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Abstract
Electronic Structures and Numerical Simulations for Twisted Bilayer Graphene
by
Qinyi Zhu
Doctor of Philosophy in Mathematics
University of California, Berkeley

Professor Lin Lin, Chair

The correlated insulating and superconducting phases of magic angle twisted bi-
layer graphene (TBG) have received intense research attention in the past few years.
Since each moiré unit cell of magic angle TBG contains around ten thousand car-
bon atoms, to take into account electron correlations among different moiré unit
cells, a faithful atomistic model of TBG would involve hundreds of thousands of car-
bon atoms. This is extremely challenging for numerical studies of TBG even at the
level of tight-binding models. As a result, the Bistritzer-MacDonald (BM) model,
a continuum tight-binding model, has become a widely adopted starting point for
further numerical studies. The BM model reveals that the flat bands of interest
are energetically separated from the other bands and protected by C5,7 symmetry.
Therefore, a reasonable starting point involves projecting the interacting models onto
the flat bands and studying the approximate symmetries. This gives rise to the “in-
teracting Bistritzer-MacDonald” (IBM) model, which takes the form of an extended
Hubbard model with pairwise long-range interactions. Although the IBM model is
not uniquely defined, and a unified physical description of the correlated phases has
yet to emerge, such a downfolding procedure has been used by a number of recent
works for studying phase diagrams of TBG beyond the tight-binding approximation.

This dissertation aims to present a comprehensive review and detailed proof of the
magic angle twisted bilayer graphene, its Hamiltonian, and corresponding symme-
tries. The unique symmetries of TBG enable the use of various numerical approxima-
tions, including the Hartree-Fock method. The geometric and electronic symmetries
of TBG restrict the ground state space. Consequently, Hartree-Fock provides a re-
markably accurate approximation in the chiral limit where a U(4) x U(4) symmetry



exists. This accuracy is attributed to the existence of a specific U(4) x U(4) sym-
metric ground state within the space of Slater determinant states. Understanding
the symmetries of the BM Hamiltonian is crucial for selecting numerical states to
approximate the ground states of TBG. A detailed proof of these symmetries en-
hances our comprehension of the electronic properties of twisted bilayer graphene,
validates the accuracy of the HF method, and facilitates the computation of corre-
lated states via exact diagonalization. Furthermore, the discussion about symmetries
justifies the accuracy of quantum chemistry approaches beyond the HF method and
exact diagonalization. Following the theoretical discussions, this dissertation delves
into post-Hartree-Fock calculations. These calculations may become significant when
long-range Coulomb interactions are introduced to the IBM model, and the interac-
tion energy scale exceeds the energy dispersion. The techniques to handle such long-
range interactions are well studied in the ab initio quantum chemistry community.
Employing mature quantum chemistry software packages, this dissertation conducts
both HF and post-HF calculations equally for the ground state and excited state
properties of the IBM model at the correlated electron level. This approach offers
two significant advantages: 1) In cases involving large systems where exact diagonal-
ization proves impractical, HF and post-HF methods provide a viable alternative on
a similar level. 2) For both integer and non-integer fillings, the electronic structures
of tBLG are investigated using coupled-cluster-based methods such as CCSD and
CCSD(T), along with the quantum chemistry density matrix renormalization group
(QC-DMRG) method.
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Chapter 1

Introduction

The correlated insulating and superconducting phases of magic angle twisted bi-
layer graphene (TBG) have received intense research attention in the past few years.
Numerous studies [13, (14, 66, (112, 12, [20, 86, (109, 105, [25, 9, 63, 82, 41, [80]
have contributed to understanding these phases. To solve the interacting Bistritzer-
MacDonald (IBM) model numerically, the simplest approximation is Hartree-Fock
(HF) theory, which proves particularly effective in the chiral model due to the exis-
tence of U(4) x U(4) symmetry.|12] Both theoretical (|110, |49} 72, [111} 33|, 199, |113],
105, (57, 104, [39; [59] [8, (63, (116}, 62} [L06, 96, [26, 32|, 114, [44] 12, R4, [34, 46, [79, 107,
42,137, 43, 87, 78, 48, 22, 56, 109, 60, 16, 117, 63, 24, 23|) and experimental (|12}
20, 86, (109} 105} 25, 9, (63, |82 41, 80]) studies have explored the symmetries and
numerical solutions of the IBM model. This dissertation aims to provide a com-
prehensive review of the U(4) x U(4) symmetry with detailed proofs and varying
perspectives. Beginning with background information and essential notations about
bilayer graphene and the BM model|10] in the initial sections, we will explore the
approximate symmetries|12, 9, 58, [7] of the IBM model in Chapter [2{ and delve into
the exact symmetric/anti-symmetric ground states[58, [7, [108] in Chapter [3|
However, in certain parameter regimes, the Coulomb energy scale (around 10 ~
20 meV) of the IBM model exceeds the dispersion of the flat bands (approximately
~ 5 meV). Consequently, electron correlation effects may become significant, necessi-
tating post-Hartree-Fock calculations to validate and/or refine the physical insights
provided by HF theory. Recent studies on exact diagonalization (ED) [80} [108] and
the density matrix renormalization group (DMRG) [43, |86, [74, [100] suggest that HF
theory provides a good approximation to the description of ground state properties
of TBG, at least at integer filling (v = 0) (the filling parameter v refers to the num-
ber of electrons per k-point relative to the charge neutrality point). Using mature
quantum chemistry software packages, this dissertation will study a wide range of
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()

Figure 1.1: @ Atomic structure of single-layer graphene (left) and bilayer
graphene (right). (]ED Choice of the rectangular unit cell and corresponding unit
vectors a, as in real space, containing two sublattice A and B. The Dirac points of
the monolayers K and K~ are included as reference points. Brillouin zone
(BZ) of monlayer graphene, aligned by their I'-point and Dirac points K and K.

ground state and excited state properties of the IBM model at the correlated electron
level in Chapter [l Furthermore, this dissertation will discuss some scenarios away
from integer filling or the chiral limit for post-Hartree-Fock calculations.|93] 85|
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1.1 Graphene

Graphene is a 2D material composed of carbon atoms arranged in a honeycomb
structure, as illustrated in Fig. Both single-layer and multi-layer graphene
exhibit unique properties due to their distinctive band structure arising from the
bonding configuration and structural symmetry. In Fig. |[I.1b| we can see that the
structural symmetries of graphene include C5, C3 rotation symmetry and mirror
symmetry around the center of the unit cell, resulting in degenerate energy levels.
Moving to Fig. [1.1d the Brillouin zone (BZ) in reciprocal space has two Dirac points
I'* where two doubly degenerate energy bands meet.

