model at 7/2 flux per triangle. The single-electron and
spin gaps remain nonzero across the transition, but the current-current correlation function
exhibits prominent power-law behavior at the critical point, implying a neutral excitation
becomes gapless at criticality. This raises the possibility of further experimental and numer-
ical investigation of this transition. In particular, methods such as quantum Monte Carlo
or fermionic PEPS may be able to access wider systems, yielding confirming evidence of a
quantum critical point, estimates of critical exponents and conformal invariance, and spectral
signatures of spin-charge separation within the CSL phase [285-287].

A broader message of this chapter is that the ability to extrapolate 2+1D physics from
dimensionally-reduced data is greatly enhanced by analyzing how symmetries, candidate
ground states and their phase transitions respond to spatial compactification and flux thread-
ing. In particular, the properties of transitions into topologically-ordered phases may gener-
ally be illuminated by studying compactifications in which topological ground state degen-
eracy is encoded as symmetry breaking at finite cylinder width. Leveraging such techniques
systematically, it would be valuable to characterize the contexts in which UV features of Mott
phases, namely spin liquids, offer improved understanding of their charge fluctuation-driven
quantum phase transitions.
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Chapter 4

Anyon Superconductivity from
Topological Criticality

The search for electron pairing mechanisms that go beyond the well-established BCS/ “pairing
glue” paradigm, exemplified by the electron-phonon mechanism [122; 288, 289], has a long
history. A popular theoretical route has been to consider situations where charge is asso-
ciated with topological excitations [55, 79, 85, 221, 222, 227, 290-295]. The best known
of these proposals are the resonating valence bond (RVB) [294, 296-298] and anyon super-
conductivity scenarios [39, 40, 111-113, 299-303|, where doping a quantum spin liquid with
fractionalized charge excitations leads to superconductivity. In the anyon superconductiv-
ity approach proposed soon after the discovery of high-T, superconductivity in the layered
cuprates, the starting point is the chiral spin liquid (CSL) phase introduced by Kalmeyer and
Laughlin [37]. Although interest in the anyon superconductivity mechanism in the context
of high-T,. cuprates has waned, it remains a remarkable theoretical example of superconduc-
tivity emerging from a chiral insulator.

Spin liquids have proven elusive, and even where they are proposed to appear, supercon-
ductivity need not arise upon doping. The triangular lattice Hubbard model with time rever-
sal symmetry has been reported to host a CSL ground state at intermediate coupling [107,
108, 285, 304]. However, various magnetic orders and other spin liquid phases are so close
in energy to the CSL [104-106, 109] that its existence in this model, and in related time
reversal-symmetric extended Heisenberg models [100, 106, 109, 305, 306], is not definitively
established [307, 308]. Further, the existence of superconductivity at small hole doping
in the intermediate-coupling regime [309, 310] relevant to the putative CSL has not been
clearly demonstrated. Indeed, a density matrix renormalization group (DMRG) analysis
reports a metal rather than a superconductor [204]. In addition, there is no spin liquid in
the weak-coupling regime where superconductivity has also been proposed [146, 311, 312].

In this chapter, we show that superconductivity emerges naturally in the vicinity of
topological criticality arising from a continuous transition between two topologically-distinct
insulators, with time reversal symmetry explicitly broken by a magnetic field. The crucial
point is that a change in topology requires closing and reopening a gap at the transition,
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in this case a charge gap associated with a bosonic charge-2e mode. Near the topological
critical point, these bosonic modes are the lowest-energy local charge excitations, while
unpaired electronic states appear only at higher energies. Modest doping then introduces
paired carriers, which can superconduct.

We illustrate the potential of this idea through explicit calculations in a microscopic
Hofstadter-Hubbard model argued to host an integer quantum Hall (IQH) phase at weak
coupling with charge and spin edge modes, and a CSL phase with only a spin edge mode,
arising upon increasing electron correlations via repulsive Hubbard interactions [114, 118].
These insulators appear at a density of one electron per lattice site, henceforth referred to as
“half filling,” with superconductivity emerging upon doping electrons or holes. In Fig. 4.1(a),
we present a schematic phase diagram in the plane of chemical potential 4 and Hubbard U.

Our study goes beyond previous proposals for superconductivity in the Hofstadter flux
regime, which considered only attractive [313-319] and perturbatively weak repulsive inter-
actions [161]. The investigation of the present strongly-repulsive model is motivated by its
potential realization in transition metal dichalcogenide (TMD) moiré materials [118, 119],
whose advent has opened new avenues for realizing exotic quantum phases and enabled the
controlled variation of their doping [6, 8, 11]. The large unit cells of these materials make
the Hofstadter flux regime experimentally accessible, while the Zeeman coupling can be
quenched [118].

We present general arguments supported by a parton treatment and effective field theory
that reveal low-energy Cooper pairs near the putative IQH-CSL critical point. Furthermore,
we contend that doping in its vicinity leads to superconductivity. On the CSL side, the
superconductor is shown to arise via the anyon superconductivity mechanism. Pairing is
then examined numerically with exact diagonalization (ED) and DMRG, which reveal that
charge-2e excitations are indeed the lowest-energy local charge excitations, per unit charge,
over a broad range of parameters, a compelling precursor to superconductivity upon doping.
Strikingly, the pairing extends beyond the CSL, well into the IQH side of the phase diagram
where anyons cannot be invoked, consistent with the softening of the 2e gap by topological
criticality.

Importantly, this mechanism does not rely on strict quantum criticality. Superconduc-
tivity emerges in a non-infinitesimal neighborhood of the topological critical point and will
therefore persist even if the transition is weakly-first-order or one of the phases is proximal
but avoided. Its precursor, electron pairing, appears even in the finite systems accessible in
our numerics. Altogether, our results suggest that superconductivity can arise in a regime
with both strong repulsive interactions and broken time reversal symmetry, a combination
that normally disfavors superconductivity.

The remainder of this chapter is organized as follows. In Sec. 4.1, we introduce the
Hofstadter-Hubbard model as well as its continuous and magnetic space group symmetries.
In Sec. 4.2, we provide a parton description of the putative topological critical point and
the mechanism for obtaining superconductivity upon doping each side of the transition. In
Sec. 4.3, we provide numerical evidence for electron pairing using both ED and DMRG.
Sec. 4.4 is a summary and conclusion suggesting avenues for future research. Appendix C
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Figure 4.1: (a) Schematic depiction of the predicted energy gap to 2e excitations (red) and
twice the energy of le excitations (green) at half filling of the Hofstadter-Hubbard model
with &5 = 7/2 flux per triangle as a function of interaction strength U in the 2D limit.
Proposed phase diagram in the plane of U and chemical potential p. The star indicates a
topological quantum phase transition from an integer quantum Hall (IQH) insulator to chiral
spin liquid (CSL) at half filling. The dashed lines show the chemical potential required to
add carriers and produce a chiral superconductor (SC) with topologically-protected edge
modes. (b) Finite region of the two-dimensional model with &5 = /2 flux per triangle,
repulsive on-site interactions U, and Bravais vectors a; o indicated. The hoppings may be
chosen to be Cg-invariant and imaginary (each arrow indicates an amplitude —it), with a
four-site unit cell (sublattices A-D in red). (c) Left: band structure at ®5 = 7/2 consisting
of two bands related by particle-hole symmetry P. Right: two-dimensional color map of
energy as a function of momentum for the upper energy band over the Brillouin zone of the
2 X 2 unit cell (note the bands are two-fold degenerate at every momentum).

gives details of calculations described in the main text and supporting data.

4.1 Model and Symmetries

The Hofstadter-Hubbard model (see Fig. 4.1b), with hoppings ¢;; from site j to 7 and on-
site interaction Hj, is given by Hyg = — Zij tijcjcj + H;. The hopping amplitudes ¢;; are
complex numbers with phases encoding the orbital magnetic flux [96]. In this chapter, we
specialize to the triangular lattice with &, = 7/2 flux per triangle [114, 118] for which the
hopping amplitudes can be chosen to be purely imaginary, so that the single-particle term
in the Hamiltonian may be written as:

H() = ZZ Tij <C;-TUC]'U — Cj‘gcia) . (41)

(i)
The arrows on bonds in Fig. 4.1(b) indicate our sign convention that the hopping from site
J to ¢ along an arrow has 7,; = —t < 0, while hopping opposite an arrow has the opposite
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sign. We report energies in units of ¢.
The symmetries of Hy are most clearly exposed by mapping to Majorana fermions, cjy =
s(x1 +ix3) and ¢, = 5(x3 +ix}), where {x%, xi} = 20,0;; so that Hy takes the form [320]:

Z meaxm (4.2)

1<a<4

which is seen to have an O(4) symmetry, corresponding to proper/improper rotations of the
Majorana four-component vector. The Hubbard interaction

= UZ(nm —1/2)(ni, — 1/2) (4.3)

can be written in the Majorana representation as Hy = —(U/4) >, x4 xbx5x4. Note that the
interaction breaks the O(4) symmetry of the hopping model down to SO(4). The operators
in the determinant —1 sector, corresponding to improper rotations, are related to particle-
hole transformations that flip the sign of U (e.g., conjugating only the spin-up electrons) and
are therefore not symmetries of the interacting theory. The particle-hole operation which
preserves the sign of U is a symmetry, identified in Ref. [114].

Contained in SO(4) are the spin SU(2), and pseudospin SU(2), symmetry subgroups
identified by Yang and Zhang [321-323], and by Affleck [320]. While the pseudospin sym-
metry is typically associated with bipartite lattice Hubbard models [324], we highlight that
it is more generally present whenever there exists a gauge in which the hoppings are purely
imaginary [82], and that SU(2), reduces to the usual charge U(1), for generic long-range
interactions. The SU(2), pseudospin symmetry will play an important role in our study of
the topological phase transition in Sec. 4.2.

The model is additionally symmetric under operations in the magnetic space group gen-
erated by the rotation Cs and translation 7 along the nearest-neighbor direction a; (see
Fig. 4.1b). Their explicit form, which we provide in Appendix Sec. 1B, depends on the
choice of gauge for the electron operators. However, they satisfy certain gauge-invariant
generating relations which will prove important for interpreting the pairing symmetry in
Sec. 4.3. Because the magnetic space group is a U(1). extension [325], the overall U(1),.
phase of each spatial symmetry is ambiguous. We make the following convenient choices:
we fix (C5)° = 1, choose Ty to satisfy CyT 1CT 1) f Whlch constrains it modulo a sign, and
define rotated nearest-neighbor translations by Tj.1 = C} T 1Cq 7. Moreover, due to the 7 /2
flux per triangle, one may verify the following gauge invariant relatlons.

T, = (-)N Ty, T5TTy = (i)™, (4.4)

where Np is the fermion number. The sign ambiguity in the second relation arises because
our conventions do not fix the sign of 7T}; we remedy this by choosing +:. When acting on
charge-2e pairs, with Np = 2, the first relation is trivial but the second is not. This is the
origin of the unorthodox pairing symmetry we uncover in Sec. 4.3.
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4.2 Parton Theory

Topological Criticality at Half Filling

We introduce a parton construction that captures the effects of on-site U, in effect perform-
ing a Gutzwiller projection on the IQH wavefunction to obtain the CSL [248, 252]. This
formalism reproduces the phase diagram of the half-filled model obtained numerically in
Refs. [114, 118] and allows us to study the effects of doping. While it is possible to proceed
by retaining the SU(2), pseudospin symmetry [324], we relegate this treatment to Appendix
Sec. 6 and, for ease of presentation, derive here a slave-rotor theory retaining only U(1),
along with SU(2),. We begin by introducing a U(1) rotor variable e and its conjugate
integer-valued “angular momentum” L at each site [326]. We write the electron operator as
C;U = f;a e% where f is a fermionic “spinon” carrying the electronic spin. The redundancy

introduced by the rotors is alleviated by imposing the following constraint at each site:

L; = fz‘]}fz‘n + f,ufm — 1 (4.5)

Note that a singly-filled site is represented by L; = 0, while the doublon/empty sites corre-
spond to L; = £1. The Hubbard model can then be rewritten as [326]:

, U

- _ pi0:i=05) £ el 2

H= 2 tie" OOl fie + e + 5 E L;. (4.6)
t]),0 (2

To make progress, we adopt a mean field approach, replacing operator bilinears by their

mean field values:
Hwr = Hy + Hp

Hf = — Z ‘Eijf;,afj,a + h.c.
(i),0 (4.7)

Hy = — 2 Qe %) + he. + % Z L,
(ij),0 ¢

where Q;; = tij(fzafj@ and #;; = t;;(e'®~%)). Let us summarize the main results, leaving
the detailed analysis of this mean field theory to Appendix Sec. 2. Consistency with the
numerical results of Ref. [114], namely a spin gap throughout the transition, requires that
the spinons f be gapped. The most natural possibility, consistent with the projective con-
struction of the CSL in the Mott limit [82], is that the spinons see ®o = /2 net flux per
plaquette, like the microscopic electrons, and enter a spin-singlet Chern insulator with total
Chern number C' = 2. Since the rotor bosons then see no net flux,* Hy displays a superfluid-
Mott transition on increasing U, corresponding to the electronic IQH-CSL transition. A
mean field treatment of Hy locates this critical point (see Appendix Sec. 2) at U*/t ~ 9.6,
close to the transition point U*/t ~ 12 estimated by iDMRG [114, 118].

IThis contrasts with the scenario of electrons at zero magnetic field [246, 247], where the two parton
species experience opposite, non-zero net flux.
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Using (4.7), we show that the universal response properties of the spinon-rotor mean field
solutions are consistent with that of the IQH and CSL. We introduce a gauge field on bonds
to account for gauge fluctuations about the mean field solution [327], giving Q;; — Qe "%
and t;; — t;;et"i. Further, we introduce a gauge field A (A,) coupled minimally to the
rotors (spinons) to probe the charge (spin) response. Restricting to energies below the spin
gap, we may integrate out the spinons; the unit Chern number for each spin species yields
the following Chern-Simons terms [328-330]:

2
Lcst, = 4—(& ANda+ Ag A dAS) (48)
7I

We employ the notation aAda = €,,,a"d”a”, where summation over Greek spacetime indices
is implicit and € is the three-dimensional antisymmetric tensor.

We now turn to the rotor charge excitations. Since we are interested here in long
wavelength properties, it is convenient to pass to the continuum limit and utilize a coarse-
grained “soft-spin” description [331], replacing ¢ ~ € and introducing a potential V() =
m?2[|? + A[v|*. Note that there is only a single bosonic field v, corresponding to a single
minimum in the rotor dispersion, a consequence of the vanishing average flux experienced
by the rotors. Tuning the sign of m? from positive to negative induces condensation of 1, as
we describe below. The resulting effective field theory is:?

2 2
L=Dyp V() +-—arda+-—A, NdA,, (4.9)
4 4

where D) = 0" — ib*, and we have performed field rescaling to bring it into this form.
The time component aq is introduced to enforce the on-site constraint, Eq. (4.5). We now
consider the two phases and their transition.

Phase I: m? < 0, () #0

In the small-U limit we expect the rotor variables to “condense,” which introduces a Higgs
mass term for a — A. Integrating over a yields the response theory Li[A, A = %A ANdA +
%AS AdA,. Thus we have an insulator without intrinsic topological order, with precisely the
charge and spin quantum Hall conductance of the spin-singlet integer quantum Hall state,
namely oy, = 2-¢e®/h and o5, = 2- h/8r. The latter describes the quantized response of
spin to a Zeeman gradient, termed the spin quantum Hall effect [334], and is distinct from
the quantum spin Hall effect [335, 336].

Phase I1: m? > 0, (¢)) =0

In the larger-U regime, the rotor condensate disappears and the v field is gapped. The low-
energy effective action in this phase is then Lyfa, A, A] = %a A da + %As AN dA; = Lcsr.

2While resembling the Zhang-Hansson-Kivelson composite boson description of the FQHE [332, 333],
Eq. (4.9) differs in its Lorentz-invariance, particle-hole symmetry (¢, a) — (¢*, —a) absent the probe gauge
fields, and integer-level dynamical Chern-Simons term.
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While the quantized spin response is the same as in Phase I (guaranteed by the spin gap
being maintained throughout), the charge Hall conductivity vanishes. Semion topological
order now arises from the dynamical U(1); Chern-Simons term. These are the characteristic
properties of the CSL phase [82]. Moreover, the change of o, across the IQH-CSL transition
implies that the charge gap must close if the transition is continuous.

Critical Point

In the mean field approximation, the critical point corresponds to setting m? = 0 in (4.9),
so that the 1 field becomes gapless. Intuition for this field is gained by recognizing that
the fractionalized spin-1/2 semion excitation in the CSL phase combines with the electron
to give a semionic charge-e spin-0 excitation, represented by the non-local v field. At mean
field level, the microscopic particle-hole symmetry ensures that the IQH-CSL transition is
continuous and belongs to the 3D XY universality class [331].

To characterize the critical point beyond the mean field approximation, and assess whether
the transition remains continuous, we consider gauge field fluctuations and the dynamical
Chern-Simons term in (4.9). This full theory cannot be solved exactly, and the Chern-Simons
term introduces a sign problem that would hamper large-scale quantum Monte Carlo sim-
ulations [337]. Alternatively, one can study the microscopic Hamiltonian of Sec. 4.1 using
tensor network methods. Indeed, the cylinder DMRG studies of Refs. [114, 118] provide
direct evidence that the transition is continuous and that electron excitations are gapped
across the transition. This points to spin-singlet Cooper pairs being the cheapest local charge
excitations near the critical point, which we demonstrate numerically in Sec. 4.3.

In addition, we can study deformations of the parton critical theory that can be charac-
terized analytically and are known to exhibit a continuous transition. Specifically, consider
(4.9) but with Chern-Simons term %a A da, while retaining the single bosonic scalar field .
While we are interested in the case N = 2, observe that N =1 and N = 0 both correspond
to continuous transitions: under fermion-boson duality [338], the former describes the free-
fermion Dirac critical point separating two insulators with Chern numbers C' = 0 — 1, while
the latter describes the 241D superconductor-insulator transition [339, 340]. Furthermore,
in the N = oo limit, the theory reduces to the 3D XY transition since gauge field fluctua-
tions are suppressed. The existence of a continuous transition in the N = 0,1, oo deformed
theories suggests that the NV = 2 transition can also be continuous.

We shed further light on the IQH-CSL transition by mapping it to an equivalent, better-
studied bosonic transition between a trivial insulator and ¥ = —1/2 Laughlin state of charge-
2e Cooper pairs [341-344]. The equivalence can be seen by “stacking” an invertible v = —2
IQH phase above Phases I and II [247]. This trivializes both the spin and charge response

of the IQH and maps the CSL to a phase with Hall conductance o,, = —%@ but no spin
response, namely a Laughlin liquid of Cooper pairs. The transition can thus be viewed as
a plateau transition of Cooper pairs, rationalizing there being gapless Cooper pairs at the

critical point.
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This bosonic transition is argued to be continuous, with critical exponents and universal
conductivity computed perturbatively, in several works [341, 342, 345]. In contrast, Ref. [346]
proposes a first-order transition scenario, while acknowledging that a continuous transition
remains possible elsewhere on the phase boundary. More recently, DMRG studies of models
of hardcore bosons support a continuous transition [347, 348], though they do not estimate
critical exponents or check for signatures of conformal invariance.

In Ref. [344], the bosonic trivial-to-Laughlin transition theory is expressed both in a
form equivalent to (4.9) and as its fermionic dual, a QED5-Chern-Simons theory [343]. Due
to a conjectured “level-rank” duality [349], the theory is believed to possess an emergent
SO(3) symmetry [344, 350], rotating between the boson density, creation, and annihilation
operators, which go gapless at criticality. Should this critical point be described by a con-
formal field theory, the putative SO(3) symmetry imposes an important constraint: since
the conserved density has protected scaling dimension 2, the Cooper pair insertion operator
should have the same scaling dimension [344]. Remarkably, our lattice model provides a mi-
croscopic realization of this transition in which the pseudospin SU(2), symmetry introduced
in Sec. 4.1 explicitly implements this conjectured SO(3) symmetry. In fact, we exploit the
pseudospin symmetry within the non-abelian slave-rotor formalism [324] to derive a bosonic
SU(2); Chern-Simons theory dual to (4.9) (see Appendix Sec. 6 for details). The conserved
current of this theory manifestly transforms as an SO(3) vector under pseudospin rotations,
in striking agreement with the predictions presented above [344].

Non-zero Doping

In this section, we turn to non-zero doping and discuss the different regions of the phase
diagram of Fig. 4.1(a). In particular, we describe how both insulating phases considered
above naturally give rise to superconductivity upon doping, with proximity to topological
criticality playing the crucial role of relegating electron excitations to high energies.* On
the IQH side, we argue this occurs via the condensation of low-lying charge-2e modes, while
on the CSL side we show how superconductivity arises within a parton description of the
low-lying fractionalized charge carriers.

Starting from the IQH (or Phase I), the persistence of the spin gap and reduction of
the charge-2e gap by topological criticality implies that doped charges enter as spin-singlet
Cooper pair excitations, i.e., bound states of electrons. This can be seen from the effective
theory (Eq. 4.9) in the phase where v is condensed. Shifting variables a — a + A yields the
coupling Q%V x a, where V x a = 0,a, — 0ya,, which implies that charges enter as vortices
of the ¢ condensate. In particular, by flux quantization [V X a € 27Z, they are forced to
enter as charge-2e objects, or Cooper pairs.

Per unit cell of the triangular lattice, these pairs experience 27 external flux, twice that of
their constituent electrons. Thus, magnetic translations do not enforce degenerate minima

3This distinguishes our mechanism from those invoking proximity to a critical point in a metal [351],
where a fluctuating order parameter is commonly proposed to induce electron pairing [352].
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in the energy landscape of Cooper pair excitations, unlike at generic flux fractions where
the Cooper pair effective mass would also be suppressed by a narrower bosonic Hofstadter
bandwidth.* In fact, in Sec. 4.3 we provide numerical evidence that there is a dispersive, non-
degenerate 2e bound state. At U/t = 6 on the 4 X 4 torus, in subsection 4.3 we estimate its
effective mass to be mcooper & 1.3 h?/ta®. While this provides an order-of-magnitude estimate
of the Cooper pair effective mass deep in the IQH phase, the parton theory dictates that the
effective mass vanishes on approaching the critical point, with the dispersion approaching
w o |k|. Moreover, we expect the low-lying Cooper pairs to have a characteristic size ¢,
controlled by the spin gap.

We now consider doping the IQH insulator. At sufficiently low dopant density com-
pared to /2 and €72, where £ is the charge-2e correlation length (see Appendix Sec. 4), we
have a dilute gas of Cooper pairs with short-range repulsive interactions and small effective
mass. These are expected to enter a superfluid phase, where the superfluid density increases
continuously from zero as p is tuned across the IQH-superconductor transition, as in the
Bose-Hubbard model away from integer filling [331, 356]. At higher densities, it would be
valuable to explore in detail whether longer-range bosonic interactions mediated by critical
fluctuations can lead to crystallization [357] or phase separation [358].

The charge and spin response of the spin-singlet IQH insulator are o,, = 2 - e¢?/h and
Opy = 2 h/8m, respectively, with edge chiral central charge ¢ = 2. On condensing spin-
singlet Cooper pairs, the spin quantum Hall response is unaffected since the spin sector
remains gapped. However, including their superfluid response removes the quantization of
charge Hall conductance, while the chiral central charge is unchanged [86]. This predicts
edge states usually associated with the weak-pairing “d + id” superconductors [334, 359].
However, as later shown in Sec. 4.3, we are far from the weak-pairing limit, so that the
symmetry of the Cooper pair wavefunction is unrelated to the topological properties and edge
states of the superconductor [360]. Moreover, as we later discuss in Sec. 4.3, the terminology
regarding pairing symmetry must be adapted to the present scenario of magnetic space group
symmetries [161, 207].

Starting from the CSL (or Phase II), we now have fractionalized elementary excitations
and must appeal to the parton description. Our analysis elucidates a remarkable connection
to the mechanism of anyon superconductivity, and also the possible microscopic realization
of higher-charge superconductivity in related models. We consider doping a finite charge
density of 0 < y < 1 holes per site, which requires that the rotor density be (L;) = —y. The
constraint (4.5) correspondingly demands a depletion of spinons relative to integer filling:
(nifT + nzf ¢> = 1 — y, which seemingly poses a problem since we expect the spin gap, and
hence the spinon gap, to remain open upon light doping. Fortunately, since the spinons
occupy bands with Chern number C; = C| = 1, their density can be tuned by introducing
additional gauge flux n, = (V x a)/21m = —y/2.