In this section, we introduce the atomic structure of graphene and derive the
corresponding electric structure using the provided notations. It’s important to note
that the Planck constant is consistently set to h = 1. Letting d be the nearest-
neighbor distance, the primitive vectors in the unit cell are given by

ar — (g, —?)d, ay — (g, ?)d. (1.1)

The lattice vector is then expressed as
R = nia; + Noay, (12)

where n; and ns are integers. The reciprocal primitive lattice vectors are given by

1 1 27 1 1 27
G -0 b=(5 597
37 V3 d 37 V3 d
In the tight-binding model, we only need to consider interactions between nearest
neighboring atomic sites. As illustrated in Fig. [I.1b, we denote these two types of
atomic sites as sublattice A and sublattice B, with atomic positions ry and rgp

respectively. Using o to represent the sublattice, and given the lattice vectors R, the
set of sublattice o = A/B, is defined as

b, = (1.3)

RA=R+FA, RB :R+PB. (14)

Using Bloch’s theorem, we express the atomic orbitals for sublattices A and B as
Bloch sums:

1/)113(1-) = \/LN Z 6ik~(R+I‘A)w(r —R —ry),
R

(1.5)

wf(r) = \/_1N Z eik'(RJrl‘B)w(r —R —rp),
R
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where R = nia; + nsa, denotes the lattice position, k denotes the momentum, and
¥ (r) represents the sets of p, atomic orbitals centered at sublattice A with atomic
position R + r4 and sublattice B with atomic position R + rg. It is assumed that
(g (v)|[¢g (r)) = 6,0r. The single-electron wavefunctions can then be expressed as a
linear combination of the two sublattice orbitals, ¢ (r) and ¥ (r):

Uie(r) = Cavic (r) + Cpiyl (r), (1.6)

where C4 and Cp are complex numbers satisfying |C4]* + |Cp|> = 1. Using the
tight-binding model, we construct the tight-binding Hamiltonian:

ﬁﬁA fzﬁB Ca\ _ Ca

The projected Hamiltonian is glven by h("’ = (¢ I‘Z(r)\f[ \wﬁ'(r» where H is the
atomic Hamiltonian and H*(r) = H:
et = b7 = (@ (x) [H | (x))
hit? = (i (0) | H g (r))
= (™ 4 el 4 ™8 ((r —ra) | H[W(r — 15)), (1.8)
ht = (g ()| H g (r))
= (™M) g0 )y ((r — 1) [H[$(r — T4))

where Iy =rg—ry, Iy =rgp—a; —ry, I3 =rg —as —ry represent the distance from
one sublattice A site to the nearest three B sublattice sites. Also, (¢ (r)|H |1 (r))
and (ip(r —r4)|H|¢)(r —rp)) are two constant numbers independent of momentum
k. As a result, we can set

(Wie (1) H [ (x)) = 7a,

. (1.9)
(W(r —ra)|H[Yp(r — rp)) = V4B,
then the tight-binding Hamiltonian can be simplified into
)
NI
- ( ,yA (eik~l1 + eik.lz + eik-lg),yAB)
(el emiiele - emieh )y 7a | (1.10)
B 0 ( ekl 4 pikla 4 eik~l3),yAB o )
[(eik-ll + ikl 4 eik-lg),yAB]* 0 yal,

(0 Ty
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where

ik-1 ik-1 k-1
Fk = fYAB(e’L 1 —|—€l 2 +€Z 3),

(eik(rB—rA) +€ik~(r5—rA—a1) +eik-(r3—rA—a2)>

= YAB ,
= qap(el TR T ik (1.11)
3d 3d 3d
Tx| = |7AB’\/1 + 4(308(7/%5) cos(\/_Tky) + 4(3082(\/2_ ky).
Then, two eigenvalues are
eic = £[Tl, (1.12)

which denotes the upper energy bands (¢) and lower energy bands (e, ) for single-
layer graphene, as shown in Fig.[1.2] The two doubly degenerate energy bands meet
at the Dirac points:

_¢ 1)2_7r_b1+2b2

333 d 3

K= _-K-~= (_17 _L)Q_ﬂ — M’
37 3v3' d 3

(1.13)

such that |[I'g| = |[I'x/| = 0.
The energy bands linearly disperse from the two Dirac points. At the Dirac point
K, the tight-binding Hamiltonian can be written as the identity matrix since:

'k = K5 +€"K‘728§+a2 +€iK.@ ,
<l ) (1.14)

;2T

= 'yAB(eiZTﬂ +e +e75)=0.

Besides that, away from the Dirac point with a small momentum |k| < |K]|, we
have

dl'k

Dk~ 5~ (K) -k,
K- 212 _2 3 —ca)Ta — 2 .o~ a;—2a
= VAB(a1 J?: a2 . eZK'% + % . e’K'% + a . 2b) ) ezK.%) ) k,
3d
= S ey — i),

(1.15)
Then, the corresponding Hamiltonian is

ﬁéﬁk Eéﬁk — 0 kx_iky
(iLBA pee ) =M vk, 0 ) (1.16)

K+k K+k
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E

Unoccupied

Dirac Point

Occupied

Figure 1.2: The upper energy bands (orange) and lower energy bands (blue) for the
single-layer graphene. In half-filling system, the upper energy bands are fully unoc-
cupied, while the lower energy bands are fully occupied. The two doubly degenerate
energy bands meet at the Dirac points.

where vy = 3@% denotes the Fermi velocity near the Dirac point K. Similarly, near

the Dirac point K’, we have

(EBA ﬁﬁ?k —h/UF —kx—i—lky 0 . (]_]_7)

K-k

Therefore, both the graphene K- and K’-valley Hamiltonian are linearied models.

1.2 Bilayer Graphene

In the section, we will introduce the notations for the non-interacting twisted bilayer
graphene. The structural and electronic symmetries of graphene layers enable us to
rewrite the Hamiltonian using operators. But before that, let’s first review bilayer
graphene and its band structures. Firstly, there are two graphene layers perfectly
stacked together at two sublattice A sites (AA stacking points), as shown in Fig. [1.3a]
Then we twist the top and bottom layers around one AA stacking point by the
counterclockwise angles g and —g respectively. Note that this twisted angle 6 is
very small, such that the lattice forms a Moiré pattern with very large unit cells and

primitive vectors. As a result, the Moiré reciprocal primitive vectors are very small,
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(a) (b)

Figure 1.3: @ [lustration of twisted bilayer graphene in real space. Red (Blue)
sites is for the sublattice A (B). Black (gray) is for the top (bottom) layer. The
origin is chosen at an AA region center (perfect AA stacking point). (]ED Two
monolayer graphene Brillouin zones (BZ) depicted by a dashed red line and solid
blue line, respectively, aligned by their I'-point and twisted by an angle 6, with the
corresponding Dirac points K and K~. The Moiré Brillouin zone (MBZ) is
indicated by the grey shaded region centered at I'yipz.

and the Moiré Brillouin zone (MBZ) is also very small compared to the monolayer
graphene Brillouin zone, as depicted in Fig. [1.3b]

The two graphene layers in twisted bilayer graphene are rotated by a small angle
0. Therefore, to express the structural properties of tBLG more conveniently, we
define a rotation matrix R(f), which rotates by 6 radians counterclockwise about
one given AA-stacking point:

R(O) = (0089 —sine)

sinf cos6 (1.18)

Since graphene forms a hexagonal lattice, rotations by 120° are particularly im-
portant, and we define C3 := R(27/3). When we twist the top layer (labeled by
[ =1=1t) and bottom layer (labeled by [ = —1 = b) around that given A A-stacking
point by the counterclockwise angles /2 and —6/2, respectively, we also rotate the
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Dirac point K to
K, = R(lg)K, le{t=1b=—-1}.

When 6 is very small, the lattice forms a Moiré pattern with translation vectors
of length ~ §~. Correspondingly, the Moiré Brillouin zone (or “mini” Brillouin zone,
MBZ) is very small compared to the monolayer graphene Brillouin zone (BZ).

Let

4 0
kp = K| = g ko = 2sin()ko. (1.19)
Define
0 0 .0 T -
q = Kb — Kt = (R(—é) — R(§))K = 2]{[) sm(§)(0, —1) = k'g(o, —1) y
and

V3 1 V3 1
5 7§)T7 qs = C§Q1 = k@(—T; §)T
In this convention, q; = —v/3ked; = —\8/—’% sin(4)d;.

We also define the two reciprocal lattice vectors for the MBZ as

q: = Csq; = ke(

By =(R(—) ~ R()br = ~(a — ) = vy (—% —@) ,

(1.20)

by =(R(~3) ~ R(3))bs = ~(as — 1) = V3 (% —?) .

Note that |q;| = kp and |b;| = V/3ky. The lattice vectors dual to Bl,lN)g define
the moiré unit cell in real space

51:LM(_£ —1> ; 52:LM<£ —1> ;

27 2

where Ly = |a;] = %2 = L is the moiré length scale in real space. In the
ko 2smg

discussion below,
L= {R = mlﬁl + m252|mj € Z}

denotes the moiré lattice in real space,
L* = {G = mlgl + mQBQ\mj S Z}

denotes the moiré lattice in reciprocal space. We also denote €2, 2* as the moiré unit
cell and the first moiré Brillouin zone, respectively.
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1.3 Bistritzer-MacDonald Model

In this section, we will briefly review the BM model.[10] For convenience, we ignore
the spin index s and abbreviate the creation operator as éLLm. When the twisted
angle between two layers 6 is very small, the unit cell of TBG is very large, and the
MBYZ is very small. In this case, coupling between the two valleys can be neglected.

The single-valley Hamiltonian in valley 7 = K = +1 can be written as

ﬁ;?/[K = Z Z Z éL,l,T,o[ﬁl(k)]ca’ék,lmo’

keMBZ | oo’

3
YD aL+qj7tMT}ék,W, + h.c.),

keMBZ oo’ j=1

where k denotes the momentum in the MBZ, | = +1 = ¢/b denotes the layer and
o = +1 = A/B denotes the sublattice; hy(k) is the single-particle Hamiltonian in
the first-quantized momentum space for layer [, and T] represents the interlayer
interaction with q; = K, — Ky, @2 = Cs.q1, q3 = Cs5.qs. C3, = R(271/3) is the
counterclockwise 120° rotation around the valley K; in the top layer. Note that
{a;}j=123 relates the momentum k + q; in the top layer and k in the bottom layer,
representing the interlayer interactions.

The monolayer graphene has a linearized Hamiltonian near both the K; and K]
valley, as in Eqs. and . Using the o operator, we are able to rewrite this
Hamiltonian in the second quantization:

hK) = vp(keou + kyoy). (1.22)

(1.21)

As a result, the single-particle Hamiltonian ﬁl(k) is the linearized monolayer
graphene in valley K; with a twist angle j:g:

th(k) = vp(kyo, + k:yay)ei%"z,

) o (1.23)
hy(k) = vp(kyop + kyoy)e 2%,
Similarly, in valley K’, we have
W(K) = vp(—koop + kyo, )22,
At( ) F( Yy y) ) (1‘24>
hy(k) = vp(—kyo, + kyoy,)e 272,
Also the interlayer interaction are given by
T) = wooo + wiope’ 57,
2m(j — 1) 27(j — 1) (1.25)

= w0 + w1 [0, cos + oy, sin TL
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where wg/w; denote the hopping magnitudes from an A site to an A/B site respec-
tively, and R(%) = "5 % denotes the Cs, rotation symmetry. Both wy, w; are
positive numbers, representing the overlap of the minus and positive “blobs” of the
p. orbitals from the top and bottom layers.

Under the assumption of neglecting intervalley interactions, the BM Hamiltonian
without intervalley interaction is given by

> Hpy (1.26)

7=K,K’

With Eq Eq. (2.5) and the BM model in Eq Eq. (1.21)), using the commutation/anti-
commutation relations between Pauli matrices, it can be proved that

[Cow, Ho| = [Cazy Ho) = [T, Ho) = [Co. T, Ho] = 0

(P, Hy} = {Co. P, Hyy = {PT, Hy} = 0. (1.27)

Note that the single-valley Hamiltonian does not have the C5, rotation symme-
try and the time-reversal symmetry 7 since these two symmetries map one valley
to the other. The Bistrizer-Macdonald model for twisted bilayer graphene is de-
fined by interlayer and intralayer hoppings between the two layers in momentum
space. The proof for Cy,7 symmetry is as follows. Additionally, we can prove the
commutation/anti-commutation relations for all symmetries using similar techniques.

The action of particle-hole symmetry on the single-valley Hamiltonian can be
written as

73[:IO’]D ! Z Z Z Pck I, U ]Jo/ék,l,T,o/Pil
+ ZZZP Chvay o Tiupmor +hc)P

oo’ j=1

For the first term, we have

Péks i1 olhi(K)]oobiss1.0P
Pck7l,+1 P PI(K)] o P Plki10P
= CT—k,—l,—&—l,—g,P[iLl(k)]aa’lpiléfk,fl,+1,fo’7

= _éik,fl,Jr,fcr[ﬁg(k)}aa’é—krld—,—a’v
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where

Phk)P~! = (io,l,K)h(k)(i0,1,K),
= vp(ily0 . K)(kyop + kyoy)(—il,o,KC),
= vp(kpoy — kyo,) = —h'(K)

holds for small twist angle 6.
For the second term, we have

-1
P§ :Ck+q ,+1, TO'T 7—177'7073 ’
=2 PP P~1Pe Pl
k+q;,+1, TO' J k,~1,7,0 ’
PSS
== E gyt PTIP e ktiro

- § :C k—q;,—1,7, O'TAC_k7+17Tv_0—7

where we use T] = W0y + W10, COS w + oy sin 2 -— and
PTP~! = —wyoy + wy Plo, cos w + o, sin W]Pl,
= —wyoy + wy(io,l,K)[o, cos # + oy sin W](—iaxlﬂ),
= —wyog + wy |0, cos % — oy sin W]

=
PLP ' =T, PLP '=T;, PLP'=

Adding these two terms together, we can verify that particle-hole symmetry anti-
commutes with the BM Hamiltonian:

{P,Hy} =0.

1.4 Organization

In the first chapter, this dissertation introduces the fundamental knowledge of graphene.
Starting with the tight-binding model of monolayer graphene, we then delve into
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the Bistritzer-MacDonald (BM) model of twisted bilayer graphene (TBG). The BM
Hamiltonian serves as the fundamental starting point for all subsequent theoretical
proofs and numerical solutions. Following the foundational introduction, the second
chapter explores the geometric and electronic symmetries of TBG. Detailed proofs are
provided through representation analysis, confirming that the Hartree-Fock method
offers a remarkably accurate approximation to the BM model at the chiral limit, due
to the existence of U(4) x U(4) symmetry|12, 9]. Additionally, perturbation theory is
employed to investigate the ground energy scales and the accuracy of various mean-
field methods away from the chiral limit.|12] From a different perspective, the third
chapter of this dissertation derives both the exact and approximate ground states of
TBG.[58, 7, 108| In the final chapter, we revisit and summarize our previous discus-
sions, presenting our work on the quantum chemistry approach for twisted bilayer
graphene.|30] This work provides a description of the IBM model compatible with
quantum chemistry language and implementations, along with an initial study of the

performance of various quantum chemistry methods for the ground state properties
of the IBM model.
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Chapter 2

Representation Analysis and
Approximate Symmetry

In this section, we present a detailed proof of the symmetry groups associated with
the non-interacting Bistritzer-MacDonald model, as investigated by Bultinck et al
[12] and Bernevig et al |9, 58|, 7], using Lie algebras. There are also other references
[45, 44, 84, 134] that discussed similar symmetries using different methods. To begin,
we provide a brief review of the representation theory of Lie groups, utilizing Pauli
matrices as an illustrative example.|38, 52, [27] Following this, we summarize the
symmetries of the BM /IBM Hamiltonian in both general case and special scenarios,
such as the chiral limit.[94, |88] |8] At the chiral limit, an additional chiral symmetry
merges, leading to the existence of a U(4) x U(4) symmetry. [12, (9, 58| Finally, we
employ perturbation theory to discuss the approximate energy contributions away
from the chiral limit.[94], |12]