To evaluate the resulting physical behavior and elucidate the possibility of supercon-

4The condensation of interacting Hofstadter bosons has been established even at smaller flux frac-
tions [353-355].
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ductivity, let us concentrate on hole doping and replace our rotor with a hardcore bosonic
“holon” b on each site, with n, = b'b € {0,1}, and write ¢} = bfI. The Hilbert space on
each site is restricted to empty and single-electron states, which both satisfy the slave-boson
constraint n, = 1 — ny [246]. Following our previous analysis but with the canonical boson
b rather than the rotor, integrating out f leaves:

Laoped = b (0, + ag — Ag) b — | Da_ab* = V(D)
(4.10)

2 2
+ —aANda+ —A; NdA,.
4 4

This theory incorporates the feature that the density of holons is constrained to be n, =
—2n4, seen from the equation of motion for ap. While there are a variety of possible phases
of bosons at the filling v, = —2, a very natural one is the bosonic integer quantum
Hall (bIQH) state with even integer Hall conductivity [361, 362], a symmetry protected
topological (SPT) phase [363] (where the protecting U(1) symmetry is taken to be the
gauge “symmetry”). The bIQH phase hosts symmetry-protected counter-propagating edge
states and has no intrinsic topological order. Thus it is entirely captured by its effective
response [361], probed here by the gauge field combination a — A, namely ALy o100 = —%(a—
A) Nd(a — A). Adding this to the effective theory for Phase II we obtain the finite-doping
theory in which, importantly, the dynamical Chern-Simons term cancels out:

2 2 2
ﬁdoped = %A Ada — EA A dA + EAS N dAS (411)

Regarding A as a classical field, this phase therefore lacks intrinsic topological order. When
A = 0, it has a single bulk gapless mode due to the Maxwell dynamics of a, representing
the Goldstone mode of the broken U(1), symmetry. From the Ioffe-Larkin rule for adding
spinon and holon resistivity tensors, p = pspinon + Pholon 127, 364-366], we also conclude
that the fluid has vanishing resistivity [246]. This is because the partons have opposite Hall
responses with respect to a:

Pspinon = — Pholon = % <(1) 01) . (412)
Furthermore, we see from the first term in (4.11) that a fundamental flux [V x a = 27
couples minimally to A and binds 2e charge. This is therefore a superconductor of Cooper
pairs, and the monopole operator that inserts unit flux of a is their creation operator. In fact,
(4.11) (with Maxwell terms for a and A) can be mapped to a Ginzburg-Landau Lagrangian
for a 2D superconductor [303, 367].

The Chern-Simons term for A in (4.11) indicates a spin quantum Hall response of o3, =
2 - h/8m. Moreover, the edge chiral central charge is ¢ = 2 (see Appendix Sec. 3). We
conclude that this superconductor has precisely the same topological and response properties
as the one originating from the IQH. This motivates the minimal phase diagram shown in
Fig. 4.1(a), where a single superconducting phase emanates from the IQH and CSL phases
upon doping.
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Relation to Anyon Superconductivity

The discussion above has a close correspondence to anyon (or more precisely semion) super-
conductivity, proposed in Refs. [39, 40, 111-113, 299-302]. These works argued that a gas
of charge-e semions, obtained for instance by doping a CSL, can realize a superconducting
state. This problem can be mapped to that of bosons b’ attached to 7 statistical flux, which
transmutes their statistics to those of the original semions [368]. In this description, the
boson and flux densities are therefore related by ny = —2ny, exactly the relation satisfied
by the slave bosons in (4.10). The analysis following that equation provides a direct link
between our long-wavelength theory of the doped CSL, derived for the Hubbard-Hofstadter
model, and the effective theory of semion superconductivity, most transparently its bosonic
formulation developed in Ref. [368]. Our analysis provides an alternative characterization of
the semion superconductor, namely as a bIQH phase of the b’ bosons [246].

We emphasize that a key advantage of our setup is that proximity to topological criti-
cality in the CSL phase renders doped semions (carrying charge e and no spin) energetically
favorable compared to electrons. It also provides renewed motivation for studying the CSL-
superconductor transition, which, to our knowledge, has not been characterized in detail in
the anyon superconductivity literature. We hope that the bosonic SPT perspective presented
above will offer new tools and insights for advancing its understanding [369, 370].

The bIQH characterization presented above also offers insight into the possible micro-
scopic realization of charge-Ne superconductivity with N € 2Z. Consider electrons in the
fundamental representation of a flavor SU(N) symmetry and apply a background flux of
27 /N per unit cell. At a density of one electron per site, the non-interacting phase is an
IQH insulator with o,, = Ne?/h where the lowest Hofstadter band is filled by all N flavors.
On increasing U, we expect to realize a CSL with SU(NNV); (or equivalently U(1)y) topolog-
ical order and chiral central charge c. = N — 1 [252]. A possible critical theory is then the
SU(N) analogue of (4.9) above, represented as a complex scalar field x coupled to a U(1)
gauge field with a level-N Chern-Simons term:

N
L=|Da_ox]? = V(x)+ gl da. (4.13)

The IQH and CSL again correspond to the condensed and gapped phases for y, respectively.
Upon doping, superconductivity can arise if the excess bosons enter a bIQH phase, yielding
a Hall contribution #£a A da where M is necessarily even [361]. Therefore, the Chern-Simons
term in (4.13) may be canceled out, and a conventional superconductor can arise [303],
for even integer N. Furthermore, these correspond to a condensate of charge-Ne electron
composites which are singlets under the SU(N) and clearly can only condense for even N.
Note that the charge-e anyons in this scenario have statistical angle § = 7 /N, distinct from
m(1 — 1/N) in the classic anyon superconductivity scenario [113]. They only agree for the
special case of N = 2, i.e., semion superconductivity, considered in this chapter.

At N = 2, it is tempting to view anyon superconductivity as arising from the binding
of pairs of charge-e semions into bosons, that then condense. We remark however that
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Figure 4.2: (a) Exact diagonalization (ED) energies of the lowest-lying states in three charge
sectors (indicated in legend) for both the 4 x 4 site (triangular markers) and 6 x 2 site systems
(circles). (b) Plot of Es./2 — E. vs. U, whose negative value indicates electron pairing. (c)
ED energy spectrum on the 6 x 2 site torus at U/t = 5. The energies are arranged by total
spin S, and electric charge @) (indicated in legend); they organize into multiplets of the spin
and pseudospin SU(2) symmetries. (d) Overlap of the spin-singlet pairing operator ¢} (is,)co
between the half-filled ground state and two-electron excitation for all sites r on a 4 x 4 site
torus at U/t = 6, with origin indicated by O. Its magnitude and phase are specified by
marker area and color, respectively.

this route would leave the remaining semionic excitations deconfined, resulting in a very
different fractionalized superconductor “SC*” [371] that retains semionic excitations. Due
to the absence of a Chern-Simons term for a in (4.11), the anyon superconductor mechanism
evidently yields a superconductor of the more conventional variety [113, 368|.

4.3 Numerical Evidence for Cooper Pairing

In the preceding section, we presented field-theoretic arguments for the nature of the pu-
tative critical theory and its excitations, as well as the intriguing possibility of topological
superconductivity upon doping near this critical point. Here, we provide explicit numer-
ical evidence for an important precursor to superconductivity, electron pairing above the
half-filled ground states.

Exact Diagonalization

We first investigate the system using exact diagonalization (ED). We focus on 6 x 2 and 4 x 4-
site systems, the latter being the largest we can access. We diagonalize the Hamiltonian at
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the particle-hole-symmetric point g = 0, and organize the spectrum by the charge ) and
spin S, quantum numbers, taking the convention where the half-filled ground state has
) = S, = 0 and zero energy. To construct the 6 x 2 torus, we identify points separated by
the vectors 6a; and by 2ay — 4a;. On the 4 x 4 system, we identify points related by 4a,
and 4ay (see Fig. 4.1(b) for the definition of the lattice vectors a; 2).

In Fig. 4.2(a), we plot the energies of the lowest-lying excited states in the charge sectors
(@, S,) specified by {(0Oe, h), (le, h/2),(2e,0)}, for both the 6 x 2 and 4 x 4 systems. While
we focus on the electron-doped side, adding holes is energetically equivalent under particle-
hole symmetry. The lowest Oe excitation energy decreases monotonically as a function of U.
On the other hand, both le and 2e exhibit minima at intermediate coupling: for the 6 x 2
system, these occur at Ui"/t ~ 6.0 and U™/t ~ 5.5, whereas on the 4 x 4 torus these
values increase to Ui/t ~ 8 and U/t ~ 7.

The ED calculation convincingly demonstrates that the lowest-lying charge excitations
are paired over a remarkably broad range of interaction strengths U. Specifically, the energy
Es. of the lowest-lying charge-2e state is less than that of two individual electronic excita-
tions, i.e., Eo, —2E;, < 0. We plot this quantity in Fig. 4.2(b), which we find to be negative
in the range 0 < U/t < 7.5 for the 6 x 2 system and over an even broader range 0 < U/t < 10
for the larger 4 x 4 system. The maximum magnitude of the pairing energy increases from
0.06t to 0.13t between the two systems, constituting 4% and 7% of the corresponding le
energies, respectively. The location of this maximum is Upax/t =~ 5 for the 6 x 2 system,
increasing to Upax/t =~ 6 on the larger 4 x 4 torus. Though these features occur at smaller
interaction strength than the expected IQH-CSL transition point U/t ~ 12 reported by pre-
vious cylinder iDMRG studies [114, 118], we anticipate that Up., will continue to increase
with increasing system size.

The numerical observation of pairing is important confirming evidence for topological
criticality and the associated softening of charge-2e modes. Moreover, as argued in Sec. 4.2,
the existence of pairing in the IQH phase is a direct precursor to superconductivity and is
likewise expected in the CSL near criticality. To estimate the Cooper pair effective mass,
crucial to phase stiffness, we thread small external flux ¢ through the torus and compute the
change in the charge-2e energy Fs.. For concreteness, we fix U/t = 6 on the 4 x4 torus, where
pairing is maximal, though on larger systems we expect this point to reside deep in the IQH
phase (see Refs. [114, 118]). At small ¢, we obtain a quadratic fit Es.(p)/t = 5.01(¢/27)%.
Threading 27 flux shifts the total two-electron momentum q by 2/L times a primitive re-
ciprocal vector of magnitude 47/ av/3, where L = 4 is the length of the torus. Matching the
dispersion to h2q%/2mcoeper With /27 = qay/3/27, we estimate Mmcooper ~ 1.3 A2 /ta® at the
chosen system size and interaction strength, providing an order-of-magnitude estimate for
the pair effective mass in the IQH phase.

We note that the pairing energy FEs./2 — Ej. cannot be positive in the thermodynamic
limit because it is always possible to create a well-separated pair of 1e excitations with energy
equal to that of independent electrons. Its taking positive values for U/t > 7.5 and U/t > 10
on the 6 x 2 and 4 x 4 systems, respectively, is therefore a finite size effect. Given that
the interactions are repulsive, the observed (negative) electron pairing energy at smaller U
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has no similarly-compelling finite-size explanation, thus pointing to topological criticality as
its origin. Furthermore, the fact that pairing extends down to seemingly arbitrarily-small
values (probed down to U/t = 1073) suggests a weak-coupling origin complementary to
pairing induced strictly by proximity to criticality.

Each of the systems under consideration possesses the SO(4) symmetry explicated in
Sec. 4.1. Accordingly, we observe that the ED spectrum organizes into multiplets of the
spin and pseudospin SU(2) symmetries. This is displayed in Fig. 4.2(c) for the 6 x 2 torus
at U/t = 5, in which eigenstates with fixed spin S, but different total charge @) populate
multiplets of the pseudospin SU(2),. For both system sizes, the (@, S.) = (Oe, h) state in
Fig. 4.2(a) belongs to a pseudospin-singlet spin-triplet irreducible representation, while the
(@, S,) = (2¢,0) branch is a pseudospin-triplet spin-singlet.

We remark that pairing was not observed on the smaller 4 x 2 torus, nor on the 6 x 2
system with the identification r ~ r 4+ 2ay; ~ r + 6a;, though we recall that pairing was
observed at 6 x 2 under the boundary identification specified earlier. Nonetheless, it is
suggestive that pairing is present on the largest accessible system, the 4 x 4 torus studied
above. Verifying pairing at larger system sizes, employing approximate methods beyond
ED, is an important task for future work. In the next section, we take one step forward
by establishing electron pairing in a cylindrical geometry of finite width but infinite length
using tensor network methods.

Segment DMRG

Here we employ the “infinite boundary condition” technique [277, 372-374], referred to
henceforth as the “segment” DMRG method [168, 189, 373|, to obtain excited states and
their energies. Starting from an infinite MPS approximation to the ground state at half-
filling, we allow the tensors of the excited state MPS to differ on a segment spanning N,
cylinder rings. DMRG is then used within this variational class to minimize the excitation
energy for fixed quantum numbers @, S, and circumferential momentum £k, relative to the
ground state.

For the XC4 cylinder considered here and shown schematically in Fig. 4.3(a), we identify
points separated by 4as — 2a; « g around the circumferential direction (with circumference
2\/§a), but take the cylinder to have infinite length, with a; parallel to the cylinder axis.
Each cylinder ring consists of two spinful lattice sites. As in Ref. [114], we employ a gauge
in which the magnetic unit cell consists of two sites, with magnetic Bravais vectors given by
a; and 2a; — a;. This results in two distinct momenta k,, corresponding to the eigenvalues
of the circumferential translation (75)2T7. To obtain the parent half-filled states, we use the
iDMRG algorithm [34-36], and conserve the charges (@, S, k,) for both the ground state
and the segment excitation calculations.

Accurate results require converging in three separate parameters: the bond dimension
Xundoped Of the half-filled ground state, the bond dimension of tensors within the variational
segment—which we parameterize by the maximum magnitude A of the discarded singular
values—and the number of cylinder rings N, in the segment. In Fig. 4.3(b), we plot the
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Figure 4.3: (a) Illustration of the infinite-length XC4 cylinder with circumference L, =
2v/3a, where a is the lattice spacing. The “segment” DMRG method consists of optimizing
a finite number of tensors (describing N, cylinder rings) sandwiched between two semi-
infinite MPS environments derived from a reference (half-filled) ground state with bond
dimension Xundoped- (b) Electron pairing energy Es./2 — Ej, vs. maximum magnitude A of
discarded singular values in the finite segment, with legend indicating Xundopea- (¢) Upper
panel: energies of excitations with charges (@, S,) (indicated in legend) vs. Hubbard U,
with fixed Yundoped = 1024 and A = 107°. The legend indicates N, (increasing light to dark).
Lower panel: electron pairing energy vs. U. (d) Magnitude of the pair wavefunction at both
U/t =4 and U/t = 10, computed from respective IDMRG ground states with Yundopea = 1024
and segment excitations with N, = 120. The two dotted lines are related under the cylinder
identification; outside points are periodic images. (e) Correlation lengths of the half-filled
YC6 ground state in the le (left panel) and 2e (right) sectors, in units of cylinder rings, as
a function of bond dimension (increasing light to dark) and U.

pairing energy (for U/t = 10 and N, = 120 rings) as a function of A and parent state bond
dimension. The energy is found to depend more strongly on the latter, but shows little
quantitative difference between Xundopea = 1024 and 2048, permitting us to choose the less
expensive option at other interactions U. We focus on the XC4 cylinder because it is the
largest system on which we can obtain < 0.01¢ error in the energy using available resources,
and because the smaller YC3 cylinder does not exhibit pairing, presumably due to insufficient
cylinder width.

In Fig. 4.3(c), we plot the excitation energies in the charge sectors (Q,S,) given by
{(0e, k), (1e,h/2), (2¢,0)} as a function of Hubbard interaction U and the segment length
N, (increasing with shading, light to dark), fixing Xundopea = 1024. For each (@Q,S,), we
initialize in each momentum sector k, and take the minimum energy. We remark that the
energy curves bear strong resemblance to those obtained from ED in Fig. 4.2(a). For the
DMRG, we observe that the smaller-U simulations exhibit more rapid energetic convergence
in N,. Both the le and 2e energies monotonically decrease from U/t = 0 to a minimum at
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U/t =~ 9 and increase rapidly thereafter. Consistent with ED, their energies indicate electron
pairing Es./2 — E1. < 0 over a broad range of interaction strengths, from U = 0 to at least
U/t = 15. The maximum pairing strength of 0.12¢ occurs at U/t = 9, near the putative
critical point discussed in Sec. 4.2, constituting 8.3% of the corresponding le energy, though
the data in fact exhibits a plateau in the pairing energy beginning at this U.

The behavior of the charge-neutral S, = h excitation branch (see Fig. 4.3c) strongly
resembles the corresponding energy curve in ED, where we identified it as belonging to a
spin-triplet, pseudospin-singlet representation. In the segment DMRG data, this excitation
energy decreases gradually from its expected value of 2v/3t at U = 0 to zero at U /t > 15. This
agrees with the results from ED for both the 6 x 2 and 4 x 4-site systems, shown in Fig. 4.2(a),
where this gap similarly closes at U/t > 15. Agreement between these three geometries
suggests this feature persists in the thermodynamic limit, where it may be associated with a
transition to the 120° antiferromagnetic phase, setting an upper-bound on the extent of the
putative CSL phase.

Though our explicit DMRG pairing calculations are limited to the XC4 cylinder, indi-
rect evidence for the persistence and possible enhancement of pairing on wider cylinders is
provided by the behavior of the transfer matrix spectrum associated with the translation-
invariant half-filled parent state [114, 118]. The dominant transfer matrix eigenvalues, re-
solved by charge sector (@, S, k,), relate to ground state connected correlation lengths of
operators carrying those charges [375, 376]. In the YC-L, cylinder sequence [107], the cor-
relation length associated with spin-singlet 2e excitations becomes more pronounced as L,
increases from L, = 3 to 6 (see Appendix Sec. 4). In Fig. 4.3(e), we showcase the 2e and le
correlation lengths on the YC6 cylinder, where the pronounced peak of &, and its promi-
nence over &1, suggests the persistence of electron pairing on this wider cylinder. The same
pattern holds when comparing the XC4 and XC6 cylinders. In all cases, by threading flux
if necessary, we ensure that the fluxes penetrating the cylinder rings are consistent with the
particle-hole SO(4) symmetry of Sec. 4.1.

Pairing Symmetry

In this section, we discuss the symmetry of the charge-2e paired states obtained in ED and
DMRG. We argue that these low-energy excitations are spin-singlet and energetically non-
degenerate, carrying odd angular momentum under site-centered rotations and even angular
momentum under bond-centered rotations.

On the 4 x 4 system studied in ED, the uniqueness of the lowest-energy charge-2e excited
state for all U implies that it is spin-singlet and transforms in a one-dimensional irreducible
representation of the magnetic space group generated by T;,Cs. We find the pair carries
momentum 75| Wy.) = —|Wq.) for all nearest-neighbour translations 7;. Counterintuitively,
this is in fact the unique momentum which is rotation-symmetric: invariance under Cjg
requires each T} to have the same eigenvalue, while (4.4) requires 757577 = —1 when acting
on a pair, which together imply T; = —1. Moreover, we find that Cy|Ws.) = —|Ws.), so that
the state has odd angular momentum with respect to site-centered rotations. However, for
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each bond-centered rotation Cy"d = T;Cy, we therefore have CP"|Wy.) = +|Ws,), which
has invariant meaning since (C3°"4)? = 1 in every fermion number sector. Thus, the pair
has even angular momentum with respect to all bond-centered rotations.’

By anti-symmetry of the wavefunction, spin-singlet pairing should therefore be allowed
between sites related by C?°™ but disallowed when they are related by a site-centered ro-
tation Cs'*. This is exactly borne out in the 4 x 4 ED numerical data. In Fig. 4.2(d), we
plot the spin-singlet “pair wavefunction” (¥o|c)(is,)co|¥a.) at U/t = 6, where ¥y is the
ground state, O is the origin, and ¢" denotes the transpose of the column vector of electron
annihilation operators. We observe that the wavefunction vanishes when r is related to O
by some C5i* in agreement with the above arguments. Moreover, the pair is well-localized,
with nearest-neighbour pairing having much larger magnitude than next-nearest-neighbour
pairing. Though the phase winding in Fig. 4.2(d) suggests the pairing symmetry is “p +ip”,
we caution that the C5 eigenvalue of the charge-2e excited state does not have obvious invari-
ant meaning as it can be modified by the redefinition C3 — (¢2/3)Nr(C5. Nonetheless, on
the 4 x 4 torus, we have unambiguously confirmed spin-singlet pairing, carrying odd (even)
angular momentum under site-centered (bond-centered) rotations.

On the XC4 cylinder, three-fold rotation symmetry is explicitly broken. Nonetheless, the
segment DMRG pair excitations exhibit the same pairing symmetry as above. We verify this
explicitly by computing the pair wavefunction, choosing O at the center of the segment. We
find it is odd under » — Cyr and that the spin-triplet overlap is several orders of magnitude
smaller than spin-singlet. Moreover, as shown in Fig. 4.3(d) for U/t = 4 and 10, we find that
the pair wavefunction vanishes approximately (error is induced by finite N,) when r and O
are related by some C5* which indicates C5%|W,.) = —| Wy, ). Similarly, we conclude that
CYond| W, ) = +|Wy,). These plots also show that the size of the excitation decreases with
U. Finally, since we conserve momentum around the cylinder, our excited states are labeled
by their eigenvalue under the circumferential translation T' = (13)?T}. For all U, the paired
eigenstate satisfies T|Wy.) = —| Wy, ), consistent with our expectation T} = Tp = —1.

We anticipate that our pairing symmetry results will help guide future numerical investi-
gations of pairing and superconductivity in this model, especially those employing techniques
that operate within a fixed charge sector, such as the ED and DMRG performed in this chap-
ter.

4.4 Discussion

A central message of this chapter is that topological superconductivity can emerge in a
regime with both strong repulsive interactions and broken time reversal symmetry. Electron
pairing was investigated and was clearly observed in our numerical calculations in the present
Hofstadter-Hubbard model. It is strongest in the regime of intermediate interaction strength

5All other bond-centered two-fold rotations are related by the square of some translation operator and
thus have the same eigenvalue.
6The inversion center @ is approximate since the segment contains a finite, even number of rings.
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close to the putative IQH-CSL critical point [114, 118] and remarkably remains non-zero
down to perturbatively-weak interactions. The pairs are spin-singlet, with odd (even) angular
momentum under site-centered (bond-centered) rotations.

These numerical observations support the principal idea that proximity to topological
quantum criticality can offer a robust route to superconductivity, even in remarkably simple
settings. The crucial ingredient here is that the topological transition is associated with the
closing of the charge gap, while the spin gap remains open. From the IQH-CSL critical theory
formulated for the present Hofstadter-Hubbard model, we argued that doping naturally
leads to a topological superconductor. On the CSL side of the phase diagram, this relates
to the storied mechanism of semion superconductivity. However, given the broad extent
around criticality where superconductivity is anticipated, it is not strictly necessary for this
mechanism that the topological critical point or the CSL be accessed in a given model. For
instance, superconductivity could emerge upon doping the IQH well away from criticality,
even in a scenario where the CSL is entirely subsumed by a conventional magnetically-ordered
phase, or if the transition exists but is weakly first-order. Likewise, we do not expect Cy
breaking or deviation from particle-hole symmetry to play a significant role away from the
weak-coupling regime.

We now list key areas for future exploration. A more complete characterization of the
quantum critical point and its associated conformal field theory would further elucidate the
likely-universal nature of superconducting onset upon doping the IQH, CSL, and the critical
point itself. It may also shed light on potential competition with conventional [357] and
fractionalized [377, 378] crystalline phases at non-zero doping. Another immediate next step
is numerically verifying the existence of the superconducting ground state in this model, for
instance with cylinder DMRG [120, 184, 379] or other suitable methods. Furthermore, to
distinguish features unique to our model from those of the general theoretical scenario near
criticality, it will be necessary to compare with a broader class of models that relax various
symmetries. Such results should also be compared to existing numerical observations of
superconductivity in related models on the triangular lattice [380], most notably chiral ¢-.J
models with real hoppings [201, 380-382], where charge fluctuations integral to topological
criticality are absent at half filling.

Next, we highlight promising experimental realizations in moiré materials. Triangular lat-
tices formed by TMD sheets with a moiré potential offer both valley and layer “pseudospin”
degrees of freedom [233, 383-387]. As proposed in Refs. [118, 119], the Hofstadter-Hubbard
model considered here could be realized by applying a perpendicular magnetic field to such
a system with a tens-of-nanometer moiré lattice constant. The field would conveniently po-
larize the valley (i.e., true spin) degree of freedom due to the Zeeman effect, yielding the
effective model of Sec. 4.1, with layer pseudospin playing the role of spin. Further numerical
studies of this model and its deformations would help guide the experimental exploration of
criticality and superconductivity in these moiré platforms.

Finally, the recent observation of the fractional quantum anomalous Hall effect in twisted
bilayer MoTey [90-92, 388] and rhombohedral multilayer graphene [93], as well as fractional
Chern insulators in both magic-angle graphene at weak magnetic field [33] and in the field-
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induced Chern bands of Bernal bilayer graphene aligned with hexagonal boron nitride [13],
motivate exploring the behavior of charged anyons subject to substantial lattice effects, as
we have in this chapter. Further, a recent experiment on quadrilayer rhombohedral graphene
demonstrates that chiral superconductivity is possible even at strong magnetic fields [389)],
a hopeful sign for the class of mechanisms proposed here, motivating the study of routes to
pairing and superconductivity in the strong time-reversal-breaking regime.
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Appendix A

Appendix to Chapter 2

Organization

Below, we provide a detailed report of the numerical evidence and analytics underlying the
claims and methods used in the main text. The appendices are organized in a similar order to
the main text. In particular, Appendix A.1 expounds upon details of the double Hofstadter
model, which was introduced in Sec. II of the main text. Subsequently, Appendix A.2 and A.3
provides additional details regarding the results of Sec. III. The former details the strong
coupling theory of the double Hofstadter model, which we used to analytically argue for
the presence of the LAF, and the latter provides numerical data supplementing that in the
main text. Following this, we provide additional numerical data for how we characterize
the superconductor (Appendix A.4), as well as further theoretical details on the pairing
symmetry (Appendix A.5). Finally, we provide a detailed exposition of the mapping to
models of chiral twisted bilayer graphene (Appendix A.6).