2.1 Pauli Matrices

The Pauli matrices, denoted as o,, 0,, and 0., form a set of three 2 x 2 complex
matrices. Each Pauli matrix is a Hermitian, involutory and unitary matrix. They
are defined as follows:

(01 (0 i (1 0
2=\1 o) T o) =T \0 1)

These matrices play a fundamental role in the representation theory of Lie groups
and serve as a useful illustrative example in our exploration of symmetry groups
associated with the non-interacting Bistritzer-MacDonald model.
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All three Pauli matrices collectively span the su(2) Lie algebra. This is due to
their satisfaction of the commutation relations given by|[52, 27|

04, 05] = 2ie;j0x, (2.1)

where ¢€;;; is the Levi-Civita symbol. The associated Lie group, SU(2), comprises
unitary 2-by-2 matrices with a unit determinant. Consequently, a set of Pauli ma-
trices, scaled by %, denoted as %Uaa:$7y7z, can be regarded as the generators of SU(2)
group. Observables in the SU(2) group can be expressed as exponentials of linear
combinations of these three generators:
su(2) = {%ax, %ay, %JZ}. (2.2)
Lie groups are commonly employed as symmetry groups in the context of quantum
systems, where their Lie algebras serve as representations of infinitesimal symmetry
motions. Consequently, Lie algebras and their representations play a pivotal role in
physics. In the upcoming section, we will leverage Lie algebra and representation
analysis to explore the symmetry groups within twisted bilayer graphene, both in
the chiral and non-chiral limits.

2.2 Structural Symmetries

In this section, we will delve into the structural symmetries of tBLG using second-
quantized operators. The structural symmetries of the BM Hamiltonian encompass
the rotational symmetries Cs,, C, and the mirror symmetry M,,.[118, 61}, 95, |11]
Additionally, the band structures give rise to the time-reversal symmetry 7. By
combining the rotational symmetry Cs, with the time-reversal symmetry 7, we es-
tablish a (5,7 symmetry within each valley. At the chiral limit wy = 0, the BM
Hamiltonian exhibits an extra chiral symmetry S:

{S,Hpm} =0.

To express the symmetry operators, we introduce the creation/annilation opera-
tors for the single-particle Hamiltonian [9):

ot
éT _ CKt+k7Q,l:+l,‘r:+1,a,s
k,l,r=+1,0,s éT )
Ky +k—Q,l=—1,7=+1,0,s

éT
éT _ K| +k—-Q,l=+1,7=—1,0,5
k,l,7=—1,0,s T :

K| +k—Q,l=—1,r=—1,0,s
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Here, k represents the momentum in MBZ; 1 = +1 =t/b, 1 =+1 = K/K', 0 = +1 =
A/B, and s = £1 =1 / | denote the layer, valley, sublattice, and spin, respectively.
The symbols K/K' represent the Dirac points in the top/bottom layer graphene BZ,
and Q = n1by + nsby represents the Moir¢ reciprocal lattice sites generated by the
Moiré reciprocal vectors by and bs.

Valley K’ - Valley K

Figure 2.1: Illustration of the relation between the graphene BZs of of two layers and
the moire BZ (MBZ).

Intuition of Symmetries

In this subsection, we aim to elucidate the action of symmetries in both real and
momentum space, providing an intuitive understanding of symmetry operators. As
depicted in Fig. [I.3a] the geometric structure reveals that tBLG exhibits Cy, and
C3, symmetries around the AA-stacking point. Next, let’s delve into the action of
these rotation symmetries on the momentum space. Assuming a three-dimensional
lattice and labelling each lattice vector with the subscript n = (n1, ng, n3) as 3-tuple
of integers,
r, = nija; + nqgas + naas,
then the reciprocal lattice can be expressed as

Am = mib; + maby + msbs,
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2

bi = Vaj X ag,

and V = a; - (ay X ag) = ap - (a3 x a;) = a3 - (a; X ay) is the scalar triple product.
Then for a rotation matrix R(#) with an angle 0 as defined in Eq. (1.18]), the action
of the rotation on lattice vectors satisfies

(R(0)a;) x (R(0)ax) = R(0)(a; x ax).

Consequently, we simultaneously rotate both real space and momentum space.
When rotating the Graphene BZ around the AA stacking point (I" point) using Cs,
symmetry, as illustrated in Fig. [1.3D] the valleys K and K’ interchange, implying
that Cy, symmetry maps one valley to the other. Additionally, C5, symmetry maps
k to —k in the MBZ, while the sublattice and layer numbers remain unchanged.

On the other hand, for (5, symmetry, it swaps both the layers and sublattice
numbers, while remaining within the same valley.

In addition to rotational symmetries, tBLG possesses a time-reversal symmetry
T, which establishes a relationship between the two Dirac points K and K’ in each
layer. The time-reversal transformation is characterized by taking the complex con-
jugation of the wave function in real space. Consider the wave function of graphene
in the microscopic theory, this transformation complex conjugates the amplitudes,
flips the sign of k, interchanges the valley numbers, and leaves the sublattice numbers
unchanged.

Since all observables are in the complex 2-dimensional Hilbert space, the layer
operator [, valley operator 7, sublattice operator ¢ can be conveniently expressed
using Pauli matrices:

0 1 0 —2 1 0
lm/Tx/Ux - ( ) y ly/Ty/Uy = ( ) y lz/Tz/Jz = ( > .
10 l/T]o i 0 l/T]o 0 -1 l/t]o

Let’s examine the actions of the symmetry operators on the layer, valley, and
sublattice, denoted by [, 7., and o, respectively. These operators swap the layer,
valley, and sublattice, while [,, 7., and o, yield the layer number, valley number, and
sublattice number, respectively.

Additionally, we define a complex conjugation operator I and the identity op-
erator [ = ly = 09 = 19. With these definitions, the symmetries can be expressed
as:

Cop =0, =1, @10 ®0,, Crpk=Kk,

Co, =10, =l @7, ®0,, Cpk=-k
T=T.=l®1, @0, Tk=-k,
P=ilo,=1il,01®0, Pk=-k

(2.4)
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where P is an anti-unitary particle-hole symmetry defined here for convenience. It’s
worth noting that both time-reversal and particle-hole symmetry are anti-unitary,
satisfying 72 = P? = —1, and include a complex conjugation operator. For simplic-
ity, spin is ignored as it’s independent of these symmetries.

Considering the small twisted angle 6, we also have an approximate valley-U (1)
symmetry, and a Moiré translation symmetry. Neglecting interactions between val-
leys, we can focus on one valley.