A.1 Additional Details on the Double Hofstadter
Model

In the main text, we extensively studied the double Hofstadter model, namely its symmetries,
non-interacting band structure, and ground states. Here, we provide some additional details
regarding the model’s single-particle physics. To set notation, let us recall the definition of
the double Hofstadter model and then discuss the symmetries, band structure, and layer-
polarized basis of the projected model.

Recall that the flux through the top/bottom layer is £& = +d(/q per square plaquette,
where we fix ¢ = 4. Our model has direct lattice vectors a, = (¢ga,0) and a, = (0, a), a basis
for a rectangular lattice L. Consider a square grid of sites L with separation a so that each
unit cell u = m,a, + moa, contains ¢ sites at sublattice positions

r=u+o=u+ (ca,0) (A1)
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for 0 < o0 < q. At each site, we consider a row-vector of microscopic fermion creation
operators

Bl (@) = (V] (W), B g (W), 0, (W), 6 gy (W) (A.2)

ls
where layer ¢ € {T,B} = {41, -1} and spin s € {1,]} = {+1, —1} are on-site degrees of
freedom, for a total of four flavors per site. We often also use ’@rés as a short-hand for the
operator zﬂl’gs(u) at the square lattice site r = u + o. Crucially, the layers are vertically
separated, with a magnetic flux of +®( per unit cell for the top layer and —®, per unit cell in
the bottom layer. Adopting a Landau gauge and setting a = 1 henceforth, the Hamiltonian
for the double Hofstadter model is

H=h+V (A.3)

h = Z (¢r+y€ g+ Dl b + h.c.) — gl e, (A.4)
rel

~ U

V= 71 Z Chi 4R+ Uy Z NeTTeB (A.5)
rell rel

where fiy =), ﬂeszﬁrgs and colons denotes normal ordering relative to the electronic vac-
uum. FEach layer consists of a Harper-Hofstadter model with kinetic energy ¢, coupled by
inter-layer tunneling g. Moreover, the model is manifestly charge conserving and independent
of spin and hence has continuous U(1)y charge and SU(2) spin symmetries. We consider
separate in-layer repulsion U; > 0 and between-layer repulsion U; > 0. We underscore that
Hisa purely repulsive model.

We remark that, in the main text, we find it convenient numerically to add a small field
B, to the Hamiltonian:

H— H-B.> sl (A.6)
rel.

Such a term breaks the SU(2) symmetry down to U(1)g and is called a Zeeman term as it
Zeeman shifts the electronic spin of the top (bottom) layer with +B, consistent with the
physical picture of the double Hofstadter model (with opposite magnetic fields in opposite
layers).

Space Group Representation in Momentum Space

The following characterization of the symmetries of the double Hofstadter model holds for
any even integer ¢, where ® = (®/q is the flux per plaquette in layer ¢. In particular, this
analysis applies to the case ¢ = 4 considered in the main text. The full space group is
generated by the operations

~

mxa mya é2$7 éQZv 1z (A7>
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defined in the main text. In particular, Ty = m?2 and Ty = M, that correspond to translations
by qaz and ay, generate an abelian translation group. On the other hand, the full group of
magnetic translations is non-abelian since 7, anti-commutes with 1m, We therefore take T}
and Ty to define the minimal unit cell. The corresponding primitive reciprocal lattice vectors
are:
2T 2
G1 = —Z, G2 = —Y. (Ag)
qa a
Placing the system on a torus of size ¢N, x NN, lattice sites, we define Fourier-transformed
fermion operators by:
. 1 o)
w;ls(k) = \/_N Zel (ot X)wl,€s<u)7 (Ag)

uel

where o0 = oXx. Here, N = N; N, is the total number of unit cells on the torus and k takes
values in the magnetic Brillouin zone. The actions of the symmetries Eq. (A.7) on the
Fourier-transformed fermion operators are as follows:

Adzdf (k) = ZT(K) I = ¢f (k) RETs™ (anti-unitary) (A.10)
Ade,. 91 (k) = CothT (K)o = ¥T(—k)R (unitary) (A.11)
AdCQx@ﬁT(k) = Agmw(k) A;xl = W(ngk)ﬁxsx (unitary) (A.12)
Ad,,, 0T (k) = mgdht (K)m; = @f (k + ) Seea/? (unitary) (A.13)
Ady, YT (k) = 1yt (k)i T = ¥ (k)e v (unitary), (A.14)

where for each symmetry g, we have defined an adjoint superoperator Adg@ = g@g—l that
performs the action of conjugation. Moreover, R is a ¢ X ¢ permutation matrix that describes
how the sublattice degree of freedom transforms under a rotation about an atom at sublattice
oc=0:

[R]J’U = 5(—0’ mod q),0 <A15)

Note that R leaves the o = 0 sublattice equivalence class invariant and satisfies R = R™!.
Similarly, S is a ¢ X ¢ permutation matrix that shifts the sublattices by ¢/2 sites in the &
direction, i.e. by half the unit cell:

[S]cr’o = 6(a’+q/2modq),m <A16)

and likewise satisfies S = S~!. These sublattice matrices commute: [S, R] = 0.

Let us now comment on the algebraic relationships between the symmetry generators. Of
relevance are the commutators of the adjoint superoperators, which we show in Table A.1.
In particular, the entry of row g and column h is the action of the commutator [Ady, Ad,] =
Ad;1 o Adg1 o Ad, o Ady, on the vector space of one fermion operators, which is spanned by
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h
7 022 CZ:C My My
z 1 1 1 e~ hed | e 2hy
Oy | 1 1 1 | e ea | g 2hy
g | Co 1 1 1 1 e~ 2y
m, | e« | eked [ ] 1 e
my 621/@ 622/~cy 622/~cy e~ im 1

Table A.1: The action of the commutator [Ad,, Ad,] = Adg_1 oAd; ' oAd,oAd, on the vector
space of one fermion (i.e. charge-e) operators spanned by the microscopic operators (k).
Here, g and h run over the generators of the magnetic symmetry group. We remark that
the adjoint superoperators corresponding to these generators commute up to a momentum-
dependent phase.

the microscopic operators ¥ (k). Note that the diagonal of the table is the identity and that
entries above the diagonal are related to those below via the identity

[Ady, Ad,] = Ad;, " o Adg_1 oAdjoAd, = (Ad;1 o Ad; ' o Ad, o Adh)i1 = [Ad,, Ady] 7,
(A.17)

which holds whether g and h are linear or anti-linear. Also note that each commutator
[Ady, Ady] is always a linear superoperator. Computing the commutators explicitly, we find
that all the adjoint superoperators commute up to a momentum-dependent phase. In par-
ticular, these phases are such that they instead exactly commute when acting on the vector
space of charge-2e operators, which is constructed in the usual way from the generators 1 (k)
of the charge-e fermionic Hilbert space space. Moreover, all the symmetry superoperators
square to the identity on this same vector space of charge-2e operators.

Band Structure of the Double Hofstadter Model

At a flux fraction of ® = ®y/q per square plaquette, the band structure of the double
Hofstadter model features 2¢ bands per spin species. Moreover, since the model is spin
rotationally-symmetric (in the B, = 0 limit), each of these bands is additionally two-fold
degenerate in spin. In this work, we focus on the lowest four bands, i.e. two bands times two
spins. For small values of the inter-layer tunneling g, these bands are narrow and energetically
well-isolated from the rest of the spectrum, as shown in Fig. A.1(b). In this same figure,
we observe that these low-energy bands host two Dirac cones of the same chirality in each
spin sector. To clarify the situation, Fig. A.1(e) shows the detailed view of the vicinity
of the Dirac cones with Fermi levels at half occupancy marked by a dashed red line. At
large g = 0.35, this exactly intersects the Dirac cones, so bandstruture describes a Dirac
semimetal. At smaller values of the inter-layer tunneling [Fig. A.1(d)], the Dirac cones are
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Figure A.1: Band Structure of the Double Hofstadter Model. (a) The Brillouin
zone of the double Hofstadter model for ¢ = 4. Dashed lines show a high-symmetry path.
(b) The spectrum of the double Hofstadter model for ¢ = 1,9 = 0.35,¢ = 4 along the
high-symmetry path. Each band is doubly-degenerate due to spin. We project down to the
lower bands (blue). Note the presence of two Dirac cones between the two lowest bands at
k = (n/4,£7/2). (c) The “double Hofstadter butterfly” spectrum for t = 1,9 = 0.1 for
0 < ®=p/q<1. (Although we have taken p = 1 in the discussion in the main text, one can
use the standard generalization to rational fractions p/q without changing the shape of the
Brillouin zone.) Notice that the two lowest bands at ® = 1/4 (blue circle) are continuously
connected to the two lowest Landau levels in the limit ¢ — oco. (d) Constant k, cuts of the
bandstructure at ¢ = 0.15. Note that the Fermi level at half-filling (dashed red line) is above
the Dirac point, yielding both electron and hole pockets. (e) Constant k, cuts at g = 0.35.
The Fermi level now intersects the Dirac point, giving a Dirac semimetal. (f) Plot of the
“isolation ratio” (defined as the ratio of the bandwidth of the low-energy manifold to the
gap above it) vs. the interlayer tunneling g, for the range 0 < g < 0.15 considered in the
superconducting analysis presented in the main text.

buried below the Fermi level, indicating a band metal with both electron and hole-like Fermi
pockets. This is consistent with the behavior at ¢ = 0, where the bands are degenerate at
each momentum and not entirely flat.

We now further comment on the structure and protection of the Dirac cones, assuming
g is large enough that the half-filled state is semi-metallic. Whenever two Dirac cones are
present in the spectrum, then symmetries are responsible for their topological protection
and locations. Specifically, C5, introduces an energetic degeneracy between k and —k,
whereas Cy, relates k to Uy, k, and the magnetic translation m, likewise makes k and k+ 7y
degenerate (assuming ¢ is even so that these momenta are both allowed). This constrains
the two Dirac cones to sit at only a finite number of isolated points in the Brillouin zone,
namely (k,,k,) € {0,£n/4, £7/2} x {0, £7}. For energetic reasons, the Dirac cones of the
double Hofstadter model incidentally reside at the particular locations k = (—7/4, £7/2).
Provided that these Dirac cones exist, their topological protection can be guaranteed by
the spacetime inversion symmetry Z and spin SU(2). To see this, it is convenient to think
in the layer-polarized basis that was introduced in the main text and will be expounded
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upon in more detail in Section A.1 of the supplemental material. First, note that the spin
SU(2) of our model constrains the single particle Hamiltonian of the two lowest bands to
be h(k) =3 (0.2} ha(k)l*. Moreover, in an appropriate gauge, spacetime inversion acts
by h(k) = (*h*(k)l*, which precludes [* from the single-particle Hamiltonian. Note that the
gap between the two bands is only set by the [*¥ components of h. Since the Hamiltonian
looks like h(k) = ho(k)I°+ k. l* 4+ k,I¥ + O(k?) in the vicinity of each Dirac cone, we conclude
that symmetric single-particle perturbations may be able to move the Dirac cones below the
Fermi energy but cannot get rid of these gap closings. We conclude by noting that since our
model is symmetric under spacetime inversion Z and consists of two low-energy bands, the
winding of polarization (as shown in Fig. A.2d) implies wy = +1 fragile topology [24].

We now brief comment on the energetic isolation of the lowest pair of bands. In this
work, we focus on the case ¢ = 4 since it is the smallest ¢ for which the low-energy bands
are well-isolated from the rest of the single-particle spectrum. In particular, as we show in
Fig. A.1(f), the ratio of bandwidth to bandgap ratio (or “isolation ratio”) at ¢ = 4 and
g = 0.0 is 0.22/1.53 =~ 0.15 < 1. Moreover, it remains relatively small for the values
g < 0.15 considered in our superconducting analysis. In contrast, in the case of ¢ = 3 and
g = 0.0, this ratio is 0.73/1.27 ~ 0.57, which is a factor of four larger. Since our projection
to the lowest-two bands (per spin sector) is best justified when the isolation ratio is small,
we restrict to ¢ = 4 to ensure our DMRG numerics are representative of the ground state of
the full microscopic model.

Layer-Polarized Hybrid Wannier Computational Basis

In the single-particle subspace of the low-lying, narrow bands, it is desirable to construct a
basis in which the Chern number is manifest. Inspired by the g = 0 limit, in which the Chern
number is equivalent to the layer index C = £/, we achieve this by constructing a “layer-
polarized” basis whose single-particle states are maximally-polarized to one of the layers.
Crucially, we use the gauge freedom within the low-energy bands to construct a “hybrid
Wannier” basis of orbitals that are maximally exponentially-localized in the z direction
but delocalized (namely, plane waves with momentum £k, ) around the circumference of the
cylinder.

To achieve a basis with the aforementioned properties, we perform 1D Wannier localiza-
tion on each set of Bloch states on each wire k,.! In doing so, we obtain the polarizations
P,(k,) € [0,1) of the 1D exponentially-localized orbitals. Within the Modern Theory of
Polarization, these polarizations are related to the eigenvalues of the Wilson loop along each
wire k,. In addition, we demand that the basis transforms in a prescribed way under the
anti-unitary symmetry Z, namely the following purely off-diagonal form:

Oz(k) = (v(W)[Z[o(k)) = &2 ) +P~ G koMo gy (A.18)

'Due to the finite circumference L, of the cylinder, k, takes L,-many quantized values. We therefore
refer to each constant-k, slice as a “wire,” along which k, is effectively continuous.
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where s* and o are the usual Pauli matrix (in the spin and Wannier label), and the 1D
Hybrid Wannier states are given by

[is(k)) = @i, (K Z@Dgzs )10) vori (k). (A.19)

Since Z anti-commutes with the position operator It = —t7 , then the two polarizations are
opposite (modulo unity), which implies that P*(k,) + P~ (k,) takes an integer value on each
wire.

Having chosen the above off-diagonal action of Z, we guarantee that our basis has several
important and convenient properties. Most crucially, the basis is a layer-polarized basis. As
defined in the main text, such a basis (i) diagonalizes the action of the (projected) layer
operator

Or: (k) = (v(k)|*[o(k)) = v (k)o(k), (A.20)

with (ii) eigenvalues )\;(k) that take a constant sign across the Brillouin zone. To see this,
we recall that Z¢T(k)Z = ¢T(k)¢*s®, and remark that Eq. (A.18) is then equivalent to the
constraint

vl (k)Fv* (k) = "o, (A.21)
where the coefficient is the complex phase:

eiV(k) _ =2mi(PT (ky)+P~ (ky))ks /Na (A.22)

Invoking the constraint Eq. (A.21), it is then straightforward to show that
00;.(k)o® = =0y (k). (A.23)

Since Oy:(k) is a 2 x 2 Hermitian matrix, this expression implies that it is traceless and
diagonal. Numerically, it takes the form Oy (k) = A(k)o® with 0.9 < A(k) < 1, for all
parameters g € [0,0.3] considered, so that the matrix is never singular. This concludes
the proof that the states |v;s(k)) constitute a layer-polarized basis, justifying the use of the
symbol [ (referred to in the main text as the “dressed layer” index) to label these states.
Henceforth, we use [ rather than ¢ to denote the Pauli matrices acting in the space of
layer-polarized states.

Next, we derive the constraints imposed on the projected inter-layer tunneling in the
layer-polarized basis. The matrix structure of Ph P is related to the overlap Oy=(k), whose
form is likewise constrained by Eq. (A.21) as follows

1705 (K)I* = Op (K). (A.24)

Since Oy (k) is a 2 x 2 Hermitian matrix, this expression guarantees that it has no [* matrix
component. Though it may generally possess an identity component (i.e. a finite trace), we
remark that this contribution is generally very small, namely of order O(g?). In contrast,
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Figure A.2: Layer Polarized Basis of the Double Hofstadter Model. (a) The positive
eigenvalue A(k) of the projected layer operator in the layer-polarized basis at g = 0.3. (b)
The mean and minimum of this quantity, evaluated over the BZ, for a broad range of values
0 < g < 0.3 of the inter-layer tunneling. Across this interval, A is bounded below by 0.96 ~ 1,
indicating near-maximal layer polarization. (c) The BZ-average of the components of the
projected inter-layer tunneling operator 753975 expressed in the layer-polarized basis. The
dominant components . = x, y scale linearly in g, whereas the y = 0 component is quadratic
and the p = 2 component is made to vanish identically. (d) Polarizations PT/8(k,) on cuts
of constant k, at ¢ = 0.3. The Chern number of a band obeys C = [ P(k,)dk,. Here
the two bands wind oppositely, with crossings at k, = —m,0. This demonstrates the Chern
number of the layer-polarized bands are C' = £1 for the top/bottom bands, and that these
low-energy bands have a non-trivial fragile topological invariant [24], wy = +1.

the off-diagonal [*¥ components go as O(g) (see Fig. A.2(c)). Altogether, the projected
tunneling operator takes the following form:

PhyP Y ol |51 + hy 1)1 | e (A.25)
k

Applying similar arguments, it can be shown that the hybrid Wannier orbitals transform
as:

Adzof(k) = ZoT (KT = §f(k)s™e® (anti-unitary)  (A.26)
Ade,, ¢ (k) = Co.@f (k)O3 = ¢f (=k)e" M s(k,) (unitary) (A.27)
Ade,, ¢t (k) = Cop (k) O3t = T (Chuk)s%17s (k) (unitary) (A.28)
Ad,,, & (k) = T (K)mgt = @l (ka, ky + m)e*e9/2e 8 (unitary) (A.29)
Ady,, @' (k) =, @' (k) t = ¢l (k)e (unitary), (A.30)

where s(k,) = %1 is some wire-dependent sign factor and e1(®) is some complex phase. For

our particular numerical implementation, we additionally have that

5 s(—ky) = s(ky), (A.31)

(k) — o—iv(k)
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for all wires k,. Moreover,
(k) — (k) and eth1(k) gip—1(k) _ 1, (A‘32)

so long as k, € {0,7}. These identities are indispensable for our analysis of the super-
conducting pairing symmetry in Appendix A.5. Finally, we remark that we assume our
layer-polarized basis is periodic in the Brillouin zone:

or equivalently that ‘
Vori(k + G) = e C70,0,(Kk). (A.34)

Quantum Geometry

To conclude our discussion of the single-particle aspects of the double Hofstadter model, we
comment briefly on its quantum geometry. Quantum geometry studies the position operator
projected into a few (often flat) bands. A key motivation for its study was determining
when lattice systems were “close enough” to the lowest Landau level that one should expect
fractional quantum Hall physics to appear, but also appears in numerous other contexts
including optics and studies of flat band superconductivity. Here we use it to be able to
make basis-independent comparisons to other systems, notably the lowest Landau level and
to the Bistritzer-MacDonald model.

Consider a well-isolated band or set of bands whose Bloch periodic wavefunctions are
Ukn(r) = € Ty, (r) with associated projector Py = Y |ukn) (Ukn|. Momentum space
band geometry focuses on the Berry curvature F(k) and the Fubini-Study metric gps(k).
These are defined by

gRE(00) = Rel ()], (1) = — STl (k)] (4.35)

where

1" (k) = Tr[B* Qui P) = > (0" tt1en | Q| 0™ tsen) (A.36)
is the quantum geometry tensor and Q)x = I — Px. The non-zero component of the curvature
) = F* integrates to the Chern number: C' = % [ dkQ2. These are plotted for the double
Hofstadter model for the top layer polarized band in Fig. A.3. Both quantities are rather
uniform, and both have the same peaks and troughs whose four-fold structure is due to the
(weakly broken) magnetic translation symmetry in each layer. Since the metric is related
to the interaction-induced Fock dispersion [390], the resemblance of these quantities to the
LAF bandstructure (shown in the main text) is not accidental.
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This data allows us to compare the double Hofstadter model to the lowest Landau level.
To this end, we recall the trace inequality?

T = / T(k)d’k = / Trgrs(k) — (k) d°k > 0. (A.37)

The lowest Landau level is entirely specified by its band geometry, in the sense that any
|C'| = 1 Chern band where: (I) T'= 0, and (II) Q(k) is constant is equivalent to the lowest
Landau level [391]. Fig. A.3(c) plots the k-resolved trace inequality, showing that the top
layer-polarized band of the double Hofstader model is extremely close to the lowest Landau
level. Indeed, in the limit ¢ — oo, both 7" — 0 and the standard deviation of the Berry
curvature o[F] — 0 [Fig. A.3(d)]. The layer-polarized bands of the double Hofstadter model
are therefore closely adiabatically connected to the lowest Landau levels. This can be seen
visually in Fig. A.1 (c), where one can trace the adiabatic connection from ¢ = 4 (blue circle)
to ¢ — oco. Notably, this closeness of the top layer polarized band to the LLL (and the bottom
layer polarized band to the LLL in opposite magnetic field) evolves only weakly with g [see
Fig. A.1 (e)]. Conceptually, one can therefore think of the physics of the double Hofstadter
model as descending from that of pairs Landau levels in opposite magnetic fields. However,
as we saw in the main text, the small deviations from uniformity across the Brillouin zone
determine the locations of the Fermi surface and the character of any superconductivity.

Another system that can be thought of as two approximate Landau levels in opposite
magnetic fields is twisted bilayer graphene [74, 392]. There, however, the deviations from
the ideal [393] or vortexable limit [217] are concentrated near the I point — a time-reversal
invariant momentum point — whereas in the double Hofstadter model the trace inequality
T'(k) is largest at non-high-symmetry points. The double Hofstadter model at ¢ = 4,9 =
0.1 has comparable trace inequality violation to the sublattice-polarized flat band of the
Bistritzer-MacDonald model at chiral ratio wo/w; ~ 0.3 [392]. Given these quantitative
comparisons to both Landau levels and twisted bilayer graphene, it is reasonable to expect
phenomena from those systems to manifest in the double Hofstadter model.

A.2 Additional Details on the Strong-Coupling
Theory of the LAF

This section provides a complete treatment of the strong-coupling theory presented in the
main text, which gave analytical predictions for the ground state at v = 2 electrons per
unit cell. This filling is equal to that of a band insulator occupying two of the four narrow
bands. Our treatment hews closely to related calculations in magic angle graphene, whose
notation and conventions we largely follow [31, 32, 79]. Provided that the interaction scale
U is smaller than the gap to the “remote” bands, (which is about ~ 2t for ¢ = 4 at g = 0.1),

2Comparing to the formula for the Chern number, the characteristic size of this quantity is 27. Hence
we plot T'/2m.
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Figure A.3: Quantum Geometry of the Double Hofstadter Model. We work in the
the top layer-polarized band at ¢ = 4,9 = 0.1 (unless otherwise noted). (a) Berry curvature
Q(k), normalized by the Brillouin zone area so that a uniform C' = 1 band would have value
2. (b) The trace of the Fubini-Study metric grs(k), defined in the text. (c¢) The violation
of the trace inequality T'(k) = Trgps(k) — €2(k) that vanishes for the lowest Landau level,
or more generally for ‘ideal’ Chern bands. (d) The integrated trace violation T'/27 and
standard deviation of the Berry curvature o[F] as a function of flux gq. These vanish as the
band approaches the lowest Landau level limit at large ¢. (e) The same quantities evolve
only weakly with g.

we expect the ground state at any filling v < 4 to be accurately captured by the flat-
band projected Hamiltonian PHP. Below we carefully define the projected interaction and
dispersion and show, in the symmetric g = 0 limit, that the interaction selects out a manifold
of Slater determinant ground states. We consider both the case Uy = 0 where this manifold
is comprised of bilayer quantum Hall ferromagnets (QHFMs) and the case Uy = U; where
these states compete with layer-polarized QAH states. Adding back g > 0 perturbatively, we
will see that both the LAF — a particular family of anti-aligned bilayer QHFMs — and QAH
insulators are selected as ground states. Our strong-coupling analysis is heavily inspired a
formalism developed for twisted bilayer graphene, introduced in [31, 63, 75].

Flat Band-Projected Interaction

To make analytic progress on this Hamiltonian with strong-coupling theory, we must express
the interaction in the appropriate form. We start from real space, transform to momentum
space, then finally form an effective model for the flat band subspace. Consider a generic
density-density interaction

V= Z Z Vi (r — r’) : PetPrier T Pre = Z&Izsqy/}r&a (A.38)

0,0 rx!

where Vig = Vgt > 0 is the inter-layer interaction and V4t = Vgg > 0 is in-layer. Next,
writing the lattice site as r = u + o [see Eq. (A.1)], we consider the Fourier transformed
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fermion operators

Dps(u Z D ey (K) B (k). (A.39)

b keBZ
where BZ is the first Brillouin zone and b is a “generalized” band index. One can think of
the v’s as Bloch wavefunctions of the kinetic Hamiltonian defining a band basis. However,
we use no specific properties of that basis; in fact, we will later specialize to the case where
the v’s define the layer-polarized basis. In any case, we additionally require a periodic gauge:

Vorp(k + G) = e F70,,,(k). (A.40)

This means the v’s are specified entirely by their values on momenta within the first Brillouin
zone. The Fourier transformed density is naturally written in terms of layer-resolved form
factors, which are independent of spin:

[Aqe(K)]w = [T (k) Po(k + )], Zwb ) Voey (K + Q). (A.41)

Here P, = (£° + £¢7)/2 is the projector onto the microscopic layer £. We emphasize that the
form factors are matrices that do not depend on spin; we therefore consider them as 2 x 2
matrices in the generalized band index b. Our choice of periodic gauge implies the following
useful identities:

A,qg(k -+ q) = Aqg(k)T, A,Gg(k) = Agg(k)T, Aqg(k —+ G) = Aqg(k) <A42)
The Fourier transformed density operator may then be written as

T g = Z > bk K)o vs(k + q), (A.43)

N 1

Pat = VaN Z
r bb’s k

where the second step follows from the Poisson summation formula and periodic gauge.