Representation Matrix

For convenience, we express the action of a spinless symmetry operator O on the
fermion basis éL 1405 Using representation matrices. Similar to Ref [9], the represen-
tation matrices can be written as

OAL,I,TUSO_l = Z [D(O)irop GCTOkl/T oS

’ ! !
U, o

Here, D(O) is the representation matrix of the symmetry operation O in the index
space {l, 7, o}, and Ok is the momentum after applying O to momentum k. In
particular, Co.k = Tk = Pk = —k. Then the sewing matrices of all the symmetries
in Eq. are as follows:

[D(Co)]ir00 7 00 = Ot —107 7007, o,
[D(Co))ir000 7000 = 011017061 g,
[D(T))i700 7100 = 011617051 4, (2.5)
[D(CoT im0t 700 = 10107 7007, o,
[D(P)i70it 7,00 = 01,1671 7061 oG-

where (; = £1 for [ = &+

2.3 U(2) x U(2) Symmetry

Since the BM Hamiltonian is diagonal in valley and independent of spin, BM Hamil-
tonian has a U(2) x U(2) symmetry|9, 58] with eight generators 79S¢, ToSz, TSy, ToSz,
T250, T2Sz, T2Sy, T»S:, Where 7y, so are identity matrices and 7., ., S.,. are Pauli
matrices. We will introduce more about these generators next.

By Noether’s theorem, charge conservation has corresponding symmetry Uq(1).
Together with Pauli matrices (the generators of SU(2)), the spin-charge symmetry
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span a U(2) symmetry. Similarly, there exists a U(2) valley spin-charge symmetry.
In the other words, for charge conservation Uqx(1), valley charge conservation Uy (1),
and spin symmetry SU(2)k/k in two valleys (K/K'), BM model for two valleys
has the symmetry U(2)x x U(2)g ~ Uc(1) x Uy(1l) x SU(2)kg x SU(2)k. And
the 8 generators of this U(2) x U(2) symmetry are s* = {o¢7,55}, a = {0,2}, b =
{0,2,y, z}. These 8 generators satisfy:

(577, 5% = [00 @ Ta ® 8, 00 @ Te ® 84 = 00 @ TaTe @ [, S,
=00 @ (JacT0 + (1 — 0ae)T2) ® 20€pgeSe, (2.6)

= 2i€pge(04c00T0Se + (1 — 04e) 00T Se)-

In particular, s® = {7ys,} gives the global spin-charge U(2) symmetry, while
s? = {738} gives the valley spin-charge U(2) symmetry.

2.4 U(4) Symmetry

Particle-Hole Symmetry

In the presence of a small twisted angle, the projected BM Hamiltonian exhibits
a unitary single-particle particle-hole symmetry denoted as P. Under the flat band
assumption, the projected kinetic term H, is zero, and the projected interaction term
commutes with particle-hole symmetry [ﬁ 1, P]=0.

Due to the existence of Cs, symmetry, then we can obtain [ﬁ 1, C2.,P] = 0. There-
fore, Cy,P enlarges the original U(2) x U(2) symmetry into a U(4)p symmetry.|12}
9, 58, 45| 44}, 84, 34| Note that here we consider Cs, P symmetry rather than Cy, or
P symmetry, because the momentum k is invariant under Cs,P symmetry:

Co.k = —k, Pk=-k, CpP =k (2.7)

Assuming the gauge Cy, P = 0,7,, the 16 generators of this U(4)p symmetry can
be expressed as

ab
s = {JOTOSba OyTzSby OyTySh, UOTZSb}a a, b= {07ZE, Y, Z}a
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satisfying the commutation relations:

(00T0Sa, TyTaSh| = 0y @ Ty @ [Sa, Sb] = 20€a0eTy TS, (2.8a)

[00T0Sa, TyTysSs) = 0y @ Ty @ [Sq, Sp| = 2i€apc0yTySe, (2.8b)

[00T0Say T0T2Sb] = 00 @ T2 @ [Say Sb] = 20€apc00T:Se, (2.8¢)
]

=09 ® [Tz X Say Ty 0%y Sb] =09 ® [7-337 Ty] X [Saa Sb]7
=009 ® 2iT, @ 2i€qpeSe = —4€4pc00T 5S¢, (2.8d)
[0y TaSas 00T:8p] = 0y @ [Ty @ Say T: @ 8p) = 0y @ [Ty, T2] @ [Say Sp),

=0y ® —2iT; @ 20€apcSc = 4€abeTyTySe, (2.8¢)

[0y TwSa, OyTySh

[0y TySa, 00T28) = 0y @ [Ty ® 84, T, @ S| = 0y @ [Ty, T:] @[S4, Sp],
= 0y ® 21T, @ 2i€apeSe = —4€apeTyTySc. (2.8f)

These commutation relations highlight the algebraic structure of the U(4)p sym-
metry.

Chiral Symmetry

In the chiral limit, where the ratio wy/w; = 0 tends to zero, an additional unitary
chiral symmetry denoted as C merges. This symmetry anti-commutes with the pro-
jected BM Hamiltonian, denoted as {C, FIO} = 0. When combined with the C5, P
symmetry, which also anti-commutes with Hy, a new symmetry C5,PC is obtained.
This new symmetry satisfies a commutation relation:

{C= I:IO} = {0227)7 ﬁO} = 07
[Co.PC, Hy] = Co.PCHy — HyCo, PC = Cy, PCHy + Co. PH,C, (2.9)
= Cy,PCHy — Oy, PCH, = 0.

Besides the kinetic term, the interaction term also commutes with this new Cy,PC
symmetry: [Co,PC, Hf] = 0. As a result, we have

[Ca F[I] - [CQZP7 Ij[[] = 07
[Co,PC, Hj| = Co.PCH; — H,Cy.PC = Co, PCH; — Cy. PH/C, (2.10)
= Cy,PCH; — Cy,PCH; = 0.

Therefore, Cy,PC is a full commuting symmetry:

(Co.PC, H] = [Co.PC, Hy + H;] = [Co.PC, Hy| + [Co.PC, H;] = 0. (2.11)
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Moreover, this commuting symmetry Cy,PC extends the original U(2) x U(2)
symmetry to a new U(4)¢ symmetry.[12, 9, [58] Note that Cs,PC also preserves the
electron momentum: C5,PCk = k. The 16 generators of this U(4)c symmetry are
given by

5% = {ogTasp}, a,b={0,2,y, 2}

These generators satisfy the commutation relation:
[00TaSy, 00TeSa] = 00 ® [Ta @ Sp, Te ® 54,
=00 ® [Ta, Te] ® [sp, Sdl, (2.12)
=00 ® 2U€qeeTe @ 2U€pgrSy, '

= —4dogTesy.

From Eq. Eq. (2.12)), it’s important to note that U(4)c symmetry is distinct from
the previous U(4)p symmetry as it acts solely on the valley-spin rotation symmetry
without transforming the band space.

2.5 U(4) x U(4) Symmetry

In this subsection, we present a detailed proof of the U(4) x U(4), as primarily
identified by [12, 9, [58]. By combining the previously established U(4)p and U(4)c
symmetry, we obtain an enlarged U(4) x U(4) = U(4)p x U(4)¢ symmetry with a
set of combined generators. This set consists of the 16 generators from U(4)p and
the 16 generators from U(4)¢, which can be expressed as follows:

s?Us a,b={0,2,y, 2},

ab __ lab __
s = {00ToSp, OyTuSy, OyTySe, 00T=5p, }, S = {0yToSs, O0TuSh, T0TySh, OyT:Sp},

where the elements of s/ satisfy:
[0y T0Sas 00TzSh] = 0y @ T @ [Sa, Sb] = 20€a0eTy TS, (2.13a)
[0yT0Sa, O0TySe] = 0y @ Ty @ [Sa, Sp] = 2i€apc0yTySe, (2.13b)
[0yT0Sa, OyT28) = 00 @ T: @ [Sa, Sb| = 20€40c00T:Ses (2.13c)
[ ]

=09 ® [7—1’ X Say Ty ® Sb] =09® [Txu Ty] X [Saa Sb]7
00 ® 2iT, @ 2i€qpeSe = —4€4pec00TxSe, (2.13d)