Using the Fourier transformed potential Vi (r) = qiN > qernz € 4"Viw(q), the interaction

then takes the form R
= Z Z Ve () : paep—qer (A.44)

W' qeEBZ

where colons denote normal ordering with respect to the vacuum. Here, EBZ denotes the
“extended” Brillouin zone associated with the microscopic square lattice, to be distinguished
from the BZ derived from the ¢ x 1 site unit cell.

Finally we make an effective model for the active bands. Since the active bands are
energetically the lowest ones then, just as with the lowest Landau level, projecting into
them amounts to restricting to a certain set of operators. Let A U R be a partition of the
generalized bands into “active” bands of the flat band subspace and all other “remote” bands.
The associated many-body projector is P = [Tyepz [ 1 [Ler(l — ¢! (K)@ps(k)). Crucially,
since the interaction is normal-ordered with respect to the vacuum, and since the image of
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P contains no states that occupy the inactive bands R, then PVP takes the same form
as Eq. (A.44), except that the band indices in the expression for the density operator are
truncated to A. Therefore we have arrived at the flat band-projected interaction:

PVP =33 Vi(a): PpgPi-oP : . (A.45)

W qeEBZ

Strong-Coupling Form of the Hamiltonian

To apply strong-coupling theory, we must partition the full projected Hamiltonian into a
positive-definite interaction 1% plus residual terms that are perturbatively small or act trivially
within the ground state manifold of V. In what follows, we discuss how this is performed
in two distinct physical limits, namely U = 0 and U, = U;. In each case, strong-coupling
theory requires that the interaction Hamiltonian be comprised of densities measured relative
to a reference background charge density at v = 2, rather than the v = 0 vacuum. We first
focus on the limit g = 0 where layer is a good quantum number, postponing a perturbative
treatment of the inter-layer tunneling to the next section.

Case 1: Vanishing Inter-Layer Interactions

In the limit Uy = 0 where the inter-layer interactions vanish, it is natural to posit that
this background charge density evenly occupies each layer and is translationally-invariant.
A family of states whose charge densities satisfy these properties is the manifold of bilayer
QHFMs, defined as

nr,ng) = [ [ @, (002, (k) 10) (A.46)
Kk
where the Fermion operators, whose spins are aligned to the axes
n; = (cos 0 sin ¢, sin 6; sin ¢y, cos ¢;) € S, (A.4T)
are defined in terms of the dressed layer orbitals (see Sec. A.1) by
Bl g = COS(01/2) ] + ¥ sin(0,/2) ] . (A.48)

We now argue that the bilayer QHFMs Eq. (A.46) are exact eigenstates of the projected
density operator Eq. (A.43) in the g = 0 limit, and use this fact to engineer a corresponding
positive-definite “strong-coupling” interaction V that exactly annihilates these states. This
is pertinent to the original ground state problem because V will be found to differ from
the original projected interaction Eq. (A.45) by a single-particle term that approximates a
chemical potential, up to perturbatively small momentum-dependent variations.

To show that the states |nt,ng) are exact zero modes of the projected density, we use
the enhanced symmetry at ¢ = 0. Note that the layer-projected form factors are greatly
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restricted by U(1) layer conservation. Namely, since layer is a good quantum number, the
dressed layer index [ is indistinguishable from the microscopic layer ¢, and correspondingly:

[Aq5<k)]uf X Op¢0pg.- (A.49)

The projected interactions therefore take the form
PP |07, ) r > ekl Z 21s(k)Pes(k + ) |7, mg) (A.50)
keBZ

This expression vanishes due to Pauli exclusion unless q = G is a reciprocal lattice vector, in
which case ¢(k+ G) = ¢(k) due to the periodic gauge convention Eq. (A.40). The Fermion
bilinear then becomes a number density, and thus

PparP [nr,n) = po¢ 7, 18) , (A.51)

where

ot = \/__E:E:&ﬂﬂrAng] (A.52)

keBZ

Here tr denotes a trace over [, which is trivial in the g = 0 limit, but provides a definition for
p that will later prove useful in the case where g is perturbatively small. We have therefore
demonstrated that the bilayer QHFM states are exact eigenstates of the density operator.

As forecasted above, this enables us to isolate a positive-definite portion of the projected
interaction. As a preliminary step, define the relative density operator by

0pqr = PparP — pacl. (A.53)

By construction, this operator automatically annihilates each bilayer QHFM, defined above
in Eq. (A.46). Applying standard identities (e.g., see Ref. [214]), one can then re-write the
projected interaction in terms of these relative densities (without normal ordering) as

75‘775 Z Z VM (Spqédp qv hHF [1/2] + constant. (A'54)

U qeEBZ

We remark that this identity holds even when U, > 0, in which case the off-diagonal layer
components of V(q) are non-zero. In the above, hur is the Hartree-Fock Hamiltonian and I
is the identity matrix in the spin and dressed layer indices. The Hartree-Fock Hamiltonian
is a quadratic operator, defined relative to a correlation matrix P(k).s = (@Lﬁéka% given

by har[P] = S s o (I PK)as + B[ P](K)s) frs with
his _ % ZZVM )Age(k) Tr (Z P(k’)AEE,(k’)>, (A.55a)
w G k’eBZ
he[P] =——Z > Vir(@)Aqe(k) Pk + q)Age (k). (A.55b)

o' qeEBZ
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Here, matrix multiplication is implicit, G is restricted to reciprocal lattice vectors that lie in
the first extended Brillouin zone (EBZ), s is the identity matrix in spin, and Tr denotes a
trace over both bands and spin. The projection of the full Hamiltonian Eq. (A.3) may then
be written in the “strong-coupling” form

PHP =6h+V = (PhP + hye[1/2] ) +) ) Vie(@)dpaedp—qr, (A.56)

U qeEBZ

up to an overall constant shift. Note that the last term is no longer normal ordered. Spe-
cializing again to the relevant case U, = 0, note that since dp_q¢ = 5,5:;2 and V(q) > 0, then

the strong-coupling interaction V is positive semi-definite, which implies that any states it
annihilates are necessarily also its ground states. We therefore conclude that the bilayer
QHFMs [Eq. (A.46)] are all exact ground states of V.

In order to see that these states also constitute approximate ground states of the original
projected Hamiltonian PH 77 it suffices to note that 5h the quadratic term in the strong-
coupling Hamiltonian, can be approximated by a chemical potential, which is constant at
the fixed filling » = 2. Indeed, not only do we find that dh is proportional to the identity
matrix s°1°, but also that the momentum-dependent variations about its average are small.
In particular, they are dominated by the bare Hofstadter bandwidth, which is ~ 0.1¢ (at
our standard value ¢ = 4), as opposed to the contributions from hyg[l/2]. These bandwidth
fluctuations, in turn, are much smaller than the energy scale U; responsible for the ferro-
magnetic alignment in each layer, and in fact vanish identically in the Landau level limit
®y/q — 0 (see Fig. A.lc).

Case 2: Equal In-Layer and Inter-Layer Interactions

We now formulate the strong-coupling Hamiltonian for the limit U, = Uy, which is relevant to
the mapping to chiral TBG, and more closely approximates the parameter regimes accessible
in near-term optical lattice implementations. Though the procedure will be almost identical
to that above, we will discover that the family of approximate ground states is expanded,
relative to the Us = 0 case, to include additional layer-polarized QAH insulating states.

As a first step, note that the interaction matrix takes a simple form in this limit:

Vel =V (} 1) - (A57)

In other words, all its components are equal. As a result, in the interaction Hamiltonian
itself, it is no longer necessary to resolve the fermionic density operator by its layer-projected
components. Define the all-layer density by

bq = Y Pat = \/;— ST L) [Ag (&) grs(k + q), (A.58)
V4

Li's k
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where Agq(k) = >, Aqe(k) is the usual (layer-unresolved) form factor. This enables the
projected interaction of Eq. (A.45) to be written in a simple form:

PVP =3 V(a): PpaPpqP:. (A-59)
q€EBZ

Moreover, since the bilayer QHFM states Eq. (A.46) are eigenstates of the layer-resolved
density operator [see Eq. (A.51)], then they are likewise eigenstates of the all-layer density
operator:

PpqP Int,n8) = pq |nt,18) | qug = \/_ Z Z(ch;tl" [Ac(k)]. (A.60)
keBZ G

Setting Us = U; and summing over ¢ and ¢, Eq. (A.56) assumes precisely the same form,
with the strong-coupling interaction term given explicitly by:

V=2 V(a)padpa (A.61)

The crucial difference compared to the Uy = 0 case, however, is that this interaction admits
a broader family of ground states beyond the bilayer QHFMs. In particular, V is readily
found to annihilate the layer-polarized QAH states, defined as

|QAH, 1) H(Pm Spu )10}, (A.62)

where | = T/B. Passing to the microscopic layer index ¢, which is indistinguishable from [
in the g = 0 limit, explicitly acting the density operator on this state gives

fal QAH, 0) ¢_ <> D A0 Y [Aae (0)lwdrs(k + )| QAR ) (A.63)

l,l',s keBZ o

= ﬁ > e Z Pl (K)es (k + )| QAH, £) (A.64)

¢— > D dachar(R)lulQAH, £). (A.65)

keBZ G

To see that this eigenvalue is precisely pg, we remark that the constraint of spacetime-
inversion symmetry in our chosen periodic, layer-polarized gauge [see Eq. (A.21)] implies
that the form factors must satisfy

Ac(k) = AL (k). (A.66)

Since the form factors are layer-diagonal in the g = 0 limit, as clarified in Eq. (A.49), and the
form factors at opposite reciprocal lattice vectors (which are both summed over) are related

by Ag(k)! = A_g(k) as per Eq. (A.42), we then indeed have that
dpq|QAH, ¢) = 0. (A.67)
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The QAH states and bilayer QHFMs are therefore both annihilated by the strong-coupling
interaction Eq. (A.61) in the Us = U; limit. By arguments analogous to those presented in
the Uy = 0 subsection above, we reason that both of these families of states are approximate
ground states of the full projected Hamiltonian.

Effects of Inter-Layer Tunneling

We now restore a small amount of inter-layer tunneling g and, working perturbatively within
the ground state manifold of the strong-coupling interaction, find that both the LAF and
QAH states are strong-coupling ground states in the Uy = U; limit. The choice of a layer-
polarized basis, discussed and constructed in Sec. A.1, is crucial to this analyis in the presence
of finite g. In particular, before embarking on our perturbative analysis, we establish how the
action of symmetries in a layer-polarized basis constrains the structure of the form factors.

The most significant constraint comes from the anti-unitary spacetime inversion symme-
try Z. For the following analysis, it will be sufficient to work in the particular layer-polarized
basis in which its action is as simple as possible. This is achieved by mapping the hybrid
Wannier layer-polarized basis of Sec. A.1 to ¢f(k) — ¢f(k)e”"®/2 so that Eq. (A.26) be-
comes

Tt I = ¢f(k)s™1°. (A.68)

Correspondingly, Eq. (A.21) becomes vf(k)¢*v*(k) = ¢®, which forgoes the exponential
localization of the associated Wannier functions (or equivalently, smoothness of the gauge)
while preserving the essential property of maximal layer polarization. This forces the form
factor to obey the following simple constraint:

Ag(k) = I"AL (k)" (A.69)
Expanding the form factor as a linear combination of Pauli matrices,
Ag(k) = > Al(k) (A.70)
pn=0,z,y,z

then the above equation is equivalent to
AD(K) = AL, AL(k) = AZ(K), AL() = AYK), A(k) = —A3(k)%. (A7)

The form factor may therefore be written as the following sum of diagonal and off-diagonal
terms, with Fiy'* (k), ®5/*(k) € R :

Aq(k) = F3(k)e®a®r 1 pA(K)1Ze®a M = AS(k) + A (k), (A.72)

which commute and anti-commute with [*, respectively. This expression for the form factor
may be verified, by explicit calculation, to satisfy the constraint Eq. (A.69) above:

AL (K = FS (k)ime Ml e 4 pA(k)ere®atl e = Ay (k). (A.73)
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Taking the limit g = 0 further constrains the form factors by restoring layer U(1) symmetry,
making them diagonal (F4 = 0). Otherwise, F4 = O(g) is of the same order as the inter-
layer tunneling and must be treated with some care. We further remark the unitary discrete
symmetries relate the form factors at symmetry-related momenta, which will not be relevant
to our analysis.

These modifications to the form factors by the inter-layer tunneling — namely the acqui-
sition of off-diagonal components — imprint themselves on both the strong-coupling Hamil-
tonian and its approximate ground states. This is fundamentally due to the fact finite g
breaks layer U(1) symmetry, thereby distinguishing the microscopic layer index ¢ from the
dressed layer index [ of our layer-polarized basis. The decomposition of the form factor in
Eq. (A.72) yields a similar partitioning of both the projected density and the associated
reference charge densities:

554 Z 3 @l A () drs (k + a), (A.T4)

le k

po/A = \/_ 3 qu,g tr[ S/A(k)} (A.75)

keBZ

In particular, since A4 is purely off-diagonal, then p* vanishes identically. In terms of the
relative densities 5/’53/ 4= ﬁg/ A ’S/ , the strong-coupling interaction Eq. (A.61) therefore

reads

V=S4V = 3" V(Q)opsepS + Y V() (60505, + 0p5007) (A.76)

qc€EBZ q€EBZ

where VA = O(g) since it contains one factor A*, and we dropped the AA term since it is
O(g?).

The bilayer QHFMs Eq. (A.46) and QAH states Eq. (A.62) are annihilated by ép5 but
not by 5,(')é. This motivates performing degenerate perturbation theory in the ground state

manifold of VS , which consists of precisely these states. The perturbations include not
only the anti-symmetric term )>A, but also certain terms in the single-particle Hamiltonian
(5?;, which includes corrections from the re-organization of the interaction, analogous to
Eq. (A.56). As in that case, the [° component of 6k is small relative to the interaction scale
and moreover acts diagonally in (and does not energetically distinguish) the states in the
degenerate manifold. This leaves the off-diagonal components of the total single-particle
Hamiltonian, which we collect altogether:

Shy =3 @ [h;‘(k)ﬁ + (k)| @i = O(g). (A.77)
k

Since both this term and 5ﬁé change the relative dressed-layer occupation of the degenerate
ground states, they therefore do not modify their energies at first order. Nonetheless, they
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do facilitate second-order virtual processes in which fermions hop between the two dressed
layers and hop back. Since an O(U) energetic penalty is incurred in the virtual state,
assuming it is not Pauli blocked, then some of the degenerate states will enjoy an O(g?/U)
energetic benefit and therefore be singled out as the preferred ground states in the presence of
finite g. This intuition can be made more quantitatively precise by computing second-order
perturbative energetic corrections using the Schrieffer-Wolff formalism [208], analogous to
that detailed in Refs. [31, 32] in the context of twisted bilayer graphene. In particular, both
“layer-antiferromagnetic” (LAF) and QAH states are energetically favorable over bilayer
ferromagnetic states. As in the main text, LAF states are defined as |n, —n), the subset of
the states in Eq. (A.46) that have opposite spin polarization in opposite Chern sectors.

A.3 Additional Data for Phase Diagram at v = 2

In this Appendix we give additional details of the DMRG phase identification at the “un-
doped” filling of v = 2, which corresponds to filling two of the four low-lying narrow bands
of the double Hofstadter model. Fig. A.5(a) recapitulates the phase diagram shown in the
main text. At weak interactions, the half-filled narrow bands form Dirac semimetal (DSM)
at large ¢ and a metal at lower g, characterized by small electron/hole pockets. Meanwhile
at high Uy, the LAF polarization

Niar = > _(PLLs*Gi) (A.78)
k

increase steadily towards 2, its maximal possible value, suggesting the state is the LAF
insulator predicted by strong-coupling theory. To verify this, Fig. A.5(b) examines the
phase diagram as a function of U; at fixed ¢g. Since the LAF is strongly gapped, one expects
electron-electron correlations to behave as

<¢L,ky¢0,ky>LAF ~ e~/ Grelky) (A.79)

where the correlation length &.(k,) should be finite. By contrast, in the gapless metallic
phase, one expects power-law correlations of (gﬁlky Pok, ), leading to diverging &, — oo as
x — oo. However, even in a gapped phase, ;. may increase slowly with x before converging
to a finite value. Therefore, further analysis is needed to determine if its extrapolated value
at infinite bond dimension is finite or likely infinite.

To this end, we employ a recently-developed method for extrapolating correlation lengths
in DMRG [199, 205]. Namely, we compute several of the largest eigenvalues of the transfer
matrix TX; = A X; in the electric charge Qg = 1 sector for each k,, and select those
from the same “excitation branch” [205]. These are related to the correlation lengths as
e; = 1/& = —log|\;| with €; < ¢;11, where we report £ in units of the unit cell length v = 4a
(i.e., ¢ = 4 square lattice sites). Correspondingly, € is reported in units of u~!. For a gapless

system with a power-law correlation in charge sector @), both e?, 62Q —0as y - 00. As a
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Figure A.4: Strong Coupling Ground States. (a) One possible LAF state that fills the
(T,1) and (B, ) orbitals for each k. (b) One possible quantized anomalous Hall state filling
both T orbitals, with a total Chern number of C' = 2. (c¢) The bandstructure of the LAF
state within self-consistent Hartree Fock at filling v = 1.8 and (g, Uy, Us) = (0.15,1.5,0.0),
matching the large-bond dimension superconductivity data. The horizontal plane at £ = 0
is the chemical potential, and the top gray band is entirely unoccupied. Each band is doubly
degenerate. Computed on 36 x 36 k-points and linearly interpolated for display. (d) The
lower band of the LAF band structure (c) without interpolation and only showing data above
the Fermi level. (e,f,g) Same as (d) except with L, = 5,6,7 and v = 2—1/L,, yielding Fermi
wavevectors k'~ = 0.59/a, k=" = 0.68/a, kr'~" = 0.59/a.
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Figure A.5: Additional Details for the Undoped Phase Diagram at v = 2. (a) LAF
polarization as a function of g and U; at Uy, = 0, B, = 1072 (b) DSM-to-LAF phase
transition at g = 0.25 [dotted red line in (a)]. The electron-electron correlation length & is
extrapolated to x = oo as described in the text. The LAF polarization (right axis) becomes
significant near U; = 1, matching the divergence in &.. Here we take a smaller value of the
Zeeman pinning field, namely B, = 107, to sharpen the transition. (c¢) Phase diagram as a
function of g and U = U; = U, with B, = 1072. (d) QAH-to-LAF transition as a function
of g at fixed Uy = Uy = 2.5 with B, = 1072 [dotted green line in (c)].

result, the quantity
59 =8 — ¥ (A.80)

also vanishes at y — oo, serving as a good “scaling variable” that measures the deviation
from the gapless state [199, 205]. To estimate {(y — o0), we therefore compute €(d) at
each available €(),d(x) and extrapolate to § = 0 with a linear fit. This extrapolation is
shown in Fig. A.5(b) for &, using numerical data at bond dimensions x = 512, 1024, 2048.
At Uy < 1, the extrapolated correlation length &1.(xy — 00) apparently diverges—in concord
with a metallic phase—while at larger U; the extrapolated value is finite and on the scale of
a few unit cells. As a technical point, we note that taking a finite B, broadens the transition
region. To sharpen the transition (while still avoiding Hohenberg-Mermin-Wagner issues),
we take B, = 107" in panel (b).

Fig. A.5(c,d) show the competition between the LAF and QAH phases when U; = Us. At
these parameters, the two phases are degenerate within strong coupling theory. Surprisingly,
they are also exactly degenerate within self-consistent Hartree-Fock. DMRG, however, shows
a clear transition near g = 0.13 at U = 2.5, with simultaneous and opposite jumps in nj zp
and the QAH polarization, namely

noan = Y (@R ). (A.81)
k

The transition therefore appears to be first order.
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A.4 Additional Data for the Existence and
Robustness of Superconductor

In the main text, we provided conclusive numerical evidence for the existence of supercon-
ductivity at L, = 5 by performing a large bond dimension scaling analysis, and summarized
the extent of evidence for this phase at higher circumferences L, = 6,7. We subsequently
demonstrated that the superconductivity at L, = 5 belongs to a robust superconducting
phase that persists even upon including additional repulsive interactions. In this appendix,
we provide additional numerical data and details supporting both of these claims.

In Subsection A.4, we provide a detailed account of our scaling analysis of the charge-
2e and charge-1le correlations as a function of bond dimension and cylinder circumference.
This includes a depiction of the superconducting correlation functions for each channel, a
description of our procedure for obtaining a scaling collapse and the exponents of algebraic
decay, a depiction of the 1e and 2e correlation lengths as a function of bond dimension, and
our procedure for extrapolating the correlation lengths to infinite bond dimension. Crucially,
we provide data for both the case of zero and non-zero interlayer repulsion Uy. Subsequently,
in Subsection A.4, we provide the raw numerical data supporting the L, = 5 superconducting
phase diagrams shown in Fig. 5 of the main text.

Scaling Analysis of Correlations

In the main text, we claimed that we saw algebraic decay of the superconducting correlation
function

Cop(z, ky) = N2711 <AL5 (230, ky>Aa6(O§ 0,ky)) (A.82)

in the channels a8 = zz,yy, and 0. There, in Fig. 4(a), we showed the superconducting
correlation functions in the xx channel. In Fig. A.6(a, b), we show that the yy and 20 likewise
exhibit clear signatures of algebraic decay, as claimed in the main text. In Fig. A.6(c),
we compare the magnitudes of the correlation functions for the three different channels at
L, =5. Since C,3 is normalized by the density of total hole pairs Ny, then its value at x = 0
roughly corresponds to the average fraction of Cooper pairs occupying the a3 channel. With
this in mind, at x = 0 we find that the zz and yy channels have nearly equal magnitude,
while 20 is roughly three times smaller, signaling a lower number density of Cooper pairs in
the latter channel. This justifies our treatment of the x0 channel as subdominant.

Collapse to Algebraic Scaling Hypothesis

In the main text, we performed a finite-entanglement scaling collapse to quantitatively
demonstrate the approach to algebraic decay. To this end, we adopted the scaling ansatz:

OO (@, ky) = € gas (1 /Ene, ki) (A.83)
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Figure A.6: Additional Superconducting Correlations Functions. In panels (a) and
(b), we depict the superconducting correlation function for the yy and x0 channels, respec-
tively, at circumferences L, = 5,6, 7. Similar to the the xz channel shown in the main text,
clear signatures of algebraic decay are observed in these two channels. Likewise, an arbi-
trary vertical offset is added to L, = 6,7 for ease of viewing. In panel (c), the correlation
functions at L, = 5 for all three channels are shown without any vertical offset, allowing for
the direct comparison of their magnitudes. While xx and yy are relatively close, especially
at short distances, the z0 correlation function is notably smaller, a pattern that holds at all
circumferences.

We now detail our precise quantitative procedure for performing this collapse and provide
additional numerical data in support of our claims. In our numerics, the data for the su-
perconducting correlation function is organized in the form of tuples {(z;, CX(x;, k,)} for
each simulated bond dimension y and each position x;. To perform the finite entanglement
scaling collapse, the z-axis is first rescaled by the correlation length, yielding a data set
{(2:/&,,CN(x;/x, k,)}. Linearly interpolating this data, we obtain a continuous function

CY(z /€, k,), which we can then scale and sample from. Namely, given this interpolation
and Eq. (A.83), we posit the following cost function:

1 vt 1
Q) = ——— / dy =7
(77) NX(NX - 1) ;, Yo Y 5)%2/

It is chosen based on the following principles: (i) it is positive semi-definite, (i7) it vanishes
if and only if Eq. (A.83) holds, and (i) its prefactor ({;’(fz,)*l makes the integrand dimen-
sionless. More heuristically, it is more stable (compared to several considered alternatives)
to the removal of some data from the fit, which suggests that it is more robust. A finite
entanglement scaling collapse is achieved for the value of 1 that minimizes the cost function
shown above, while the error in the optimal value n = n* is estimated from the inverse

Hessian as
on = \/ Q")

~ ~. 2

-1

920

el (A.85)

n=n*
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H L\afs xx Yy 20 H
5 1.3+0.2 1.4+0.3 1.1+0.2

6 1.02+0.04 1.00+0.07 0.74+£0.07
7 0.9+0.3 0.9=£0.3 0.7+£04

Table A.2: Extracted Power Law Exponents from Scaling Collapse. The table
shows the exponents n(L,) extracted for each channel af by collapsing under the finite
entanglement scaling hypothesis of Eq. (A.83). The exponents here were obtained using the
data at v =2 —1/L, and (g, Uy, Us,d) = (0.15,1.8,0,0).