[O—OTCCS(I7 UyTzsb] = Oy X [Tx & Sa, T, ® Sb] = Oy X [7—1‘7 Tz] X [Saa Sb]a

00TzSa; O0TySh

=0, ® =207, ® 2i€apcSc = 4€abeTyTySe, (2.13e)
[UOTySm UyTzsb] = Oy & [Ty &® Sq, T2 X Sb] = 0Oy & [Ty7 TZ] X [sa’ 3b]7

=0y ® 20Ty ® 2i€apeSc = —4€abeTyTa5e, (2.13f)
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and for element 0,75, € 5% and element o7y sy € %, their commutation relations
are written as

[00TaSb, ToTw S| = 00 @ [Ta, Tar] @ [Sb, Sp],

=00 ® faarTar @ iy sy,  a” € {z,y}, (2.14a)
[00TaSs, OyTarsy] = 0y @ [Ta, Tw] @ [s5, sv],

=0y ® fowTar @ 2egysy, a' €{0,z2}, (2.14b)
[0yTasSt, O0Twsy] = 0y ® [Ta, Ta] @ [s5, Svr],

=0y @ fawrTar @ 2iepyrsy, a' €{0,z}, (2.14c)
[0y TaSh, OyTwsSy] = 00 @ [Tay Tar] @ [Sp, Sw],

=00 ® foarTar @ 2iepyrsyr, a” € {x,y}. (2.14d)

This combined set of generators encapsulates the symmetry transformations aris-
ing from both valley-spin and chiral symmetries, providing a comprehensive frame-
work for understanding the symmetrical properties of the system.

Remark 1. Both U(4)p and U(4)c connect flat bands with the identical Chern num-
ber, given by C' = 0,7,5¢./12/

When two operators, A and B commute, every eigenvector 1 of A implies that B@/}
is also an eigenvector of A with the same eigenvalue. This property is essential when
considering the term Hg in the Hamiltonian, which exhibits U(4) x U(4) symmetry.
For any unitary operator O € U(4), the commutation relation [0, Hg] = 0 holds.
Each Chern number corresponds to four degenerate levels, as illustrated in Fig. 2.2
These levels are conveniently labeled using the index (s, 7, 0).

Remark 2. Given that both U(4)pr and U(4)r commute with the Chern number
C, we can categorize the eight levels into two parts, each characterized by a distinct
Chern number, namely C = £1.[12]

The presence of the U(4) x U(4) symmetry, as explored in previous works|12,
9, 58|, results in eight degenerate flat bands in the chiral limit, as depicted in
Fig. 2.21Both U(4)p and U(4)c connect these flat bands, sharing the same Chern
number C' = 0,7,50. Consequently, the U(4) x U(4) symmetry can further classify
the eight degenerate flat bands into four bands with Chern number +1 and four
bands with Chern number —1. Each U(4) symmetry operates on either the four
Chern bands with Chern number +1 or the four Chern bands with Chern number
—1. Intorucing the terms that do not preserve U(4) x U(4) will lead to the splitting of
these degenerate levels. To delve into the energy level splitting, we will reformulate
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the interaction/kinetic terms using generators and examine the properties of their
components.

C=+1 C=-1
K, A1 K,B,1

K7A7¢ K’B’\l’
K', B, =wwwemenn ceeeeooe- K', A,1

K,,B,\L __________________ K’,A,\L

Figure 2.2: Degenerate levels of the U(4) x U(4) symmetry. This figure is firstly
drawn by Ref [12].

2.6 Properties of Components

In the chiral limit, our investigation confirms the presence of a U(4) x U(4) symmetry
in the projected BM Hamiltonian. As initially proposed by Bultinck et al [12], this
U(4) x U(4) symmetry manifests as eight degenerate energy levels. Utilizing the
Chern number, these eight degenerate levels can be further categorized into four
Chen +1 bands and four Chen —1 bands. Within each set of £1 Chern bands,
an arbitrary unitary transformation in the spin space and a 7,0, symmetry exist,
connecting two pairs of bands oriented in the opposite directions in the sublattice-
valley space.

The existence of the U(4) x U(4) symmetry engenders various intriguing proper-
ties. Notably, any states that completely occupy or do not occupy any v Chern bands
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constitute the ground states under this symmetry. However, at the non-chiral limit,
the additional chiral symmetry C = o, is absent. Consequently, the U(4) x U(4)
symmetry is not present, and only a residual U ( ) symmetry remains. To leverage
the U(4) x U(4) symmetry, we can partition H; and H, into components that ei-
ther commute or anti-commute with the chiral symmetry, as demonstrated in the
supplemental material of Ref [12]:

H, = H? +H: Hy=HJ+ H, (2.15)

- 1

Hi = 57D Vadpior®y, (2.16)
q

- 1

H = oA ZV 5pq5p + (5pq(5p + 5pq(5,0 a) (2.17)

Z Z Z fnkankT7 (2'18>

keQ* n=+1re{K, K’}

H64 - Z Z Z fnkrfnkﬂ (219)

keQ* n=+1 refK, K’}

with
Spt = pit — pA,
S/A Z Z Z CkTUs S/ Jroror Chtaq,r ot 50
keMBZ s rto,7'0’
Aq(k) = AL (k) + AL (k).
and

€. H]={C . H'} =0 = [C,A(k)] ={C,Ai(k)} =0,
C, H5] = {C,H'} =0 = e§T<k>= (K011,
e (K) = €nr(K)6p 1.

To deduce the kinetic and interaction terms in the sublattice-valley-spin space,
we can leverage the previously defined generators oo,y .., Tozy.2, and Sozy.. To

express the interaction terms, a useful reformulation of the form factors AQS/ A(k) is
achieved by defining:

B30 = (84010 + 7.8(K)02),

AL = 5(Bqlk) — 784 (K)ov).

(2.20)
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Consider two unitary operators Ol and OQ that do not commute with each other.
We can decompose O; into two parts

- 0,+0,005" O, - 0,0,05"
O, — 1+ 02010, ! 216y~
2 2
This decomposition satisfies the following properties:
. 01+ 0,0,05"! . 01— 0,0,051
[Ol) 1+ 22 172 ]:{Ola ! 22 172 }:0

Symmetric Part of Form Factors

We begin by examining the symmetric part of the form factors, denoted as Ag (k).|12]
In brief, by utilizing the symmetries of form factors, we can impose the following
restrictions:

o [PT, Ag(k)] = [oy7y, Ag(k)] = 0 implies that o, .7, and o¢,7, , operators
are not allowed.

o [C, AJ(K)] = 047y, AY(k)] = 0 implies that o,.79, and 0,7, . operators are
not allowed.