We remark that y = z/&,, yo and y; are chosen to isolate the algebraic “shelf” of the correla-
tion function — clearly visible in Fig. A.6 as the region over which multiple curves coincide
with the algebraic fit — and to ensure that the function Q(n) is convex at the obtained
minimum. We remark that, when performing the optimization procedure for L, = 6,7, we
discarded certain low bond dimension correlation functions, as including them inhibited the
discovery of a convex solution. This suggests that these bond dimensions were not yet in
the ‘scaling regime’ at y > e“v) and could therefore not be collapsed appropriately under
the scaling hypothesis. In particular, for L, = 6, the bond dimensions taken were y > 8192
and for L, = 7, only the last two bond dimensions could be used x > 10033. With these
choices of y, we have ensured that this optimization problem is convex, and we have further
ensured that our method is robust to changing the values of yg, y;. Fig. A.7 shows the scaling
collapses for all channels. The collapses have generally high quality, both in terms of Q(n)
and to the eye. This constitutes strong evidence that superconducting correlations are gap-
less in all three channels zz,yy, 20 at all systems sizes L, = 5,6, 7 studied. The extracted
exponents are also tabulated in Table A.2.

Correlation Lengths and Extrapolation

We now study the correlation lengths as a function of bond dimension at each cylinder
circumference. By performing a quantitative extrapolation in bond dimension, we attempt
to ascertain if the system is gapped or gapless in each sector. It is worthwhile to review the
possible options. If the system is a Luttinger liquid, then one expects gapless excitations
in both the one-electron (1le) and two-electron (2e) sectors, whose corresponding correlation
lengths & would diverge as x — oo. Equivalently, 1/&;. and 1/&;. would vanish. By contrast,
for a Luther-Emery (i.e. a 1D superconductor), there should be a gap to single-electron
excitations, so 1/£;. would remain positive as y — oo.

Clearly it is impossible to actually take this limit, so we are obliged to extrapolate in x.
Such a procedure is always fraught, due to the presence of finite y phase transitions where the
properties of the state change dramatically as a function of bond dimension. And indeed we
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Figure A.7: Additional Scaling Collapses for Superconducting Correlation Func-
tions. Here, we depict the results of the finite entanglement scaling collapse for each circum-
ference (L, = 5,6, 7 for the top, middle, and bottom row) and condensed channel (z,z, y, vy,
and z,0; labeling the columns). We find an excellent scaling collapse for each correlation
function shown and the exponents n are shown in Fig. 4(c) of the main text. Data is shown
for x = 5461, 6689, 8192, 10033, 12288.

often observe such a transition at L, = 5 from a LAF-metal state at low x to a Luther-Emery
liquid at high . If one assumes that no such transition will occur beyond available bond
dimensions, and further assumes that the available bond dimension is “close” to xy — oo,
then one may apply the scaling techniques pioneered in [199, 205], and described in App.
A.3 above. We recall that describing a gapped state generically requires bond dimension
x ~ €9 5o describing a gapless state likely requires bond dimensions growing at least
this fast. This suggests that studying extrapolation at fixed maximal bond dimension —
a constraint imposed upon us by limited numerical resources — grows less reliable as L,
increases.

Nevertheless, we extrapolate using all available data in Fig. A.9, where we report £ in
units of the size of the unit cell, namely u = 4a, with § accordingly being reported in units

of u='. The data is clearest at L, = 5. There, both &, and &, are increasing with x.
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Figure A.8: Bond Dimension Scaling of Correlation Lengths. In panels (a, b, ¢), we
depict the 2e and le correlation lengths as a function of bond dimension at a hole doping
v = 2 —1/L, for the parameter point (g,U;,Us,d) = (0.15,1.8,0,0) and circumferences
L, = 5,6,7. We find that for all circumferences, both correlation lengths grow linearly
with x. For L, = 5,6 [panels (a, b)], the 2e correlation lengths are substantially larger
in magnitude suggesting non-trivial pair correlations in these states, while for L, = 7, the
difference in magnitude is not substantial. In panels (d, e, f), we check the ratio of these
correlation lengths, which distinguishes a Luttinger Liquid from a Luther-Emery liquid based
on the theory of finite entanglement scaling (See Section V.A of the main text). We find
that for L, = 5 [panel (d)], the ratio of the correlation lengths increases as a function of
bond dimension strongly suggesting a Luther-Emery liquid. For L, = 6,7, this ratio does
not increase suggesting that we cannot rule out the possibility of a Luttinger liquid at these
circumferences.
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Figure A.9: Extrapolation of Inverse Correlation Lengths. Attempted extrapolation of
the inverse correlation lengths 1/ in the () = le and 2e charge sectors. (a) At circumference
L, = 5, we find that &, extrapolates to a finite value while &, — oo, the hallmark of a
Luther-Emery liquid. (b) Though we find that &, substantially exceeds & at L, = 6, the
former extrapolates to a negative value (therefore marked in gray), signaling the state is too
far from convergence to confidently identify it as a Luther-Emery liquid or Luttinger liquid.
(c) At L, = 7, we find that the le and 2e excitations extrapolate close to zero with the
former slightly negative and the latter appearing gapped. While these observations could
arise from a Luttinger liquid, the changing behavior of the correlation functions (Fig. A.6
and Fig. 4(a) in the main text) as a function of bond dimension (e.g., short-distance behavior
changing non-monotonically in x) suggest that this state is also too far from convergence to
derive any sharp conclusions.

Extrapolating the inverse correlation lengths versus 0 [see Eq. (A.80)] by a linear fit implies
that 1/&. is consistent with zero in the § — 0 limit, whereas 1/, is strictly positive.
Taken in conjunction with the clear power law behavior for superconducting correlations
discussed above, we thus identify the L, = 5 state as a Luther-Emery liquid. For L, = 6,
the extrapolated 1/, inverse is negative — a non-physical result since &, > 0. This fitting
difficulty suggests the correlations are still changing non-linearly and may not be in the
“almost infinite x” regime required by scaling theory. So although the extrapolated value
of 1/&;. is slightly positive, consistent with an electronic gap for a Luther-Emery liquid, we
cannot confidently rule out a Luttinger liquid at L, = 6. Finally at L, = 7 the extrapolated
values of both inverse correlation lengths are close to zero (with le slightly negative). This
behavior is consistent with a Luttinger liquid.

Let us make a few observations on the distance to the “scaling regime” at asymptotically
large x. It is instructive to consider how changing L, changes the ‘normal state’ — the
non-superconducting metal obtained by doping the LAF bandstructure. This is shown in
Fig. A.4(d-g). There one can see that at asymptotically large L, there are four Fermi pockets
(wrapping around the right to left edges of the Brillouin zone). At L, = 5,6,7 the wires
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intersect only some of these cuts, resulting in 2,4 and 2 Fermi pockets, respectively. It is
striking that the minimal 0 at fixed bond dimension is roughly proportional to the number
of Fermi pockets, in accord with the idea that it measures the “distance to infinite bond
dimension”. Moreover, these Fermi pockets have slightly different Fermi momenta, namely
= = 0150t k™% = 017"t k™" = 0.15u! (see Fig. A.4), which provide a natural
inverse length scale against which to evaluate the smallness of §. In particular, we find
that 0 greatly exceeds k‘ﬁy for each of the larger circumferences. Taken with the arguments
above, this suggests that L, = 6,7 remain far from convergence and that vastly larger bond
dimensions may be required to resolve the nature of their ground states definitively.

Scaling Analysis of Correlations With Additional Repulsion

In the main text and above, we detailed our scaling analysis of the charge-2e and charge-
le correlations as a function of bond dimension and cylinder circumference at the fixed
parameters (g,U;) = (0.15,1.5). In particular, this quantitative analysis was performed in
the absence of additional repulsion d,U,;. To demonstrate that the superconductor that
appears is not a consequence of a vanishingly small attractive interaction generated between
the layers, we now examine the effect of adding additional long-range interactions in inter-
layer channels:

7112
V=>" e [%(ﬁfT +12g) + Usfpries | - (A.86)
where U, controls the strength of interlayer repulsion and d controls their range. We perform
the same scaling analysis as before at parameters (g, Uy, Us,d) = (0.1,1.4,0.2,0.358). This
point is marked with a star in Fig. 5(c) of the main text and crucially has inter-layer repulsion.

Similar to the analysis in the main text, let us start by examining the structure of the
superconducting (charge-2e) correlation functions with increasing bond dimension and cylin-
der circumference. In particular, in Fig. A.10(a), we show the superconducting correlation
function for L, = 5,6, finding that they both show a clear tendency to algebraic decay,
similar to the case at d = Uy = 0. We demonstrate this quantitatively once more via a finite
entanglement scaling collapse in Fig. A.10(b) and show the extracted exponents for the two
L,’s in Fig. A.10(c). Our results indicate that at finite repulsion (U,,d) = (0.2, 0.358), our
system has algebraically decaying 2e correlations at L, = 5,6 but, unlike the case without
repulsion, its exponents of algebraic decay do not clearly decrease with cylinder circumfer-
ence. We largely suspect that this is due to the fact that the fillings and locations of Fermi
pockets are qualitatively different at the two circumferences, preventing a direct comparison
of the two circumferences.

We next turn to the analysis of the correlation lengths. The raw correlation lengths are
given in Fig. A.11(ab). At L, = 5, both &, and &, are increasing with x, but their ratio
grows rapidly as a function of bond dimension, apparently without bound [see Fig. A.11(d)].
In particular, it greatly exceeds the value 1/2 expected from Wick’s theorem in the limit of
a weakly-interacting metallic state. This is suggestive, but does not conclusively show on
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Figure A.10: Superconducting Correlations at Finite Repulsion. We perform a
scaling analysis on the superconducting correlations in the ground state at (g, Uy, Us,d) =
(0.1,1.4,0.2,0.358) and doping v = 2—1/L,. In panel (a), we show the correlation functions
for the zz channel at circumferences L, = 5,6, finding a clear tendency to algebraic decay.
We remark that an arbitrary vertical offset has been added to circumference L, = 6 for
ease of viewing. In panel (b), we verify the tendency to algebraic decay quantitatively by
performing a finite entanglement collapse to the form Eq. (A.83). Finally, in panel (c), we
report the exponent of algebraic decay extracted for L, = 5,6 for each condensed channel
aff = xx,yy, and x0. At the bottom of the panel, we summarize our data indicating if the
2e correlations are gapless and le correlations are gapped at each circumference with a v.
These panels demonstrate that our results from the main text are qualitatively unchanged
as we introduce finite inter-layer repulsion U, and finite interaction range.

its own, that there is a gap to electronic excitations. The situation is similar at L, = 6 but
here the ratio, although above two, is not as large at the bond dimensions we can access.

To gain greater clarity about the nature of the state, e.g. the existence of a charge
gap, we again attempt to extrapolate both the 2e and le correlation lengths. Fig. A.11(c,f)
shows linear extrapolations of 1/¢ versus § for L, = 5,6. At L, = 5, 1/&, extrapolates
to zero, in accord with the power law superconducting correlations above, where as 1/,
is positive. This is consistent with a charge gap, and we may again confidently identify
the L, = 5 at finite (d,U;) as a Luther-Emery liquid, i.e. a superconductor. In fact, the
indications of superconductivity here, such as 1/&;., appear to be larger or more clear than the
(d,Usy) = (0,0) case studied above. Unfortunately this clarity does not extent to the L, =6
case, where both extrapolations are consistent with zero. Given the ratio &./&. > 1/2,
ordinarily a good heuristic indication of pairing, and that the smallest attainable ¢ remains
much larger than the Fermi wavevector (see Sec. A.4), this evidence does not yet yield a firm
conclusion for L, = 6. As usual, higher bond dimensions could resolve this issue. Due to
computational expense, L, = 7 was not studied in detail here.

In summary, adding finite (d,U;) does not have a clear effect at L, = 6, but appears to
further stabilize superconductivity at L, = 5. This success at L, = 5 invites us to determine
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Figure A.11: Bond Dimension Scaling of Correlation Lengths at finite (d,U,). In
panels (a) and (d), we show the one-electron and two-electron correlation lengths as a func-
tion of bond dimension for L, = 5,6 at a parameter point (g, Uy, Uz, d) = (0.1,1.4,0.2,0.358)
with finite inter-layer repulsion. We find that both appear to be growing linearly but the
one-electron correlation lengths generally grow much slower. This is easiest to see from pan-
els (b) and (e) where the ratio of &/, is found to be growing with bond dimensions for
both L, = 5,6. From the discussion of Section V.A of the main text, this suggests that both
parameter points are a Luther-Emery liquid. For L, = 5, this is corroborated in panel (c) by
performing an extrapolation to infinite bond dimension as we find a gapped le correlations
and gapless 2e correlations. However, for L, = 6, panel (e) yields negative correlation lengths
for 5;;00 and fl’;oo close to zero suggesting that we are too far from a “scaling regime” for
L, = 6 to distinguish a Luther-Emery liquid from a Luttinger Liquid.

the boundaries of the superconducting phase at this circumference. This is the topic of the
next section.

Robustness of Superconductivity at L, =5

We now focus on circumference L, = 5 cylinders and study the extent of the superconducting
phase in terms of several parameters: (i) interlayer tunneling g, (ii) in-layer interactions Uy,
(iii) interlayer interactions U, (iv) interaction range d, (v) electron filling v, and (vi) spin-
layer Zeeman field B,. We will show that the superconducting phase is at least perturbatively
stable to each of these parameters, and has a large phase extent in most parameters. This
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Figure A.12: LAF Polarization of the Superconductor and Robustness to Addi-
tional Repulsion. (a) LAF polarization of the doped state, which exhibits a widespread
LAF phase in the strong coupling regime at fixed d = Uy = 0. To diagnose superconducting
order, we take a cut at fixed g (orange line) and, in (b), plot the ratio &s./&;e. Its growth with
bond dimension and substantial magnitude (i.e., in excess of unity at the largest available
bond dimension) suggests the presence of superconductivity at U; 2 0.6. (c) Plot of the
LAF and QAH (i.e. layer) polarization as a function of U, at fixed (g,U;) = (0.1,1.4). For
each value of the interaction range d, the doped state remains substantially LAF-polarized
until Uy exceeds Up, at which the phase abruptly transitions to QAH. Fixing d = 0.358,
in (d) we plot the superconducting diagnostic &5,/ ., finding evidence for superconducting

correlations at Uy < 1.2. All plots at L, =5 and v =2 — 1/5.

justifies our referring to the superconductor as “robust” in the main text.

To start, we examine the effect of g and U;. Fig. A.12(a) shows the LAF polarization
in the (g,U;) plane from DMRG at filling v = 1.8. Comparing to Fig. A.5(a) above, the
LAF polarization appears in essentially the same region of parameter space; doping the LAF
does not destroy the order. Fig. 5(a) of the main text showed that the superconducting
phase persists over almost the whole region. To corroborate this claim, Fig A.12(b) plots
the ratio &/ at fixed ¢ = 0.1 as a function of U;. We adopt the heuristic that the
state is superconducting if &5./&1. is growing and exceeds unity at the largest available
bond dimension. In the line cut, one can see this clearly holds at large U;, but there is
a small region near U; = 0.2 that is most LAF polarized but does not have significant
superconducting correlations. At these bond dimensions, these states appear to be metallic
and we refer to them as a LAF metal. However, larger bond dimensions tend to increase the
superconducting correlations in a finite y transition, albeit at larger y at parameters close
to the edge of the LAF-polarized region. We therefore cannot determine if the LAF metal
is a finite bond dimension artifact or a genuine phase. Either way, the vast majority of the
LAF polarized region is clearly adiabatically connected to the state at (g, U;) = (0.15,1.5)
that we previously determined to be a Luther-Emery liquid.

Next, we examine the effect of additional repulsive interactions (d, U,), corresponding to
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Fig. 5(c) of the main text. Fig. A.12(c) shows the LAF and quantum anomalous Hall (QAH)
polarizations as a function of U, for each d at v = 2 — 1/5. As before, the polarizations
hew closely to their respective values at v = 2 (not shown), with a transition from the LAF
insulator to a Chern-polarized QAH insulator when U exceeds U;. Fig. A.12(d) shows the
ratio &s/&1e on the same axes, which exceeds unity and grows with bond dimension for
Us < 1.2. By our heuristic, this suggests all these points lie in the superconducting phase,
and in fact the largest superconducting correlations are at Us ~ 0.4 at the largest available
bond dimension. However, the ratio drops off precipitously around U; ~ 0.6. This might
signal a drop in the superconducting gap (perhaps even to zero) that would only be apparent
at much larger bond dimensions, or might simply be a regime where more entanglement is
required to adequately describe the state. Altogether, this demonstrates both that the
superconductor is stable to significant additional repulsion, and that such interactions may
accelerate the convergence of the superconducting state in bond dimension.

The superconductivity is also stable across a range of electronic densities below v = 2.
Fig. A.4(a) shows that the LAF polarization is stable to significant hole doping, decreas-
ingly almost linearly with filling down to v = 1.5, whereupon the behavior becomes more
irregular. We remark that the states at v < 1.5 may be translation-breaking, though careful
consideration of different circumferences would be necessary to draw any firm conclusions.
Comparing to Fig. 5(b) of the main text, we see that superconductivity appears to persist
down to v = 1.6. In particular, these data suggest that the superconductor is resilient to sig-
nificant changes in the Fermi velocity of the underlying LAF band structure, which increases
with decreasing density — recall from Fig. A.4 the structure of the LAF Fermi surface.

Finally we discuss the subtle role of B,. Recall from Appendix A.1 that we have added
a small field =B, ), &lszf"zﬁr, with a typical value of B, = 1072 in our numerics. Briefly,
the reason for this is that Hohenberg-Mermin-Wagner considerations forbid spontaneous
symmetry breaking of a continuous symmetry in quasi-1D, a prerequisite for the formation
of the LAF. Without this pinning field, one would expect a quantum disordered phase with
extremely long but ultimately decaying LAF fluctuations, just as in the Haldane model [193].
To be able to realize a truly polarized ground state without a huge entanglement cost, we
add this B, field at an energy scale significantly below the other microscopic scales in the
problem. Another choice would have been to add the square of the LAF order parameter,
which has the advantage that it does not pick out a particular quantization axis.

To confirm that B, is innocuous to the superconducting physics, we examine the effect of
tuning it. Fig. A.4(b) shows the ratio &£./&1. as a function of B,. This quantity appears to
increase without bound, all the way from 2- 1072 (on the order of the value B, = 1072 fixed
in the main text), down to 1073, with a decrease in B, appearing to accelerate convergence
at fixed bond dimension. This strongly suggests that the value of B, we used here only
serves to stabilize the LAF order, but does not play a critical role in pairing on top of
it. Working at non-zero (d,Us) to circumvent convergence issues, in Fig. A.4(c) we show
that superconductivity apparently persists to at least moderately larger B, ~ 0.1, though a
suppression in & /& at fixed bond dimension suggests that the larger-B, states are more
difficult to converge. In fact, the longer-range interactions appear necessary to avoid norm
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Figure A.13: Additional data for the v and B, scans. (a) The LAF polarization vs.
the total electronic density at fixed (g,U;) = (0.1,1.8) and d = Uy = 0. Over a significant
range of densities that subsumes the putative superconducting region 1.7 < v < 2, the
LAF polarization is near-maximal, decreasing approximately linearly with the density of
hole dopants (i.e. 2 —v). (b) Plot of &,/ as a function of the Zeeman pinning field at
d=Uy =0 and (g,U;) = (0.1,1.4). Its large magnitude and continued growth with bond
dimension signals the prevalence of superconducting correlations down to very small values,
namely B, = 1072 (an order of magnitude smaller than 1072, the value taken in the main
text). (c) Plot of the same quantity at a finite amount of additional repulsion, enabling the
numerical stabilization of DMRG simulations up to B, = 107!, at which the state may still
be superconducting. All plots are at L, = 5.

errors at these larger B, values. We conclude that the particular value of B, is incidental
to the superconducting phase at L, = 5, and are therefore justified in treating it as a small
perturbation used for numerical convenience.

In summary, we have found that the Luther-Emery liquid at L, = 5 is resilient to six
independent perturbations. This underscores the theme that doping the LAF insulator leads
to a robust superconducting phase at this circumference.

A.5 Additional Details of Pairing Symmetry Analysis

In this appendix, we provide the theoretical details underlying our characterization of the
pairing symmetry. To do so, we provide a brief reminder regarding how one formally char-
acterizes pairing symmetry in a superconducting state. In particular, we describe how the
pairing symmetry, in systems with both unitary and anti-unitary symmetries, is characterized
by the induced co-representation of the symmetry group on the pair wavefunction. Subse-
quently, we use this formalism to determine the pairing symmetry of the double Hofstadter
model.
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Characterizing Pairing Symmetry: Induced Co-Representations
on the Pair Wavefunction

In this subsection, we detail systematically how to characterize the pairing symmetry of a
superconducting ground state. In particular, the pairing symmetry refers to the representa-
tion of the magnetic space group G under which the pair wavefunction A,z(k) transforms.
To be a bit more precise, let us start by noting that the pair wavefunction A,p(k) lives
in the vector space C*** ® Fpy where the 4 x 4 comes from the different channels o and
Fpyz is the space of functions over the Brillouin zone. Our goal will be to first determine an
action of the magnetic space group on the pair wavefunction such that it transforms under
a co-representation of the group— the generalization of the notion of a representation to
include both unitary and anti-unitary symmetries.®> We recall the definition for convenience.
Let G be a group with group elements g € GG that are either linear or anti-linear. Following
Ref. [363], define a function s such that s(g) = £1 for linear (anti-linear) group elements. We
write F5@)=*1 = [ and F*@=-1 = F* for complex numbers F. Then, a co-representation of
G is a homomorphism from the group to the space of operators on a vector space V defined
over the complex numbers:

. {ZgK - (A57)

where v, € GL(V,C) (i.e. the group of automorphisms of V'), K indicates complex conjuga-
tion, and where v, matrices must satisfy a characteristic composition property:

Vgh = I/gl/z(g) (A.88)

Below we will show the action of our symmetry group on the pair wavefunction and demon-
strate that it forms a co-representation. We will then organize the vector space C*** @ Fpy
into a direct sum of irreducible co-representations. The subspaces the pair wavefunction we
find lives in determines its pairing symmetry. The irrep that the pair wavefunction belongs
to determines its pairing symmetry.

To define the action of the symmetry group GG on the pair wavefunction, let us take g
to be the (anti-)unitary operator corresponding to group element g € G. Let us make the
assumption (which will be relevant to the case at hand; see Subsection A.5) that generators
of our magnetic space group ¢ act on our Cooper pair operators A,z(k) by acting on the
momentum label only:

§'AT(k)g = Al(g'K), (A.89)
where we have suppressed the a3 indices, and g~ 'k is the action of the symmetry on the mo-
mentum label. Define the action of the element on the pair wavefunction A(k) = (¢, Af(k)v)
as:

(g- A)(k) = (gv, Al(k)gv) = (v, §TAT(k)gu)*@ = A*@ (g7 k), (A.90)

3For a short but lucid review see Appendix B of Ref. [363], or Ref. [394] for a more comprehensive
treatment.
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where we have used the notation (a,b) = (a|b) to denote the inner product as it will be more
convenient for working with anti-unitary operators. While this action is derived from the
quantum mechanical data, we can now think of A(k) as an element of the space of functions
on the Brillouin zone Fg,, on which the action of the group is (g - F)(k) = F*¥(g7'k).
On the vector space of such functions, this map is manifestly a group homomorphism and
is anti-linear. To demonstrate that this action indeed does form a co-representation, it is
helpful to decompose functions F'(k) into “irreducible” functions that are real and transform
definitely under the action of k — ¢~'k. Explicitly, we have that:

dim(

r)
Fk)= Y Y n"Vruk), (A.91)

Ielrrep(G) p=1

where Yp (k) € R and Y7, (97 'k) = V1;9Yp (k). In this basis, the action of our group can
be expressed as:
(9- F)(k) = F*9(g7'k) = y,K* W F(k), (A.92)

where v, is a block diagonal matrix whose rows and columns are labeled by I' and p that ro-
tates the coefficients n"# and K*@=+1 = 1 and K*@=-1 = K. Its blocks are precisely the ma-
trices VE;,Q labeled above. We now demonstrate that the v,’s above form a co-representation.
In particular, note that (gh - A)(k) = v,,K*@" A(k), by definition. However,

(gh- F)(k) = (g (h- F))(k) = KD (h - F)(K) = v,K"@u, KO F (k) = v, K P (k).
(A.93)
As such, the v matrices satisfy the characteristic algebra of a co-representation vy, = ngfl(h).
As a remark, a change of basis Y (k) — W'Y (k), generates similarity transformations on the
v’s:

v, — Wiy, W), (A.94)

Two co-representations are said to be equivalent if they are related by such a similarity
transformation.

Pairing Symmetry

Generalities out of the way, we now focus on the specific case at hand. Recall that the
magnetic space group of our model is generated by:

my my, C2z ng A (A95)

as discussed in Appendix A.1. Note that, because our Cooper pairs carry zero momentum
and charge-2e, the action of m, on such objects is trival and the remaining generators
mutually commute (c.f. Table A.1) and square to the identity. As such, the group acts on
the pair wavefunction as (Z,)3 x ZX, where Z is anti-unitary. This fact greatly simplifies the
possible representations that the pair wavefunction can live in. Since the group is abelian,
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the v,’s are constrained to be numbers and since they square to the identity, this implies
that the index ¢ defined in Eq. (A.87) satisfies:

=1 s(g)=+1
= {|ng2 S0 s(g)= L (4.99)

which follows from the algebra of the co-representation Eq. (A.88). This constrains:

==+l =+1
Vg = Ve 0 s(9) =+ (A.97)
v,=¢€" s(g) =—-L.

Finally, note that under basis transformations W = /2,

vy s(g) = +1
Vg — {e‘i‘f’yg S(g) = 1 (A.98)

This implies that there is only one possible regular co-representation of the pair wave-
function under the ZX as they are all related by a similarity transformation. Therefore,
the pairing symmetry is characterized by three “symmetry indices” (or characters) v, for
g € {Cy;,Cy,my}. To determine v, for these generators, let us tabulate the action of
the symmetry operators on the Cooper pair operators Alﬂ(k) for the dominant condensed
channels af = zz and yy, which follows from Eqgs. (A.26)-(A.29):

Co: Al ()5t = Al (Co:k) (A.99)
ConlAl(K) Gy = Al (Cosk) (A-100)
e ALy (k) = Al j(k + Gy /2) (A.101)

TA! (k)7 = Al (k). (A.102)

Symmetry actions in hand, we can extract the v,’s directly from the pair wavefunction. From
the data shown in Fig. A.14 below, we can extract the symmetry indices directly, as shown
Table A.3. Note that 0 has a different symmetry index under the magnetic translation m,,
which is consistent with it having a different algebraic exponent 7z, (see Fig. A.10c).

H L\ap TT Yy 20 H
5 (—=1,—-1,X) (—1,—-1,X) (—1,—1,X)
6 (L —1,-1) (=1,—L,—1) (—1,—1,+1)
7 (—=1,—-1,X) (—1,—-1,X) (—1,—1,X)

Table A.3: Pairing Symmetry of the Superconductor. Symmetry Indices
(Vey., YOy, » Vim, ) for the different condensed channels and circumferences. An X indicates
that m, is not a symmetry for odd circumferences, so that v, is not well defined.
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Figure A.14: Momentum Space Structure of the Pair Wavefunction. Plot of the
proxy pair wavefunction for the two dominant superconducting channels af = zzx,yy at
all three circumferences L, = 5,6,7, extracted from charge-conserving iDMRG using the
methods described in the text. Each function is manifestly odd under Cy, and Cs,, with
the latter indicating p-wave pairing symmetry. At L, = 6, where the magnetic translation
m, is a symmetry of the finite-circumference system, the pair wavefunction in the xz and
yy channels is odd under shifts k, — 7, where it is even in the sub-dominant z0 channel.
We remark that the overall normalization of the pair wavefunction—which we have argued
is proportional to the true pair wavefunction—is set arbitrarily. In each case, its imaginary
part is smaller by orders of magnitude and is therefore omitted. Each plot is computed at

Y = 12288.
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A.6 Additional Details on Relationship to Chiral
TBG

In the main text, we described the similarities between the double Hofstadter model and
chiral models of twisted bilayer graphene (TBG). In this section, we provide additional
details regarding these similiarities. To do so, let us briefly review the form of the interacting
Hamiltonian in chiral models of TBG. For a more complete and pedagogical review, we refer
the reader to Ref. [32].

Brief Review of Chiral TBG

Recall that electrons in TBG carry a conserved electronic spin (s =1}, ) and valley (7 =
K, K') and can occupy one of two energetically close but distinct bands. The narrow band-
width of the flat band subspace suggests that other linear combinations of these bands,
distinct from the single-particle energy eigenbasis, may be more relevant for studying the
interacting physics of TBG. One natural choice recognized in Refs. [31, 63] is the sublattice
polarized basis which distinguishes bands in the subspace based on their weight on the two
sites 0 = A, B of the honeycomb lattice of graphene. This sublattice polarization becomes
maximal in the non-physical limit where intervalley hopping can only occur between opposite
sublattices (i.e. only between A sites on the top layer to B sites on the bottom, or B on top
to A on the bottom). This is called the “chiral limit of TBG” [32, 74, 75].

A crucial property of these sublattice polarized bands is that they carry a definite Chern
number. In particular, let ¢, 7%, s* for a = 0, z, y, z correspond to the Pauli matrices of the
sublattice, valley, and spin respectively. Then, the Chern number is labeled by C = %1%
This motivates organizing the bands by their Chern sector o1, their valley 7, and their
electronic spin s. A complete set of commuting Pauli matrices, that define how to measure
and flip each such degree of freedom independently, can then be defined as:

n = (o7, 0%1Y,77) n=(s"s%,s%) v = (0%, 097, 0°T7), (A.103)

corresponding to a valley pseudospin, the electronic spin, and the Chern label. In this “strong
coupling basis” of the flat bands, the band-projected Hamiltonian of chiral-limit TBG takes
a particularly simple form:

Hrpe = hrpe + Vise, (A.104)
hrse = Y @l [ h P9 () + 7Ry PO (k)] i, (A.105)
kEBZ
. 1 o
Vise = 57 > Vadhadp-a; (A.106)
q€ER?

where ¢! is a fermionic creation operators organized into a spinor in the Chern, spin, and
valley pseudospin, evidently the dispersion is purely off-diagonal in the Chern sector, A is
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the area of unit cell of TBG, and the interactions are written in terms of relative densities
0pq = pq — Pq- Here, the relative densities are defined from:

R R R B 1 . .
pa= D Ada®dcra  Pa= 52 dacTrAall)],  Aqlk) = F5(k)e ™07,
k k,G

(A.107)
where the form of the density operator arises from projecting the microscopic number density
operator into the flat bands. Note that, manifestly, the interacting portion of the Hamiltonian
is diagonal in the Chern number and is independent of spin or valley pseudospin. As a
consequence, this term in the Hamiltonian has a U(4); x U(4)_ symmetry corresponding
to independent rotations of both the spin and valley pseudospin in either Chern sector. At
the magic angle, when the dispersion hrsc identically vanishes, this enlarged symmetry is
precisely the symmetry of the chiral TBG Hamiltonian. However, a departure from the
magic angle re-introduces the dispersion which, while independent of both spin or valley
pseudospin, mixes the two Chern sectors. As such, its inclusion breaks the U(4), x U(4)-
symmetry down to a single U(4).

As stated in the text, a number of experiments in TBG suggest some degree of flavor
polarization. As such, in literature, this U(4) x U(4) symmetric model is typically reduced
to a U(2) x U(2) symmetric model with half the number of degrees of freedom. Here U(2)
describes rotations of the unpolarized degree of freedom, which are generated by either n for
“Route 1”7 or i for “Route 2”. The form of this U(2) x U(2) symmetric model is identical
to Eq. (A.104) but where the electrons ('51177177 are replaced with @LW or @L{ﬁ.

Comparison Between the Double Hofstadter Model and Chiral
TBG
In this section, we establish a correspondence between the chiral TBG Hamiltonian and that

of the band-projected double Hofstadter model. Recall from Sec. A.2 that the latter can be
expressed in the “strong-coupling” form

Oh = 3 Bl () + 1y ()] + Pho(K) b B (A.109)
keBZ ~ ~ —_——
Shg(k) Sho (k)
V= Z Ve (4)0pqe0p—qe (A.110)
qeEBZ

where the interactions are written in terms relative densities 0pqr = pgqe — Pqe defined from:

1
By = Al Ao (K) bt = —— > daaTr[Age(k)]. A111
Pat zk:SDk at(K)Prrq Pqt \/q_Nsz; acTr[Aci(k)] ( )
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When U; = U; and g = 0, the Hamiltonian is greatly simplified. In particular, it can be
re-expressed as

= oll’ho(K)a+ Y V(a)dpadpa, (A.112)

keBZ qc€EBZ

where §pq = >, 0pqe and the corresponding layer-summed form factor is constrained to have
the following structure:

k) =) Aqe(k) = FJ (k)ea®", (A.113)
)4

If we neglect the small bare Hofstadter dispersion hy(k), the resulting Hamiltonian has
precisely the same form as the chiral TBG Hamiltonian at the magic angle under the mapping

n Map 1

 Map 2 (A.114)

l<— 7, s<—>{

Both models have a U(2) x U(2) symmetry corresponding to (pseudo)-spin rotations in
distinct Chern sectors. As an added remark, in both models, those Chern sectors are related
by a spacetime inversion symmetry Z, which in TBG is written in the literature as Cs, 7.
The effect of introducing ¢ into the double Hofstadter model restores the terms dh,(k) in
the dispersion and modifies the form factors to Ag(k) = F2(k)e el 4 Fi(k)lme'®all,
The analog of dh, is already present in chiral TBG (not necessarily at the magic angle) as
a dispersion. However, the additional term F2!(k)I"¢*a®" in the form factor has no direct
analog in chiral TBG and scales linearly with g. Nonetheless, provided that g is small, the
double Hofstadter model at U; = U, can be thought of as being “perturbatively related” to
chiral TBG, even away from the magic angle.
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Appendix B

Appendix to Chapter 3

B.1 Hamiltonian construction at all rational fluxes

YC Lattice Parameterization

We first describe two coordinate parameterizations of the underlying triangular lattice,
beginning in the 2D limit. In the “YC” parameterization of the 2D plane, the § site-to-site
distance is the nearest-neighbour distance a. This corresponds to the Bravais vectors

a; =a <§£ + %g}) : as = ay (YC), (B.1)

and the corresponding reciprocal lattice vectors

4 2 T .

This leads to a natural cylinder compactification: one may identify each point
r=za; + yas (B.3)

with points =’ for which y = ¢’ (mod L,) and also z = 2’. We refer to L, as the “circum-
ference” of the cylinder. Doing so for the YC lattice, one obtains the canonical “YC-L,”
cylinder geometry [107], whose circumference is Lya.

Choosing the magnetic unit cell

The following applies to the YC lattice geometry. Let the flux per parallelogram be

P — 1_7% (B.4)
q
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where &) = @ ~ 27 in units where h/e = 1. The above definition of flux is convenient

for defining the geometry, but we briefly remark that the flux ®/2 per triangle — which is
the smallest traversable plaquette — is the quantity with respect to which physical behavior
(e.g., the Hofstadter spectrum) must be ®g-periodic. In any case, the corresponding magnetic
field strength is

o _ p®o/q  2pPy _,

B = = a
A B2 Vg

(B.5)

Regardless of the parity of ¢, there will be ¢ magnetic sublattice sites in the magnetic unit
cell. When ¢ is even, the magnetic Bravais vectors are

R, = ga; — gag x T, R; =ay; x 9, (q even), (B.6)

whose total area A, is precisely that of 2¢ triangles of area Y342 The associated reciprocal

2
lattice vectors are

1 1
G, = ab1 x I, G, = 551 + by x g, (g even). (B.7)

As a sanity check, the total of the magnetic Brillouin zone (mBZ) is then

2 2m)?
Aup = |G X G| = () = (Am) (B3)

When ¢ is odd, the enclosing magnetic unit cell again contains exactly 2¢ triangles, but we
take

—1 R
R1 =qa; — a as, R2 =ay XYy, (q Odd), (Bg)
whose total area is once again
3
|R1 X R2| = Q|a’1 X a'2| = %_CLQ = Amuc- (BlO)
The reciprocal lattice vectors are now
1 qg—1
G1 = —bl, Gg = 9 b1 + bz, ((] Odd), (Bll)
q q

which also satisfy the inverse area relationship, Eq. (B.8). For both even and odd denomina-
tor ¢, note that the enclosing magnetic unit cell contains exactly 2q triangles, so 27p € 27Z
total flux.
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Hamiltonian and choice of vector potential

In all cases, we adopt the standard convention for the on-site Hubbard repulsion:

Hy=UY npngy, U >0 (B.12)

Now we discuss the hoppings. Placing the underlying triangular lattice on the cylinder
as described in Sec. B.1, let the resulting system have circumference L,, i.e., the points
r ~ r + L,a, are geometrically identified. Let the lattice sites be indexed as in Eq. (B.3),
which defines a set of coordinate coefficients (x,y) € Z?. Since as is purely vertical in both
the YC and XC geometries, then x indexes the cylinder “rings”, and y is an integer-valued
spatial index within each ring. To generate complex hoppings and modify the translation
algebra into a magnetic translation algebra, we introduce an external U(1) vector potential.
We assume that it is linear and that its curl is the magnetic field:

A(r) = Mr, V x A(r) = Bz, (B.13)

where B is as in Eq. (B.5). The hoppings are obtained from the vector potential via the
Peierl’s substitution, for which we adopt the following sign convention:

tyr = texp <z /:l A(L) - dﬂ) = texp (iA (r/ ; r) (- r)) , (B.14)

where the second equality is due to linearity of A(r). Our convention is that the single-
particle Hamiltonian is (note the minus sign):

h=— Z (P tprpec(r), (B.15)

where we only include nearest-neighbour hopping on the triangular lattice, for which

b = 1 ALTFE) 0, (B.16)

To constrain the form of the vector potential, we remark that the terms xZz and yy are
curl-free, whereas Bxy and —Byz (the standard Landau gauge potentials on the rectangular

lattice) have the correct curl. We therefore reason that the most general permissible M in
Eq. (B.13) is given by

M:B(‘;‘ 7;1), (B.17)

where «, 8,7 € R. We will now demand that the choice of vector potential is compatible
with our chosen geometry of magnetic Bravais vectors. Specifically, we ask that the Peierl’s
hoppings generated by A are periodic in the chosen magnetic Bravais vectors. This allows
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us to place the system easily on a torus or cylinder, provided the system is an integer tiling
of magnetic unit cells. Quantitatively, we demand that the RHS of Eq. (B.14) is invariant
under shifts of the argument of A by the magnetic Bravais vectors R; and R, for all bond
vectors ' — r. By linearity of the vector potential, and since the bond vectors are linear
combinations of a; and as, it suffices to require that

a; A(R)) € 217, (B.18)

for all 7, j. Following Ref. [395], an elegant solution can be found in terms of the reciprocal
vectors of the underlying triangular lattice. We take the following since b; o« & for both YC
and XC geometries, and we want the vector potential to be independent of y:

A(r) = ('r b1)b,, (B.19)

(2m)?
where ® is the flux per parallelogram. Noting the vector identity

[V X ((r-Q)P)], = €;10; (r/QP:) = €;:Q; P, = (Q x P);, (B.20)
then

- K NG
B(’I’) =V X A(’l") = Wbl X b2 = (271‘)2 Apar zZ = AparZ. <B21)

Moreover, it can be shown to have the required periodicity property. Note that

(2i) (R bl)bz a; = (51 227Tp/q(

which clearly vanishes when 5 = 2. Otherwise,

_9a.) b
a;- A(R)) = 5i,2§ ({ (qa1 2a2) ! 1 even> = 27pd; 2, (B.23)

a; - A(Rj) = R bl) = 522 R bl, (BQQ)

so that, indeed, in either case:
a;,- A(R;) € 21Z. (B.24)

Specializing to the case (p,q) = (1,2) relevant to the main text, we plot the resulting
hopping amplitudes Eq. (B.16) in Fig. B.1(a) for the YC parameterization of the 2D lattice.
The hoppings only take values in {41, +i} and are evidently periodic in both R; and R;.
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Figure B.1: (a) Graphical depiction of the complex phases of the nearest-neighbor hopping
amplitudes of Eq. (B.16) for the (p,q) = (1,2) two-band Hamiltonian in the 2D plane,
where the orientation of the plane is consistent with the YC coordinate system specified
by Egs. (B.1,B.6). The two orange dots indicate the two sites in the magnetic unit cell.
Note that the top/bottom and right/left edges are not implicitly identified. (b) Graphical
depiction of the fluxes through adjacent loops of the YC-L, cylinder defined in Sec. B.1. The
outside surface of each cylindrical segment has a total area of 2L, triangles, each of which
has 7/2 flux [pictured]. When L, is odd [upper scenario], this leads to a m-staggering of the
flux through each ring due to Gauss’ law. When L, is even [lower scenario|, the flux through
each ring is the same.

B.2 Threading flux

Affine-linear vector potential implementation

When dimensionally-reducing the lattice system to the cylinder, the charge and spin flux
through the cross sections of the cylinder distinguish gauge-inequivalent systems. This ad-
ditional flux can be implemented by adding a constant offset to the vector potential:

b,
A(r) — Ay(r) = A(r) + ¢27rLy’ (B.25)
where
0z

¢ =0+ 5 0s (B.26)

This modifies the hopping elements by

. ® by 6

briser — tf+6<—r = typiser €XP (z% L ) (B.27)
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Since we made the choice A o by for the original vector potential (in the absence of flux
threading), then this is equivalent to a shift in the origin:

Ay(r)=A(r+ X,) = A(r) + (2(7};)2 (X4 - b1)by, (B.28)
where
Xy = %- (B.29)

Twisted boundary condition implementation

For the purposes of numerical implementation, particularly in hybrid space where we trade
y for k,, it is convenient to instead implement flux threading via a twist in the boundary
conditions. Starting with periodic boundary conditions for the fermion operators at ¢ = 0,
namely ¢/ (r 4+ Lyas) = c'(r), we define a new set of operators

er) = tr)explie/ L) = ¢ (ryex (10227 ). (B.30)
L,
Then instead of implementing Eq. (B.25), we can instead replace every instance of ¢ in the
second-quantized interacting Hamiltonian with c4. This does not affect terms that depend
solely on charge and spin densities, e.g., the Hubbard interaction. However, it modifies the
hoppings in a way that is equivalent to Eq. (B.25). Under the operator replacement, the
hoppings are replaced by

CT(T + 0)tryserc(r) — C¢( T+ 0)triserCo(T) (B.31)
c'(r + &) exp ( QS%L—:(S)) tryser €XP (—z’gbl; LZ) c(r) (B.32)
¢ + 8) exp ( 2 ”L—) ) (B.33)

which is exactly equivalent to Eq. (B.27). To see that Eq. (B.30) corresponds to a twisting
of the boundary condition on the fermion operators, we note that

b, - (2W‘nya2)> _ CL<T) exp(ig). (B.34)

ch(r + Lyas) = ¢ (r + Lyas) exp ( ¢

The utility of this alternative formulation is that it leads to a clean numerical implemen-
tation upon fourier transforming y — k,. In particular, note that (x,y) = (r-b; /27, r-bo/27)
and define

e, ky) =

’kyyc¢(x y) = CL (x,y) Z “‘;"ycq5 z, ky) (B.35)

N
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Note that this is the Fourier convention of TeNPy. When we express the Hamiltonian in the
hybrid zk, representation, we find that all that is required is to shift the allowed values of k.
To see this, we impose the twisted boundary condition Eq. (B.34) on the Fourier-expanded
operators:

1 iky(y+Ly) 1 ikyy T i
e’L Y Yy CQ(.T, k ) = — ez yyca(l’,k )@Z , (B36)
75 Im

so that
ehvly = ¢i?, (B.37)

The allowed values of momenta are therefore quantized to

21 Oq  T.0s
= — 4+ = 4+ == 7 B.
k, ] (n 5 1 ) , n €4, (B.38)

which are shifted relative to the ¢ = 0 case. When the original Hamiltonian H¢:0 is written
in hybrid space, some coefficients will depend on k. The only effect of the replacement
Eq. (B.30) is then for those coefficients to instead be evaluated on these shifted set of allowed
values [107].

B.3 Two-band hopping Hamiltonian

Hamiltonian at (p,q) = (1,2)

Now let us specialize to the YC lattice geometry and to the case (p,q) = (1,2), which
corresponds to @5 = w/2. To specify the unit cells (which each contain two sites), we
write * = 7 + 2u, where u € Z, while 7 € {0,1} specifies the even/odd rings. With
periodic boundary conditions and absent any flux insertion, the hoppings Eq. (B.16) take
the particular form

Lo yt1)e(oy) = LEXP (ZA (fca1 + yay + —) - a2>

2
= texp L (:cal + yas + %) -b1by - as
4 2
= texp (irx), (B.39)

. a;
2f(x-l—l,y)(—(z,y) = teXP (ZA (7 +za; + yag) . Cl,l)
=t, (B.40)



APPENDIX B. APPENDIX TO CHAPTER 3 154

(b) Qlower
3.0 0'6
1.5 0.3
0.0 <& 0.0
-15 -0.3
-3.0 —06
—n/V3  w/V3
k.

Figure B.2: (a) Plot of the lower and upper energy bands of the Hofstadter system with
(p,q) = (1,2), corresponding to the case with &5 = 7/2 considered throughout the main
text. Momenta are given within the first “magnetic” Brillouin zone, defined with respect
to the magnetic reciprocal vectors of Eq. (B.7) in the 2D planar YC coordinate system
of Eq. (B.2). (b) Plot of the Berry curvature of the aforementioned bands which, like their
energy, is equal and opposite at every momentum. The bands carry opposite Chern numbers
+1.

a; — a

Let1,y—1)c(zy) = L€XD (iA ( +xa; + ya2> (a; — 112))

=texp <—iA <a1 ; 92 +za; + yaz) : CLQ)

=texp (—im(x +1/2)), (B.41)

as shown graphically in Fig. B.1(a). We depict the resulting energy bands Elgwer /upper () in
Fig. B.2, as well as their corresponding Berry curvature ower/upper (k) in the YC coordinate
system consistent with Eqgs. (B.2) and (B.7). The energies are equal and opposite at every
momentum and are gapped everywhere in the Brillouin zone. The Berry curvature is also
everywhere equal and opposite, with the Chern numbers evaluating to +1 for the lower band
and —1 for the upper band.

Symmetries in the 2D plane
Magnetic translations

Recall that we designed the vector potential so that the Hamiltonian would be invariant
under 7, translations, i.e., in the circumferential direction a,, defined as

T,clT ' = (B.42)

r+as
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To see this, note that

tr+a2+6<—r+a2 = lexp (ZA (’l“ +as+ 5/2) ’ 6) (B43)
=texp (A (r+9/2)-9) (B.44)
= tr+6<—'m (B45)

since A(ay) = 0 by design. On the other hand, translation along a; introduces an additional
term:

tr+a1+5er+a1 = texp (ZA (CL1 +r+ 5/2) ’ 6) <B46)
=exp (1A (ay1) - 0) triser (B.47)
= exp (%bg . 5) trtser- (B.48)

This affects the hoppings in directions with some weight along & = a, and, by comparison
to Eq. (B.29) above, corresponds to threading ¢ = wL, through the cylinder. In the 2D
plane geometry—and on cylinder geometries of even circumference as we’ll later show—the
Hamiltonian can be restored by composing the bare T, with a large gauge transformation.
In particular, define the magnetic translation operation by

Tmci-(Tx)il = CI‘-{-al exXp (%bZ : T) = C'J:r*—&—al(_l)y? <B49>
so that
TT) ™ =T, (Z cj,%t,n”wcr) (T,)"! (B.50)
) )
= Z exp (§b2 . (’r' =+ 6)) C:+a1+5t7‘+5%rcr+a1 exp (—§b2 . T') <B51>
1
= Z e raris <eXP (§b2 : 5) tr+6<—r> Cria (B.52)
= f t B.53
Criait+olr+ai+der+aCrta; (B.53)
= h, (B.54)

where the second-last equality follows from Eq. (B.48) above.

Particle-hole

Consider the most naive definition of the particle-hole operation:

PPt =c(r),  PiP' =i, (B.55)
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where the second condition specifies that it is a linear (as opposed to anti-linear) unitary
many-body operator. If 1 and 2 denote an adjacent pair of sites, then this naive particle-hole
operation acts as

ﬁ(thJ{CQ + tTQCgcl),]S_l = tlgClcg + tTQCQCJ{ (B56)
= —tlgcgcl — tTQC]{CQ (B57)
= —tT26102 — tlgCgCl, <B58)

so that it reverses the Peierl’s phase and shifts it by 7. On the triangular lattice, this modifies
the flux through each elementary triangular plaquette as follows:

P — —DA + . (B59)
Requiring that this operation leave the flux invariant modulo 27, we find that we need
20, =7 (2n+1), n € Z. (B.60)

This is consistent with the observation that the Hofstadter spectrum on the triangular lattice
only has bands with opposite energy for these values of ®. In particular, in this work we
consider & = 7/2. We find at each momentum k that both the energy and Berry curvature
are exactly opposite, with the bands having Chern number +1.

For a generic choice of Peierls’” hopping phases consistent with this uniform magnetic
flux, the naive particle-hole operation must be composed with a gauge transformation in
order to exactly restore all the hopping elements. Given the particular form of the hoppings
Eq. (B.39) to Eq. (B.41) for the two-band model, one may easily confirm that the following
form of the particle-hole operation leaves the Hamiltonian invariant:

Pcl(r)P~! = (=1)*"cT(r), PP = 44, (B.61)

where T is the transposition operation on the row vector of electronic annihilation operators
(indexed by spin).
To obtain the form of the particle-hole symmetry presented in the main text, we compose
the version in Eq. (B.61) with a conventional spin rotation:
Pcl P = (=1)""e] (o), PP~ = +i. (B.62)

x7y
The spin rotation is chosen so that the spin operator
1
Sa(r) = ECT(r)aac(r) (B.63)

is left invariant. To see this, we note that the unitarity of P implies that Pc(r)P~! =
(=1)*¥(—ic,)c'T(r). This allows us to explicitly compute:

1 1
PSo(r)P! = §PCT(T)77710Q730(7')77’1 = icT(r)ayaaaycTT(r). (B.64)
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When a € {z,z} we acquire a minus sign but then obtain another from fermion anti-
commutation when undoing the transposes. On the other hand, when o = y the Pauli
matrices commute but the minus sign from fermion anti-commutation cancels with the fact
that o, is an anti-symmetric matrix:

PS,(r)P™ = Jes(m)(0)awch () = = 5 (1) (0, )avis(r) = +5,,(r). (5.65)

Fate of Symmetries on Cylinder
Particle-hole

Let us interrogate whether placing the system on a YC-L, cylinder explicitly breaks particle-
hole symmetry. We may use the naive definition of particle-hole Eq. (B.55) because the
fluxes in question are gauge-invariant quantities. Focusing on a particular cylinder ring r
penetrated with ®, flux, note that

) 5, L ,
Pd, y ven (B.66)
—®¢, +7m L, odd.