We can now restrict the symmetric part of form factors A (k) to include only
0.7, and o,7,. It’s important to note that A(Sl(k) is diagonal in valley, rendering o, 7,
impermissible. Consequently, we can express Ag (k) in a simplified form:

AS(k) = F5(k)eialdor, (2.21)

Next, let’s examine the validity of Eq. (2.21)) in detail. Starting from the definition
of Aq(k):

[AgK)|roror =<k, 70 | k+q,7,0" >=0. <k, 7,0 | k+q,7,0" >,

we observe that Aq(k) is 4 x 4 matrix and is diagonal in valley. Consequently, A3 (k)
is also diagonal in the valley, as it is given by:

1
A300) = L(Bq(K) + 0. 04(K)02).
Therefore, A (k) can be expressed as

a; as 0 0
az ags 0 0
0 0 as ag
0 0 ar ag

A (k) =

Y
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where {a; };=1s represent unknown complex constants. Then symmetries PT and C
can be denoted as

0o 0 0 1
0 0 —-10
—PT =—-1,Q0, = 0 -1 0 ol
1 0 0 O
00 0 -1
. . 00 -1 0
—iC = —iT, ® 0, = 01 0 0
10 0 O
Using the commutation relations [A7(k), PT] = 0 and [A%(k), C] = 0, we obtain

the following relations:

0 0 ay as 0 0 —ay a
0 0 —a5 —a 0 0 —a4 a
B S _ 5 6 _ 4 a3 | _ AS(_
( PT)Aq —az —Qq 0 0 g —das 0 0 Aq( ,PT)’
ap ao 0 0 ag —ay; 0 0
0 0 —Qay —asg 0 0 —a2 —Q
s S 0 0 —Qa5 —0g . 0 0 —ay4 —asg _AS[
( ZC)Aq o az ag 0 0 o Qg Qf 0 0 _Aq< ZC)
a; ay O 0 ag a7y 0 0

This leads to the conclusions:

CL3:CL6:O,

a7 = Q9 = O,
as = G4,
ag = ap.

Let a; = a and a4 = b. Then symmetric part of the form factor becomes

agz 0 0 0 a 0 0 0
0 ag 0 O 0 b 00

S\ — 4 _
A, (k) = 0 0 ag O] [0 O b O
0 0 0 a 0 00 a

To obtain the final answer, we introduce an additional symmetry, C5.,7 = o0,.K.
Additionally, to help us deal with the conjugation operator I, we define the basis as
|7—a U> = [01,1, U1,-1, V-11, U—l,—l]T

Y
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where the two indexes represent valley and sublattice, respectively. The action of
C,. T is given by

V1,1 V1,1 V1,—1
V1,-1 V1,-1 V1,1
C2zT — O-xlc — _
V-1, V1,1 V_1,-1
U_1,-1 U_1,-1 Vo1
The action of A7 is then:
V11 avi1
s | V1,-1 o bvl,fl
A7 =
V-1, bvfl,l
V_1,-1 av_1,—1
V11 avy 1 bvy, 4
s | v1,-1 buy 1 aviy
CQZTAQ = CQZT b = | ==
V11 V_1,1 av_i,—1
V_1,-1 av_y 1 bu_q,
V1,1 V1,1 avy,—1
U1,-1 V1,1 by
A?CQZT ’ = A? v =1,
V-1,1 V_1,-1 bU71,71
V1,1 U_1,1 av_i
=> a=0>0.

Therefore the term multiplying o,7, is purely imaginary. Considering other cases,
AS(k) can be written as
s _ S 103 (K)o
Ag(k) = Fy (k)e"™a :
where FJ (k) and ®f (k) are two real scalars. It’s noteworthy that e*”* = I - cosf +
10; - sin @ holds for i = z,y, 2.

In Eq. (2.21]), we also have
S _ S S _ &S
F? (k) = F](k), ®° (-k)=;(k), (2.22)
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due to the existence of time-reversal symmetry 7 = 7,K, Tk = -k, Tq=—q:

TAS (k) = 7,KAS (—k),
— 7",LJC]*—’§01(—k)(aicbgq(*k)"f’z7
= TxICqu(—k) [l - cos(@fq(—k)) +io,T, - sin(@fq(—k))],
= 7. F2,(=K)[I - cos(®% (—k)) — io.7, - sin(P°  (—k))IK,
= qu(—k) [l - cos(@fq(—k)) +io,T, - Sin(@fq(—k))]TxlC,
= AZ(K)T.

(2.23)

Anti-Symmetric Part of Form Factors

Next, let’s direct our attention to the anti-symmetric part of the form factors, de-
noted as A/ (k).|12] By leveraging the symmetries and anti-symmetries in these form
factors, we can impose the following restrictions:

o [PT, A}(K)] = [oy7,, AZ(k)] = 0 implies that 0, .7, and 0q,7,,. operators
are not allowed.

e {C. A}(k)} = {o.7y, Af/(k)} = 0 implies that 09,70, and 0,7, . operators
are not allowed.

Subsequently, we can restrict the symmetric component of the form factors,
Aé(k), to 0,7, and 0,7,. Notably, Aé(k) is diagonal in valley, thus excluding o,7,.
Consequently, we can express Aé(k) in a simplified form:

AL(k) = 0,7 F (k)e'Pa W= (2.24)

where F'(k) and ®4 (k) represent real scalars.
To substantiate the statement in Eq. (2.24), let’s delve into the details. Com-
mencing with the definition of Aq(k):

[Aq(kﬂﬂfﬂ"a' =< ku 7,0 | k + q, 7_/’0_/ >= 57’,7” < k7 7,0 ‘ k + q, T,7OJ >,

we establish that Aq(k) is a 4 x 4 matrix, and crucially, is diagonal in the valley
index. Extending this characteristic, we find that Aé (k) inherits this diagonal valley

property, given by:
1
AL(K) = S (Bg(K) — 7. 84(K)02).
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Let’s proceed with the following insights from the given expressions:

ap ay 0 0
as as 0 O
0 0 a5 ag
0 0 a7 as

Aj (k) =

where {a;};—1~s are unknown complex constants. The symmetries P7T and C are
represented by the matrices:

0 0 0 1
0 0 —-10
—PT =—-1,00,= 0 -1 0 ol

1 0 0 0

00 0 -1

. . 00 —1 0
—iC = —iT, ® 0, = 01 0 0
10 0 O

Applying the commutation/anti-commutation relations [A”(k), PT| = 0 and
{AS(k), C} =0, we get:

0 0 ay;  ag 0 0 —ax a
. A 0 0 —Qa5 —d0ag . 0 0 —Qy4 as . Ar
( PT)AQ N —Qa3 —ay 0 0 N g —das 0 0 _Aq( PT)’
a, ao 0 0 ag —ay; 0 0
0 0 —a7 —as 0 0 az Gy
s A 0 0 —a5 —0g . 0 0 aqs asg _ ANA[
OA =0 a0 0|7 e —a 0 0| =AM,
a; ay O 0 —ag —ay; 0 0

leading to the following constraints:

asz = —ae,
g = —ar,
as = ag = 0,

angLl:O.
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Let as = a and a3 = b, expressing the anti-symmetric part as

0 az 0 0 0a 0 0
ans las 00 o | (b0 0 o0
A=10 0 0 —a] |00 0 b
0 0 —ay O 00 —a 0

The additional symmetry we are considering is Cs,7 = 0,K, where K denotes the
complex conjugation. Defining the basis |7,0) = [v11, v1-1, v_11, v_lv_l]T, the
action of Cs, T is

1,1 V1,1 U1,-1
U1,—1 U1,—1 7_)1,1
OZzT = Ux’C = | = )
V-_11 V-_1,1 V-1,-1
V_1,-1 V_1,-1 U_11

and the action of Ag‘ is

V1,1

AA V1,1
V_11
V-1,-1

U1,1 ( avy, 1 buy 1

U1,-1 bui 1 avy,—1

CQzTAg b — s — 777
V_11 —bv—l,—l —av-1;1
V_1,-1 —av_i —bv_1,

U1,1 U1,-1 avy

V1,1 V1,1 buy, 4

AgC’ng ’ = Ag v = -
V1,1 V_1,-1 —5071,1
V_1,-1 U-_11 —av-_1,-1

=> a=0.