Therefore, P is a symmetry (up to a gauge transformation) when, for all rings r, we have
that

Z L
o, € {W y EVER, (B.67)

T4 7Z L, odd,

When L, is even, Gauss’s law dictates that the fluxes ®, and ®,, through two adja-
cent rings 71 o must be equal. Note that this allows 7}, to be a symmetry (up to a gauge
transformation). Therefore, possibly after threading ¢ external flux through each ring of the
cylinder, it is possible to tune all the @, simultaneously (to 0 or 7) so that P is respected.
Only in those cases is T, P also a symmetry (up to gauge).

On the other hand, when L, is odd, Gauss’s law instead dictates that

o, -0, =7 mod 27. (B.68)

This always rules out T, as a symmetry. However, so long as ®,, is /2 or —7/2, both
Eqs. (B.67) and (B.68) can be respected, so that P is a symmetry (up to gauge). However,
odd L, is special in that if we tune @, to 0 or m, then T, P is a symmetry (up to gauge)
even though neither 7, nor P is individually a symmetry.

Magnetic translations

As discussed above, when L, is even, the external magnetic flux through all the plaquettes
and loops of the cylinder are consistent with a translation symmetry. In particular, this
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generally requires composing a bare translation with a gauge transformation. In contrast,
the effect of translations on the fluxes through loops cannot be gauged away when L, is
odd (see Fig. B.1b). Mathematically, this manifests in the fact that T, [see Eq. (B.49)] is
ill-defined, i.e., not single-valued in the coordinate y. Thus, any gauge transformation which
modifies T}, and T, while preserving the property that they anti-commute will also fail to be
single-valued.

B.4 Operators in the Hybrid 2k, Representation

Ring-Averaged Nearest-Neighbour Hopping

In our analysis of the transition, it is useful to study nearest-neighbour hoppings and their
correlations. Since the states of interest are translation-invariant, namely around the cylinder
circumference, we are motivated to study the ring-averaged correlation functions. For each
nearest-neighbour lattice displacement

d€ {j:al, :l:a,g, j:(al — (1,2)}, (B69)
let us define
1
dy() = 2 el (z,y)el(z,y) + 6). (B.70)
Yoy
By Eq. (B.35),
1 . .
T o iky —ik’ 8y) T ’
di(z) = 7 SO e MW (g k)e(a + 00, K) (B.71)
y kK
1 (e 1/ —ik! /
= EZZeZ(k MWe= kot (x k)e(x + 0y, k) (B.72)
Y y kK
1 ,
=1 Z e ®uel(z k)e(x + 0y, k), (B.73)
Y ok
so that
1
df, (x) = i > (@ k)e(z +1,k) (B.74)
v ok
1
', (x) = o > (@ k)e(z — 1,k) (B.75)
Yok
1 )
di, (z) = +— > etel(a k)e(x, k) (B.76)
L
1 )
d' g, (x) = +— > el (, k), k), (B.77)
Yok

and similarly for § = +(a; — as).
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Staggered Heisenberg Order Parameter

The following documents the numerical computation of the staggered Heisenberg order pa-
rameter in the hybrid xk, fermion representation. The spin correlation operator S; - S; can
be expressed in terms of fermionic operators by first noting that

1
S = CITci~L7 S = CLCiTa S = E(CITCiT - CLCii)- (B.78)

K3 (2

The spin correlation operator S, - 5']- can then be written in terms of these fermion operators
as:

L oL
Si-S; = 5 ( ITcu Ticﬁ + cchTc;rTcN) + 5785 (B.79)

Next, we express the staggered-Heisenberg order parameter in the hybrid (z,k,) operator
representation, where x indexes cylinder rings. Because of translation invariance around the
cylinder, it is useful to define the y-averaged inter-ring NN Heisenberg operator

Z Z Sz, y)S*(x + 1,vy), (B.80)

y a= 1‘7y?

where

0_(1 1 Sl 0_0, ’
§(w.9) = ¢ (w) Gew.y) = - Il @ T ele K). (B8

Yy kK

Since both the IQH and CSL ground states exhibit a two-ring translation invariance (i.e.,
are invariant under (7})? in addition to T}) then we can measure the local order parameter

OgHeis — Oy (0) — Og(1). (B.82)

In general, the hybrid representation reads

Ona) = 73 3 S*.)S (e +1,9)

Yy a=zyz2

-5 X ey ()

Y a=zy,z kk' p,p
o a

x oM, k) e, K) - ol + 1, p) Fela + 1,p)

L2 > 2.0 xk—cx’f) Mz +1ap)%0($+1,k—k'+p)'

Y a=z,y.z kK pp'
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Figure B.3: (a) Plot of the maximum correlation length in the charge-Oe [middle panel] and
charge-1le [right panel] sectors of the ground state transfer matrix for the YC6 geometry, with
bond dimensions increasing light-to-dark. Left illustration: depiction of the flux through the
various cylinder rings, consistent with no externally-threaded magnetic flux. (b) Same for
YCA4.

B.5 Even-circumference Supplementary Data

Reproducing Correlation Lengths of Kuhlenkamp et al.

Here we briefly comment on additional data concerning the correlation lengths for geometries
not already highlighted in the main text. In particular, Fig. B.3 shows correlation length
data for the L, = 4 and 6 cylinders which are not threaded by external flux. In particular,
L, = 6 reproduces the behavior presented in Kuhlenkamp et al., [118], pushed here to bond
dimension y = 32768. We remark that the correlation lengths are much smaller than those
with @y = 7/2 external flux, investigated and shown in the main text. However, there is
no reason these two sequences of geometries will not tend to the same limit in 2D.

Flux-threaded System: Correlation Length Extrapolation for
Main Text

To obtain the extrapolated correlation lengths shown in the main text, we employ a recently-
developed method for extrapolating correlation lengths in DMRG [199, 205]. Namely, we
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Figure B.4: (a) Inverse correlation length in the charge-neutral sector at L, = 4 and ®ey, =
7/2. The y-intercept of the fitted curve is the correlation length extrapolated to infinite bond
dimension; the curve is obtained following the method in Ref. [205], as detailed in Sec. B.5,
for a range of Hubbard strengths [different colors], sampled from a sequence of increasing
bond dimensions [same-colored points moving sequentially to the left]. The extrapolated
inverse correlation length saturates at a minimum value exceeding 0.15, ¢.e., the correlation
length is bounded above by 6.6 ring spacings. (b) The same for L, =5 and ®ey = 0.

compute several of the largest eigenvalues of the transfer matrix TX; = \; X; in the electric
charge Qg = 1 sector for each k,, and select those from the same “excitation branch” [205],
namely carrying a consistent complex phase. These are related to the correlation lengths as

with ¢, < €.1. We report £ in units of cylinder rings, or equivalently u = a\/g/ 2 where
a is the lattice spacing of the underlying triangular lattice. Correspondingly, € is reported
in units of u~!. For a system that is gapped in a charge sector ¢ = (Q, S, k,), both €, €2
converge to the same infinite value as y — 0o, namely the finite inverse correlation length.
As a result, the quantity

09 =€l — €] (B.84)

vanishes at y — o0, serving as a good “scaling variable” that measures the deviation from
convergence. To estimate £(x — 00), we therefore compute €(J) at each available €(), d(x)
and extrapolate to § = 0 with a polynomial fit, namely

€(8) = a -+ bo°. (B.85)

This extrapolation is shown in Fig. B.4 for both L, = 4 at @y = m/2 and L, = 5 at Py = 0,
yielding the extrapolated values shown in the main text. In both cases, the correlation length
is computed in the (Q, S, k,) = 0, which hosts largest correlation length.
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Figure B.5: (a) Plot of the maximum correlation length in the charge-Oe, charge-le, and
charge-2e sectors of the ground state transfer matrix for the YC3 cylinder geometry, with
bond dimensions increasing light-to-dark. Left illustration: depiction of the flux through
the various cylinder rings, consistent with no externally-threaded magnetic flux, @ = 0.
(b) Same for the case Py = 7/2, for which the Hamiltonian explicitly breaks glide-PH
symmetry and therefore does not exhibit SSB criticality.

B.6 Supplementary Odd-Circumference Analysis

YC3 Correlation Lengths

In Fig. B.5, we display the correlation lengths for the YC3 geometry. In particular, in
panel (a) we provide data for the ®g = 0 case, which accompanies Fig. 3 of the main
text. Here, the system respects glide-PH symmetry and, like the YC5 system with @ = 0
studied in the main text, exhibits a symmetry-unbroken small-U phase and symmetry-broken
larger-U phase. The transition between then is evidently continuous, featuring a diverging
correlation length which reaches almost 600 ring spacings at the maximum bond dimension
X = 16384 considered. In Fig. B.5(b), in contrast, threading P explicitly breaks the glide-
PH symmetry, which reduces the transition to a crossover with a small and wide peak in the
correlation length.

Relation to Ionic Hubbard Chain

Here, we make more precise the relationship between the “ionic” Hubbard chain and our
model on YC-L, cylinders (with odd L, and ®e. = 0) which possess glide-PH symmetry. In
particular, the former model can be thought of as a truly 141D version of the latter, i.e.,
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a bipartite chain as opposed to a quasi-(1+1)D system with the hopping-connectivity of a
cylinder. We first compare them at the level of symmetries. The ionic Hubbard Hamiltonian
is defined as [396]:

A i
H=—t Z(C;r,crc“rlyo' + hC) + UZniN%i + 5 Z(-l) Nio- <B86)

The Hamiltonian is invariant under translation by two sites, with A being the potential
energy difference between the two sublattice sites in the unit cell. Moreover, it is invariant
under site-centered inversion (but not bond-centered inversion), time-reversal, and a “dual-
ity” symmetry that is the combination of particle-hole with a single-site translation [284].
These symmetries of the ionic Hubbard chain correspond to the following symmetries of our
model: (T})?, site-centered Cs,, M, T, and glide-PH PT,.

Remarkably, the two models are also similar at the level of their ground states. The small-
U ground state phase of the ionic Hubbard chain is a fully-symmetric band insulator. Is it
widely believed that the phase which appears next upon increasing U is a “spontaneously-
dimerized” phase which spontanecously breaks the duality and site-centered inversion sym-
metries [284]. Moreover, as mentioned in the main text, it is believed that these two states
are separated by a 2D Ising critical point. This Ising picture has been substantiated both
by weak-coupling bosonization arguments [281, 282] and an effective strong-coupling effec-
tive spin model formulation [283]. However, at least one careful numerical study of the
transition using finite DMRG finds features inconsistent with Ising criticality [397], though
the numerical observations are still consistent with a gap to charged excitations and a gap-
less neutral sector [398]. These two phases should be identified with the odd-circumference
(symmetry-respecting) IQH and (symmetry-breaking) CSL phases, respectively.

B.7 Correlation functions at even circumferences

In Fig. B.6 we show the even-L, current-current, density-density, spin-spin, and electron-
hole correlations specified in the main text. In Fig. 4 of the main text, we displayed these
correlations on odd circumferences with @, = 0, where we saw clear evidence of glide-PH
SSB and associated critical correlations of the current, with more rapidly-decaying critical
correlations of the charge density; the spin and electron correlators exhibited a clear gap.

Specifically, we study the L, = 4,6 systems with @y = 7/2 threaded flux, for which the
MPS transfer matrix spectrum hosts a large correlation length for zero-momentum, charge-
neutral correlations. Here we show that this is associated with significantly long-ranged (but
still ultimately exponentially-decaying due to finite L,) correlations of the circumferential
current and charge density; see Fig. B.6(a,b). In the L, = 6 case, the correlation function is
still becoming significantly longer-ranged with bond dimension, in tandem with the continued
rapid growth of the correlation length shown in Fig. 3 of the main text. Like at odd L, the
spin-spin and electron-hole correlations decay exponentially, with no apparent enhancement
from L, =3 to L, = 5.
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Figure B.6: For L, = 4,6 with @ = 7/2, and with the Hubbard interaction tuned to the
values at which the correlation length is maximal at the largest available bond dimension
(namely U(L, = 4) = 11.0 and U(L, = 6) = 11.4), we show the current-current, density-
density, spin-spin, and electron-hole correlations, defined in the main text.
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Appendix C

Appendix to Chapter 4

C.1 Coordinates, Gauge Choice and Symmetries

Triangular lattice coordinates

Here, we specify the Bravais vectors of the underlying triangular lattice (see Fig. 1(b) of the
main text):

A TRV
@ gv3

a, =z, a,2:2 B

(C.1)

where we’ve set the nearest-neighbour lattice bond length to unity, @ = 1. The lattice points
are then given by

T = Nn1a; + N2Qo, n; € Z, (CQ)

We take the reciprocal lattice vectors to be

2 47
b, =2nx — —7, b, = —1. C.3
1 \/gy 2 ( )

Imaginary Cs gauge

Fig. C.1(a) provides an electronic gauge in which the hoppings are purely imaginary and in
which the Cy symmetry acts in its bare form in real space:

CoclCst =l C.4
r~'6 Cgr

provided that the (infinite 2D or torus) geometry is such that Cy is well-defined. Thinking
of a torus as a set of equivalence classes of points on the infinite plane, a well-defined spatial
operation must map between equivalence classes. For example, by direction inspection, one
can see that Cj is ill-defined on the 4 x 2 torus.



APPENDIX C. APPENDIX TO CHAPTER 4 166

(a) Imaginary Cs Gauge (b) (2 Gauge
A B A A’ A A
T
C B’ B B
T
/A ‘A
@) @

Figure C.1: Two gauge choices for the hopping Hamiltonian, in both cases giving rise to
®, = /2 magnetic flux per triangular plaquette. (a) Hoppings in the “Imaginary Cg”
gauge, which is manifestly Cs symmetric about the origin [bottom left marked by O]. The
origin is chosen to coincide with the A sublattice (other sublattices B, C, D are also marked).
Each arrow indicates a Peirel’s phase of +i in the direction of the arrow. This gauge choice
is identical to that displayed in Fig. 1(b) of the main text, except there the origin is in the
middle of the image. (b) Hoppings in the “Cy” gauge. All hoppings are either imaginary
or real, with a single arrow again indicating a Peirel’s phase of +i in the direction of the
arrow. There are two magnetic sublattices, A" and B’. For both (a) and (b): T} and T5
(yellow arrows) denote translation symmetry in the unit directions a; and as, respectively.
In App. C.1B we provide the explicit form of T} and 73 in the Imaginary Cg gauge.

By inspecting the phases of the hoppings in Fig. C.1(a), we read off
Tyl Tt = i(=1)mtm2cd Tocl Tyt = i(=1)"2¢ (C.5)

r+ai’ r+a)

where r = nja; +nqas is the lattice point before the transformation. To see the former, note
that only the hoppings parallel to a; — ay are left invariant by bare 77, i.e., the hoppings
in the a; and a, directions pick up a minus sign that needs to be corrected. For the latter,
bare T, instead negates the hoppings in the as and a; — ay directions. The factors ¢ are
chosen so that two-fold translation is a pure shift:

(T3)2ch(T3) ™ = .49, - (C.6)

But more importantly, the definitions (C.4) and (C.5) are chosen to be consistent with all
the algebraic conditions laid out in Sec. 1 of the main text.

As a non-trivial check of correctness of these translations, we can show that they correctly
anti-commute:

(Ty o Ty) - ¢l = =T\ Toc T, Ty (C.7)
= _<_1)n2Tlch~+aszl
= (=D (=1)"""] oy (C.9)
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compared to
(TyoTy) - ¢l = —ToTy el T Ty
= — (=)™t Ty, Ty

r+ai
= — (=) (1) gyt
so that indeed ToT = (—1)NF T Ts.
The phases can be written in a more geometric form:
Tlc;[TIT = je'm(b14b2)/21

r+ay’

Tocl T) = ie™ b2/

r4+as

From these, we can also obtain

(TITy) (T T)T = e 01/2¢]

r—ai+a’
and by inverting the above three,

TidT = ie‘"'(leer)/ch._al

Tl Ty = ie™mb2/2c]

T—asz

(TITy) el (TITy) = —emo1/2¢]

r+ai—az*
From this we learn that C6Tng =1T5:
(CngCg)cI,(CGTng)T = (Cng)CTCng(CGTl)T

. ; 71 .
_ 2066106 r (b1+b2)/20T » Cg
Cg "r+ay

_ ’i7‘~06(b1+b2)/2 T
e CriCoar
e irbe/2 T

=1e / Crias

= Tl T}

167

(C.10)
(C.11)
(C.12)

Similarly, it can be shown that Ty = CeToCy = (—i)N*Ti Ty and CeT3C) = T, which is

altogether consistent with C,T;Cy = (T;)" for all j.

Closed-form composition of translation generators

Here we provide the closed form expression for powers of 77 and 75, namely
M-1
THATY = ], T] e
=0

_ Mt i Mt rbe/2 ir MGG

=17 Cpynyq,€ 7Y e =i

_ Mt

=1 CrJrMaze
i iMr-b2/2ei7rM2/2

7‘+Ma2€ )

iM'r-b2/2ei7rM(M71)/2

= C

(C.23)

(C.24)
(C.25)
(C.26)
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and similarly

M-1

FHT = P1]y, T] crtmor00 ca
7=0

— ,iMCI'+Mal6iM1‘~(b1+b2)/2€i7rM(M—1)/2 C28

— Ci‘+Ma1 6iM1’~(b1+b2)/2€7:7TM2/2. (C29)

Then for two-electron operators, in particular, we obtain:

Tarchel, Th, = TR TM L T Moy, Me (C.30)
_ emM%61M1(r+r’)-(b1+bz)/2T21\42CLMIL”CLJFMIGIT{M? (C.31)
_ 6i7r(M12+M22)€iM1 (r—i—r’)-(b1+b2)/2€z’M2(r+M101)-bg/261‘M2(r’+M1a1)~b2/2C:+MCL+M
(C.32)
_ em(M12+M§)eiM1 (r+r’)-(b1+b2)/2eiM2r-b2/26iM2r’~b2/2Cl+MCL+M' (C.33)

(5 gauge for XC geometries

Fig. C.1(b) displays the Hamiltonian hopping amplitudes that we employ for our calculations
on the XC4 cylinder analyzed in the main text. In this gauge, the hoppings are real and
imaginary. Moreover, the site-centered inversion symmetry is implemented as CyclCy ' =
Coyp-

The lattice vector a; points along the cylinder axis, while 2as — a; has length /3 and
points along the circumference. For the XC4 infinite cylinder [107], the lattice and hoppings
are repeated so that the cylinder has infinite length and circumference 2v/3. We also employ
the hoppings of Fig. C.1(b) in Sec. C.4 below, where we calculate ground state correlation
lengths on the XC4 and XC6 infinite cylinders at half filling.

C.2 U(1) Slave-Rotor Theory and Mean Field
Estimate of the Transition Point

We utilize the slave-rotor approach [261, 326], introducing a U(1) rotor variable e and
its conjugate integer-valued “angular momentum” L on each site and writing the electron
operator as

ety =1l e, (C.34)

where f, is a fermionic “spinon” that carries the spin index. The Hilbert space redundancy
introduced by the rotors is removed by requiring that each site satisfy a constraint:

Li=Y" (flofia = 1/2). (C.35)

(e
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Note that the singly-filled site is represented by L; = 0, while the doublon/empty sites are
L; = 1. The Hubbard model can then be rewritten as:

=)ty et e+ ZL (C.36)
(ig),o

supplemented with the constraint (C.35) and the commutation relation [e™, L;] = —d;;¢™

Of course, treating everything exactly is tantamount to solving the original problem, but
we can make progress by adopting a mean field approach, satisfying the constraint on average
and assigning self-consistent expectation values to ( fia fio) and (€!®=%)). This gives us the
mean field Hamiltonian:

Hyr = Hf+H9 (037)
Hy = —Zt” flofie +hee. (C.38)
Hy = —Zt e OTON(fT Fio) Hhie + ZL2 (C.39)

(ig),0

Note that the constraint (C.35) implies gauge invariance, 0; — 6; + ¢;, f| — fie~* which
is broken by the mean field Hamiltonian. This is remedied by incorporating a fluctuating
gauge field a on the links, though we shall not do that here.

In the limit of small Hubbard U, we expect the rotor fields to condense, (%) = \/Z; < 1,
so that the spinons f are identified with the electron up to this prefactor. This phase
possesses off-diagonal long-range order; at the mean-field level, we assume (e!%~%)) ~
(e?)(e="®). Thus, the gap to the electron excitation is obtained from the dispersion
tijN/ZiZ; f; fj, which explains why the single-electron gap on the IQH side (i.e., the con-
densed rotor phase) decreases on increasing U.

On the other side of the phase diagram, when U is sufficiently large, we have (e%) = 0
and thus the electron excitation is distinct from the spinon. To create an electron, one
must both create a spinon fT and increase the rotor angular momentum by AL = 1. Thus,
due to the interaction term, this gap tracks U for large U. Despite the absence of an
expectation value (e®) = 0 on this side, there is virtual tunneling of the rotor quanta, so
that (e!(®=9)) = B,; # 0 for neighboring sites [399]. In fact, this expectation value is expected
to scale as |t| /U, in the large U limit, implying that the dispersion of spinons in (C.39) is on
the order of ?/U, as is expected of magnetic excitations. On the other hand, if we assume
that the expectation values f3;; are positive, consistent with the fact that the rotors see no net
flux (while the electrons and spinons do), then we simply fill up the negative energy states
of the band-structure shown in Fig. 1(c) of the main text, albeit with a smaller gap. This
gives a non-zero value for the rotor hoppings, ( fZTU fjo) = aij. We can find this expectation

value from the ground state energy of the band Hamiltonian: writing ay; = —t5;a/[t|, we
(e (k)]

2z[t|

expect the average over the filled bands (¢~ (k)) to determine o = , where z = 6 is

the coordination number.
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Now we can determine the transition, which amounts to analyzing the Bose-Hubbard
model

i(0,—0; U 2
Hp==T) ell J)+h.c.+§ZLi. (C.40)
(i) ¢
A simple mean field theory locates the transition at U* = 4zJ. This is done by taking a
simple variational ansatz for each site, 1)) = [0) + £ (| + 1) + | — 1)) in the L basis, which
has the property (1|e”|¢) = 4. Then (Hp) = N?*(—2zJ + %). The condensate occurs when
the coefficient in parentheses first turns negative.
Substituting J = 2|t|a, where the factor of 2 is for the two spins of f, we get:

U* = 4|(e (k))| ~ 9.60813 (C.41)

where we averaged over the dispersion e_ (k) = —2ty/cos? ky + cos? ko + cos?(k; + ko). This
mean field result is to be compared to, and is indeed relatively close to, the iDMRG-obtained
transition that occurs at U*/t ~ 11 — 12 [114, 118].

Additionally, we can argue directly that the gap to the charge-2e Cooper pair excitations
vanishes at the transition. To access them one has to include coupling to the internal gauge
field a. If we focus on the transition and integrate out the fermionic spinons f, this gives a
Chern-Simons term [330]. Also, the rotor variables are at low energies and couple minimally
to the gauge field. In the condensed phase of the rotors, we have the effective Lagrangian:

_ 1 0 2 Ps 2 2
L= Wi (0 + a0> 5 (VO +a)” + L A da, (C.42)

where the superfluid density ps goes to zero at the transition. The vortices of the rotor
condensate are the Cooper pairs. The fact that they carry 27 flux of da implies, via the
Chern-Simons term, a gauge charge of 2. This is screened by two rotor fields, giving the
vortex a global U(1), charge of 2 and no spin. The energy of such vortices vanishes as we
approach the transition.

C.3 Chirality of Edge States from K-Matrix
Formalism

In this appendix, we provide a more thorough account of the charge response, spin response,
and edge states of the IQH, CSL, and superconductor phases within the framework of Chern-
Simons K-matrix formalism [400]. We employ the following convention for the Chern-Simons
Lagrangian:

Ky,

t t
£:——a,AdaJ+—JAAdaJ+<S)"A3Ada], (C.43)
47 2T 2T

or in components:

1 1 1
£ = —EQ?K]JG!W)\aVO{)} + %A“tje#”@”(xﬁ + %(As)“(ts)JEHV,\aVOJ} (044)



APPENDIX C. APPENDIX TO CHAPTER 4 171

Here, oy are dynamical U(1) gauge fields. On the other hand, A is a classical field that probes
the charge response, while A, probes the spin response. In order for this effective theory to
describe a microscopic system of electrons, it must obey the “spin/charge relation”, which
is the following requirement on gauge-invariant local operators: those with odd electric
charge must have fermionic statistics, while those with even electric charge have bosonic
statistics [401]. Mathematically, this condition reads (see Section 2.3 of Ref. [401]):

t;r = K;; (mod 2). (C.45)

This relation will be satisfied by the K-matrix theories for the IQH, CSL, and superconductor
described below.

On a spatial manifold of genus g, the ground state degeneracy is given by |detK|9, pro-
vided det K # 0. Furthermore, the edge chiral central charge is given by the “signature” of K,
i.e., c. = the number of positive eigenvalues minus the number of negative eigenvalues [402].
Provided the K-matrix is invertible, the Hall conductivity is [400]

2
(&
Ogy = E;tl(Kl)L}tJ. (046)

and the spin quantum Hall conductivity (i.e., spin current in response to a Zeeman gradient)
is likewise (h/2)?
s 2 _
U:ch = h Z(ts)[(K I)IJ(tS>J. (C47)

1J

Moreover, within the K-matrix formalism, each quasi-particle excitation can be labeled by a
£, where {; denotes its charge under each of the dynamical gauge fields. The current of this
quasi-particle is then a source for the dynamical gauge fields and has statistical angle

0(0) =7 (K )1sly, (C.48)
1J
electric charge
q(@) = 6215[(K_1)[J€J, (049)
1J
(where e is the electron charge) and S, spin quantum number
h
qs(E) = 5;(t5)](K_1)]J€J. (C50)

The spin-singlet integer quantum Hall phase (with total Chern number C' = 2) is de-
scribed by the data

1 0 1 1
Kiqn = (0 1) ; liqn = (1) ) lsiQu = (_1> . (C.51)
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One immediately verifies that it satisfies the expected properties. It has a unique gapped
ground state, as well as c. = 2, 0,y = 2-€*/h, and o}, = 2 - (h/2)?/h. Moreover, no
quasi-particles are fractionalized: since Kiqn = KI?QIH = loxo, then q(€) = (¢; + ¢3)e and
qs(€) = ({4 — l3)h/2. Thus, in units of e and h/2 respectively, ¢(£) and ¢s(€) are both odd or
both even.

The CSL phase is obtained by “gauging” the global charge U(1) of the IQH phase.
Specifically, let us promote A — a3+ A, where a3 is a third dynamical U(1) gauge field and
A is still a classical field. The resulting theory is described by the data

1 0 -1 1 1
Kese=|( 0 1 -—-1]1, tes,= (1], tscs, = | —1]. (C.52)
-1 -1 0 0 0
The eigenvalues of K¢gp, are 2,1, —1. Thus, the ground state degeneracy is 29 and the chiral
central charge is ¢c_ = 1, as expected in the Kalmeyer-Laughlin CSL phase. Moreover, since
1 1 -1 -1
(Kesp) ™! = 5 -1 1 -1, (C.53)
-1 -1 -1

then this phase has the expected quantized Hall responses, o4, = 0 and o}, = 2 - (h/2)?/h.
Within this effective theory, the spin-up (spin-down) electron excitation is labeled by the
first column £ (second column £.)) of Kcgr, with charges

a(lersy) =e,  qs(Leyyy) = £h/2. (C.54)

On the other hand, there is a fractionalized charged semion excitation labeled by £. =
(0 0 —1)T, which carries ¢(£.) = e,qs(£.) = 0, and a semionic statistical angle 6(£.) =
—n/2. The fractionalized spinful semion excitations correspond to £,4,) = €.+, — £, which
indeed have q(€;) = 0,¢s(€5+/,) = £h/2, and a semionic statistical angle (€;) = +/2.
Now, let us turn to the anyon superconductor and the chirality of its edge modes. From
the main text, recall that the main additional step was that the gauge field a = a3 now has
a bIQH response —%ada. With the sign convention of (C.43), adding this to Kcgy, yields

1 0 -1 1 1
Kee=|0 1 =1], tsc=|1], tisc=[-1]. (C.55)
~1 -1 2 0 0

We find det Kgc = 0, which signals that the gauge fields are not independent and that the
system (absent A) is gapless. Performing the change of variables

(e%1 o) + o o) 1 01
a |l =(as+as | =W 1lay], w=1(01 1], (C.56)
as ay ay 001
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we obtain the equivalent K-matrix theory

100 1 1
Kie =WTKscW =10 1 0|, tic=WTtsc=[1], thege=WTtisc=|-1
000 2 0

(C.57)

This theory obeys the spin/charge relation (C.45), so that W is a valid transformation.
Moreover, we see that o4 has decoupled from the other gauge fields and is governed by its
Maxwell dynamics. With A = 0, this leads to a single bulk gapless mode corresponding to
the superfluid Goldstone mode of the spontaneously-broken U(1), symmetry. From the re-
maining fields, we see that there is no accompanying topological order and that the resulting
phase is a chiral superfluid with edge chiral central charge ¢_ = 2.

Further insight into the topological properties of the superconductor is gained by replac-
ing A with a 241D dynamical gauge field [359, 403]. This gaps out the Goldstone mode of
the superfluid and gives rise to one of Kitaev’s 16-fold way Z, topological orders [86]. For
instance, a topologically-trivial superfluid maps to the m = 0 member of the 16-fold way.!
In fact, we only expect one of the eight even members of the 16-fold way since we will only
describe Abelian topological orders via the K-matrix. Making o) = A dynamical in (C.57)
and discarding A,, we obtain

1 0 0 -1
0 1 0 -1

Kéauged SC — 0 0 0 -9 s (C58)
-1 -1 -2 0

which has precisely the same topological order as the gauged, weak-pairing d + id super-
conductors [359]. In particular, it corresponds to the member m = 4 of Kitaev’s clas-
sification [86], which has ¢ = m/2 = 2. However, recall from the main text that our
superconductor is far from the weak-pairing limit (evidenced by electron pairing above the
insulators), so that its pairing symmetry is not directly linked to its edge chiral central
charge [360].

C.4 Correlation Lengths at Half-Filling from
Cylinder iDMRG

In this section, we provide the transfer matrix correlation length data for the ground states
at half-filling, for a range of Hubbard interaction strengths U and various system sizes. We
consider both the YC-L, and XC-2L, cylinder geometries [107].

"'We use the symbol m instead of Kitaev’s v to avoid collision with the filling of the various quantum
Hall phases.
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Let us first discuss the YC cylinder geometries. In the gauge-invariant language of Sec. 1
of the main text, in the YC case with even L,, we take 1" = T5 to be a purely circumferential
translation with 7%v = 1. When L, is odd, we instead thread /2 flux so that T"v = iVr,
which means that 7" can have eigenvalue —1 in the charge-2e (Ngp = 2) sector. In both cases,
the fluxes through the rings are such that the system respects particle-hole symmetry.

The XC case proceeds the same way except that we take our circumferential translation
to be T' = (T2)2T1Jr , which translates by a distance v/3a instead of a. For our Hamiltonian
hopping amplitudes, we specifically choose those shown in Fig. C.1(b).

The dominant correlation length ¢ in a given charge sector of the transfer matrix is related
to the dominant non-trivial transfer matrix eigenvalue A\ by [375]:

1/& = —log |- (C.59)

We report £ in units of cylinder rings. For the YC cylinders, the distance between the
cylinder rings is av/3/2, whereas it is a/2 in the XC case.

In Fig. C.2, we display the maximum correlation lengths for the YC3, YC4 and YC6
cylinders resolved by the electric charge sector of the ground state transfer matrix, namely
Q € {0e, le,2¢e}, where we maximize over spin and momentum quantum numbers for sim-
plicity. We note that due to the pseudospin SU(2) symmetry, the charge-Oe and charge-2e
sectors manifestly have equal correlation lengths, with the exception of the regime U/t 2 11
where the spin-triplet charge-Oe branch (known to be low-energy from the ED and DMRG
excitation calculations in the main text) have quantitatively larger correlation length, at least
for the YC3 and YC4 systems. The main numerical feature we point out here, consistent
with Ref. [114] (though differentiated here since we strictly study the pseudospin-symmetric
configurations), is that the correlation length peak and the sharpness of the peak is in the
charge-Oe/2e sectors is increasing with system size while the charge-le sector does not see

a similar enhancement. The same features are seen in the XC4 vs. XC6 data, shown in
Fig. C.3.

C.5 Spin and Pseudospin SU(2) Formalism

Relation between spin and pseudospin generators

Here we present an alternative description, complementing the Majorana representation
discussed in Sec. 1 of the main text, of how the presence of particle-hole symmetry and
Hubbard interactions gives rise to the pseudospin SU(2). symmetry [404]. We begin with
the familiar spin rotation generators:

. o1
St = Z ciTc,.i, S™ = Z CLCTT, 5% = 3 Z(nﬁ — Npy). (C.60)
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Figure C.2: (a) Maximum correlation length of the half-filled ground state transfer matrix
on the infinite YC3 cylinder vs. Hubbard U in the charge sectors Q € {0Oe, le,2e}. The
external flux is chosen so that the cylinder rings are pierced by fluxes 7/2, —7/2,... which
alternate between rings. Bond dimension, increasing with shade light-to-dark, indicated in
legend. (b) Same for the YC4 infinite cylinder with zero flux through each ring. (c) Same
for YC6 cylinder with zero flux through each ring.
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Figure C.3: (a) Maximum correlation length of the half-filled ground state transfer matrix
on the infinite XC4 cylinder vs. Hubbard U in the charge sectors @ € {0Oe, le, 2e}. Bond
dimension, increasing light-to-dark with shade, indicated in legend. (b) Same for XC6 cylin-
der. For both the XC4 and XC6 cylinders, we make the choice of Hamiltonian hopping
amplitudes specified in Sec. C.1.
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Given a particle hole symmetry Pc,,P~! = e’ ¢l _, which commutes with the Hamiltonian,

let us define the following half-particle-hole transformation:
PPt = eio"‘c;r,T, Per Pt = cpy. (C.61)

Though the half-PH leaves the spin-rotation-symmetric hopping Hamiltonian invariant, it is
not a symmetry of the interaction since it flips the sign of the Hubbard U:

P (U > (ner — 1/2)(ngy — 1/2)) Pl=UD (1—np—1/2)(nyy —1/2) (C.62)

=—U (ngy — 1/2)(nyy — 1/2). (C.63)

Since H_y also commutes with the spin generators, then PS*P~! are symmetries of H, .
In particular, note that

PSTPp1 Ze At Crls (C.64)

while

o1
=PSpl = 5 D> (1= npp —nyy) (C.65)

T

is related to the total charge density. While the resulting symmetries seem unnatural (in
that n? includes a minus sign relative to the charge density and n™ lowers the total charge
by 2e), we will show later that this convention is the most natural for implementing spin and
pseudospin rotations simultaneously as left and right actions, respectively, in a way that is
consistent with P relating the generators, as in Eqs. (6-8) of Ref. [324]. Also, note that one
can simply take e® = 1 when the hoppings are all imaginary, so that:

Pepg Pt = (C.66)

Fermionic matrix structure in SU(2), x SU(2), formalism

In order to get an analytic handle on how various Oe and +2e objects transform into one
another under the pseudo SU(2) symmetry, it is useful to establish several identities. In
particular, here we motivate defining the 2 x 2 fermion construction where spin (pseudospin)
rotations act on the left (right). We know that the column vector of fermion annihilation
operators transforms as a spin doublet: defining

C, = (C’”T> , (C.67)

C,,‘¢
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then [S,, ¢] = —%csl, so that
1S,C,] = —%Cr, 1S, 1] = C,t%. (C.68)
Exponentiating these relations, we get
050, e85 = 70020 (C.69)

Now it’s easy to obtain the analogous relation for the pseudospin SU(2) generators via
the mapping n = PSP!. We simply conjugate both sides by P and use the fact that
T

_ T T
PC, P = (C”T> . For the infinitesimal relations, we obtain [n, <CTT)] =-9 (C"T) , or by
CTJ, C"‘»L C,w
taking the Hermitian conjugate,
-
['r), (CT.T CL)} = <cr¢ CL) 5 (C.70)

(we have relabeled the Pauli matrices as 7 when they act to the right as pseudospin rota-
tions). Exponentiating gives

oi6m <C1°T Cii) o0 _ (cﬁ c,l) e0m/2, (C.71)

Thus <c,.¢ ci ¢> should be a row of the 2 x 2 fermion matrix. It turns out that completing

this matrix with —C:T as the bottom right element makes both columns (rows) transform as

spin (charge) doublets. Namely,

U, = (C’"T _C’T& ) = (Cy i0,C2) (C.72)

satisfies

05y, 08 = 702y, (C.73)
and, on account of the relation PC,PT = CI, also satisfies

MY, e = @, 0T/2, (C.74)

We also remark that the spin and charge generators can be neatly written in terms of this
fermionic matrix. First:

S, = }ltr (Vlow,), (C.75)
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which naturally transforms as a vector under spin rotations. Using the half-PH change of
basis, we directly obtain

e = PSP = itr (0, 701), (C.76)

where we have once again trivially rewritten the charge Pauli matrices as 7.
Finally, we note a useful implementation of the Hermitian conjugate:

f f c c
\IJT — CrT C'r’i = 0o T L% o, = —T. \IITU . (077)
r c . v\t Y y*ry
rl Cpt rl T

This can be useful when contracting multiple ¥,. under a trace, but one has to be careful
about extra minus signs from fermion anti-commutation.

Hofstadter-Hubbard Hamiltonian

Suppose we are given a hopping model h = — ", t,pcl.c,r where 7,7/ each run over all the
sites in the triangular lattice. As usual, Hermiticity requires that

t,r,r/ - t:/,,,. (C78)
If we further suppose that the hoppings are all imaginary, then
Lypgr = —typip. (C.79)

In particular, this means the Hamiltonian has the particle-hole symmetry Pc, P! = cf., like
our ® = m/2 Hofstadter model on the triangular lattice. In the general case, we claim that
the hopping Hamiltonian can be written as

h=—= tytr (V) (C.80)

rer’

where the sum is over oriented pairs of sites, which we denote by r < 7/, whose orientation
we fix so that t,,» = +it (with ¢ > 0) which gives

h=—ity tr(Ui0,). (C.81)

The Hamiltonian is already Hermitian in this form. To see this, we explicitly compute
its Hermitian conjugate:

B == ot (L) =+ 3 twtr (-7, %00,) (=0 (W) ) (C.82)

T’ rr!
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where we used (C.77). After the Pauli matrices and minus signs cancel, we anti-commute
the two operators (they live on different sites) and confirm that

= et (U)TEN) = = > typtr (U 0,) = h. (C.83)

r<7r/ r7r/

We note that it is manifestly spin- and pseudospin-rotation-invariant due to the trace. To
verify that h is indeed the familiar hopping Hamiltonian, we explicitly expand out the ex-

pression:
CT C’r’T CT/
E t,,-,r/tr TT Tl 7’_|_¢ (CS4)
e Crp —Crt) \Crl —Cpy

= — Z T,,/c,tscr/s + tr,,/crsc:,s) (C.85)
rr/

= — Z (trr/clscrfs + t:r/CLSCm) (C.86)
rr’

=— Z (typrCh Cors + h.c.), (C.87)
T’

where we again used the fact that » # 7/, and for the last equality we crucially used the
imaginary condition, (C.79).
As for the Hubbard interaction, we reference Ref. [324]:

2U 3
Hy = = 2= :

r

which is clearly also invariant under both spin (because [1, S| = 0) and pseudospin rotations.

C.6 SU(2) Slave-Rotor Theory of IQH-CSL transition

The presence of both SU(2), and pseudospin symmetries SU(2). enables an SU(2) slave-
rotor analysis of the IQH, CSL, and their critical point. The construction was introduced
by Hermele in Ref. [324] in the context of Hubbard models on bipartite lattices, but applies
in the present context with almost no modification. The main difference is that since the
triangular lattice has no natural sublattice, we instead work in the Imaginary C6 gauge
(with all imaginary hoppings), where the particle-hole acts as in (C.66) above. This means
we don’t need to keep track of a sublattice-dependent sign, i.e., Hermele’s €4, = %1.

Physical Hilbert space from parton constraint

We begin by decomposing the electron operators into spinons and rotors:

T
v, =FZ, F.= <f’“T Iy ) . Zy= ( i Z’ﬁ) : (C.89)

fri _f;['r TRZp2 Rpl
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The spinon operators are arranged like the electron operators, with spin acting by SU(2)
rotations from the left, whereas gauge rotations act from the right. The rotor Z,. is an SU(2)
matrix of operators (meaning zilz,,l + zigzrg = 1), with gauge rotations acting from the left
and pseudospin rotations acting from the right. The enlarged slave-rotor Hilbert space at
each site is a product of that of the spin-1/2 spinons and that of the SU(2) rotor. Since the
slave-rotor Hilbert space is much larger than the physical one, we have to specify which of
its states are physical. Following Ref. [324], one projects to the subspace of gauge singlets,
Je(r) =0, where:

1 1
Jg(’l‘> = Z—Ltr (FT./,LFTT) -+ Ztr (Z;[.U’Zr) ) (090)
so that
ciado(r) 7 o—iada(r) — g=ien/2y (C.91)
6ia~Jc(r)FT€*ia'JG(7‘) — Freia'”/Q_ (C92)

We have denoted the Pauli matrices acting in the gauge space by u, reserving o for the spin
space and 7 for the pseudospin space, as in Sec. C.5 above.

Note that the F-Z Hamiltonian — obtained by writing the Hamiltonian in terms of
partons — is a gauge-singlet operator. It therefore acts within the Jg(r) = 0 subspace and
has the same matrix elements as the electronic Hamiltonian. To construct this subspace,
which is four-dimensional at each site, we start with the slave-particle vacuum:

0)sp = 10) 7 @ [0)ot, (C.93)

where |0) ¢ is the spinon vacuum and |0),o = [lc = 0,lg = 0, m¢c = 0, mg = 0) is the unique
rotationally-invariant state in the rotor Hilbert space (C stands for “charge” pseudospin and
G stands for gauge); recall from Ref. [324] that only ¢ = (¢ states are allowed to begin
with. In particular, Jg(7)|0);0t = 0 by definition. Then it can be shown that while |0),
is not a physical state, f,TT|0>Sp is physical, i.e., it is a gauge-singlet. Similarly, f: 10)sp is a
physical state. We can then construct the fully-filled and empty states by applying electronic
operators:

Ci¢fi¢|0>sp = (fITZil - frizr2)fi¢|0>5p = (lefITfL — 2r2)|0)sp, (C.94)
and
CTTfI¢|O>Sp = (frr2m — frTJ,Z;[Q)fTTHO)SP = (2m + ZI2 :¢f2¢)|0>sn (C.95)

Since the electron operators are invariant under gauge transformations, then both of these
states are gauge singlets. We have therefore generated the full four-dimensional physical
on-site Hilbert space.
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Functional integral representation

Following the path integral construction outlined in Ref. [324], the electronic Hofstadter-
Hubbard Hamiltonian can now be written in the slave-rotor representation:

HHH = - Ztr [(FTZ’I‘)T(FT‘/ZT/>] + % ;7737 (096)

r,r’

which must be accompanied by the aforementioned “gauge-singlet” constraint
Ja(r) =0. (C.97)

Working at zero temperature, we introduce imaginary time 7 € (—o00,4+00) and write the
functional integral:

Z = / DZDFDa,e”, S=2S8;+Sr+ S, (C.98)

where

3 — 1 - b (s )
_ T —
Sy, = YTii Er /dT tr {ZT (OT 5 ) (& + 5 ) Z,.} , (C.99)
1 1a; - +
Sr =3 }T:/dT r [F (aT + ) F] , (C.100)
S, = —it/dT § tr [(FZy) (B Z)] - (C.101)

rr!

Here and below, % denotes differentiation acting to the left, and the gauge field a, has been
introduced to enforce the on-site gauge constraint ((C.97)).

So far everything is exact and therefore intractable, so we pass to a mean-field approxima-
tion. The first step is to replace the constraint Z,.(7) € SU(2) with an equivalent Lagrange
multiplier term:

Sy = ’i/dTZ)\T(T) Btr(Zin) - 1] . (C.102)

The next step is to decouple the hopping term into separate spinon and rotor terms. This
is done by introducing a complex Hubbard-Stratonovich field via the identity [149, 324]:

6 *
€€a""",ﬂ"""/ = — / d/r]rr,dn:r, 6_5(|nrr"2_771’7”0‘7*1"_777.7./57*7”)'
s

Since we have fixed the bond orientation for the hopping in (C.101) above, and since S; =
tfdr>, o (—ZwZ)ap(iF) Fu)pe, then we may assign € = tA7 > 0 and for each a, b assign
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o, = —(ZwZ!)a and Bpw = (iF} Fy)p,, which yields:

Sy = t/dT Z tr [(nrr’)anw] ,

1!
StZ == —t/dT Z tr [Zinrr’Zr/} s
r7/
Sip = it/dT > tr [Fo () F]
T’

One obtains a real free energy at the saddle point provided that 7., = XUy is a real
number times an SU(2) matrix, as can be shown using the identity (C.77) above. In particu-
lar, two of the saddle point equations read (1,.,/)" = (Z,»Z1) and 1y = (tpp/[ter| ) (FI Fp) =
i(FIF,.). We take an ansatz where (FlF,/) is proportional to (¥IW,/) in the U = 0 IQH
phase, producing a solution 7}, (at a, = 0).

Fluctuations about this solution are parameterized by an SU(2) gauge-field on the links
r < r’ and by a fluctuating a, component. Integrating out the spinons while retaining these
gauge field degrees of freedom, then in the continuum limit we obtain at leading order in the
gauge fields [405]:

Scg = é Pz e Ptr <aH3Vap + gauayap> ,

which is an SU(2) Chern-Simons term at level 1 [406].

Low-energy SU(2), Higgs-Chern-Simons theory

To describe the IQH-CSL transition, we pass to a continuum description of the rotor bosons.
We begin with the mean-field action

St == [0ZheZe t he| = 30N [0Z] Ze s+ hc] + % S [wziz)],
()

T,T T T,T

(C.103)

where 7, is chosen so that the lowest boson mode goes gapless as r — 0. Following
Ref. [324], we take a spacetime lattice of triangular lattice sites separated by € increments in
imaginary time. For r > 0, diagonalizing the above spacetime-translation-invariant Hamil-
tonian gives a unique low-energy mode at g = 0, consistent with the rotors experiencing no
net flux. We write ©(z) ~ Z,.; with  now a continuous spacetime coordinate, which yields:

o — %u(@*%yau@) + Lu(e'e) (C.104)

%
where 0 denotes differentiation to the left. Note that demanding invariance under global
SU(2) gauge transformations and pseudospin rotations precludes a linear time-derivative
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term ~ tr(©79,0). This entirely fixes the form at £ quadratic order. Now we add the
gauge field fluctuations by promoting the derivative to the covariant derivative
1a, - W

0, — 0, ,
+ 2

(C.105)
giving
1 . ] 1 . j i
L0, = 5tr {@T (R _ %) (a + %) @} , (C.106)

where p is again the Pauli matrix vector in the gauge space. Reintroducing the SU(2);
Chern-Simons term from integrating out the spinons, and the symmetry-allowed quartic
term, the full SU(2) Higgs-Chern-Simons theory is:

A

1
Lo = Los + L, + §tr(G)T@) +7 [tr(©10)] % + ... (C.107)

Conserved current

As spin excitations are gapped across the IQH-CSL transition, and neither the spin nor
pseudospin symmetries are broken, then the closing of the charge gap is associated with
gapless bosonic modes that transform as spin-singlet pseudospin-triplets. We now compute
the conserved Noether current associated with the pseudospin rotation SU(2). symmetry.
The important Lagrangian term for the current is the coupling £2 between the low-energy
bosonic field © and the SU(2) gauge field in (C.106) above. Under the pseudospin SU(2)

rotation

@/ _ ®€ia-r/2 ~ 0O+ @Za T
2

(C.108)

this term transforms to

1 J . ral ot P
(£8,) = 5t K@f o T g ) ( L ") (aﬁ m‘;) (@+@“"2 T)} (C.109)
iGN /. o
— o 4 ;tr [( i LA ) (%M Zaga ) <(9N+ zaga ) @] (C.110)

P e ) e

When « is constant, then (£2 ) = L2 to all orders. When it varies in spacetime, on the
other hand

(L8 = L& = 5t K Za2 T@*) (%H - %) (au + %) @] (C.112)

1 — ial o -~ ddlot i T
- t — K . 11
+2tr{@ (au : )((%—i— : )(@ : ﬂ (C.113)
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After expansion and simplification, the two terms above reduce to:

1 — ial o . ddlot i T
- T __r Kk
o 5. (08 (027 o

Jo .
:—tr [@T( ! )@7’8“‘2“ T} (C.115)

J . ral ot oy -
+ tr [@T ( a0 > <8M + zaga ) O x w‘2 T] , (C.116)

- g L idd o
%tr K—ZO‘Q T@T) (3M _ e ) (au + %) @} (C.117)

and likewise

2
1 Jiduee T (5 Z’a{ta"
= st {T@ (au + 7)o (C.118)
1 [ie-T — ial ot - ddlot
—§tr{ 5 x@T(au— ’5 )(8u+ ’5 )@]. (C.119)

By cyclicity of the trace, what remains after cancellation is:

1 il ot i i . F0d gl
(Lin) = Lign = Oped - St [6* (5u - %) ol _ of <6u + M) @} . (C.120)

so that the conserved current is

L0 G+ o-6f (7, -4 )6

T ot 9 5 =tr

05,0 -01D,0
> 2

(C.121)

Because of the pseudospin Pauli vector 7/2; this bosonic object transforms as a vector
under global pseudospin rotations © — Q¢ 7/2. Indeed, its 77 component is like the density
of low-energy Cooper pairs, while 7F serve as Cooper pair annihilation/creation operators.
Moreover, it is gauge-invariant since D,© is gauge-covariant. Finally, since it is the conserved
current, then at the critical point all components will have protected scaling dimension 2.
Altogether, this SU(2) formulation confirms the physical conclusions made in Ref. [344], by
working here in a formalism manifestly invariant under the pseudospin symmetry.
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