Therefore the term multiplying 0,7, is purely real. Considering other cases, Aé(k)
can be written as

A _ A i@é kK)o,
AL (k) = 0,7, Fi (k)ePa ko

where F (k) and ®f (k) are two real scalars.
In Eq. (2.21]), we have also established

FA (k) = —F} k), @2 (k) =®](k), (2.25)
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due to the existence of time-reversal symmetry 7 = 7,K, Tk = -k, Tq=—q:

TAL(k) = .K - A2 (—k),
=T7,K- O'xTZFA (—k)e'® Zq(-K)o=T:
=7.K- OJCTZFA (=k)[I - cos(@A (=k)) +io.T, - sin(@i‘q(—k))],
=Ty O'xTZFf‘q(—k) [I- COS((I)éq(—k)) — 90,7, - Sin(@éq(—k))]lﬁ (2.26)
= —0,7. - T P2 (=K)[I - cos(®2 (—k)) — io.7. - sin(®2, (—k))]K,
= —O'xTzqu(—k> [ - cos(@f‘q(—k)) + 10,7, - sin(@fq(—k))]TxlC,
= A}(K)T.

Symmetric Part of Kinetic Term

Finally, let’s delve into the discussion of the kinetic term Hy:[12]

ﬁo HS+HA— Z Z Z Enq— fnk»rfnkr

keQ* n=+1re{K,K'}

Using the symmetries of kinetic term (BM Hamiltonian), we can impose the
following restrictions:

o {PT, ¢'(k)} = {o,7,, ¢*(k)} = 0 implies that o, .7, . and 0¢,7, operators
are not allowed.

e C, (k)] = [0., €*(k)] = 0 implies that 0,7, operators are not allowed.
e U(1) symmetry in valley implies that oq ., .7, , operators are not allowed.

Therefore, we can restrict €4(k) to o7, . and 0,7, using P7 and C symmetry.
We can also exclude o7, and 0,7, using U (1) symmetry. Thus, (k) can be simply
written as

(k) = ¢(k)7, (2.27)

where ¢y(k) is a real scalar. Note that the C, T = 0,K symmetry doesn’t enforce
further restrictions on (k).

Anti-Symmetric Part of Kinetic Term

Using the symmetries of kinetic term (BM Hamiltonian), we can impose the following
restrictions:
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o {PT, el(k)} = {o,7,, €*(k)} = 0 implies that o, .7, . and 0,7, operators
are not allowed.

o {C, e(k)} = {0., €°(k)} = 0 implies that ¢ .70, operators are not allowed.
e U(1) symmetry in valley implies that oq 4., .7, Operators are not allowed.

Then we can restrict ¢°(k) to 0,7, and 0,7, . using PT and C symmetry. We
can also exclude 0,7, using U(1) symmetry. Thus, €”(k) can be simply written as

(k) = e,(k)o, + ¢,(k)o, T, (2.28)

where €,(k) and ¢,(k) are real scalars. Note that the Cy, 7 = 0,k symmetry does
enforce further restrictions onto €°(k):

0100
1 000
Uft - 7—0 ® UJL’ - O 0 0 1 ?
0010
0 — 0 0
¢ 0 0 O
OyT, =T, Q Oy = o0 o il
0 0 — 0
0 e (k) —iey (k) 0 0
€. (k) + i€, (k 0 0 0
ea(k)o + € (K)oyT. = (k) vik) 0 0 (k) + ie, (k)
0 ez (k) —iey(k) 0
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then we have
U141 (ex(k) —iey(k))v1 1
(et olo) | V1 i e |
U_1,-1 (€2 (k) — i€y (k))v1,
U1 (€2(k) — %y( )11
Co. T (e(K) 0 + €, (K)o, 72) Zl_li = C0.T ((chg)‘izy?(;{)ﬁf_l
V11 (ex(k) — i€y (k))v_1,1
(€x (k) —iey (K)) 011
(€x(k) + i€y (K))01,1
(€x(k) + i€y (K))v_11
(ex (k) — i€y (k)) V1,1
(€x(k)oy + €y(k)oyT.)Co, T Zl’lj = (ez(k)oy + ¢,(k)o,T) U1 7

V-1,-1

(ex(k) — i€y (k))on,
(e.(k )—i—zey k))vy -
(k))v-

(€ (k )—@ey k))vy, 1)

(ex(k) + i€y
Then we have (e, (k)oy+e,(k)o,7.)Co. T = Co. T (€x(k)os+€,(k)o,.). Therefore,
we are able to set

»—A»—A

(2.29)

which gives

e¥(k) = f(k) cos(¢o(k))o, + f(k) sin(po(k))o,7,
= f(k)o, - [I - cos(¢o(k)) + io.7. - sin(¢o(k))], (2.30)
= F)o,e et
where f(k) and ¢g(k) are real scalars.
Combining Eq. and Eq. (2.27), we can express the kinetic terms as follows:
1

eo(k) = %Tr[eA(k)Tz], er(k) = éTr[eS(k)ax], 1) = ST (a7

It’s important to note that the detailed proof of these expressions is primarily
presented in the supplemental material of Ref. [12].
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2.7 Symmetries of Components

The symmetries of each component are summarized in Table 2.1 [12] The symmetric
form factor AJ(k) preserves both PT and C symmetry; therefore, AJ(k) has a
corresponding U(4)p x U(4)c symmetry. On the other hand, the anti-symmetric
form factor Aé(k) preserves only PT symmetry while breaks C symmetry. Thus,
AZ(k) has a U(4)p symmetry. The symmetries of form factors give rise to the
symmetries of the interaction term. As a result, HS and H* have U(4)p x U(4)c
symmetry and U(4)p symmetry, respectively. Similarly, for the symmetric kinetic
term, €°(k) anti-commutes with both P7 and C symmetry, thus enforcing a U(4)¢
symmetry. However, the anti-symmetric kinetic term e# (k) anti-commutes with P7T
and commutes with C symmetry, leading to the original U(2)k x U(2)ks symmetry.

2.8 Energy scales

The associated energy scales of H?, ¢%(k), H{*, and e*(k) are denoted as Usg, tg,
Uy, and t 4 respectively. Table summarizes the symmetries of different terms and
their energy scales.|12] The energy scale is calculated using the maximum absolute
value.

Term | Energy Scale | Symmetry Type

Us 15—=25meV | U(4)p x U(4)e | symmetric
ts 4 — 6 meV U(4)

Ua 4 — 6 meV U(4)p anti-symmetric
ta 0.5 —1meV | U(2)

c symimetric

k X U(2)k | anti-symmetric

Table 2.1: Energy scales of symmetric and anti-symmetric complements. This energy
scales are firstly calculated by Ref [12].

For the kinetic terms, we can estimate the energy scales associated with the
symmetric and anti-symmetric terms by averaging |eo(k)| and |e, (k) + i€, (k)|

ty = Nik S Jea (k) + ey (K, (2.31)

ta= 5 Xl (2.32)
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where Ny is the number of k points.

For the interaction terms, the g-averaged form factors can be used to define a
characteristic scale for Hg and H 4 in Eq. by estimating the maximum absolute
value of the exchange (Fock energy) as

_ 1 S 112

Us = 2AN, kzqvq’Fq (®)[%, (2.33)
= —1 S A A 2

Ua=5am, kzq Va(2[Fg (k) Fg (k)| + | Fg (K)[7). (2.34)

Here, Ny is the number of k points, and A is the area of the system.

The plots of energy functions of Ug, tg, Us and t4 can be found in previous
works [12]. Averaging these functions over k provide the values for the bounds: Ug
and Uy are determined to be 18, and 4.5 meV, respectively. [12] Additionally, we
find tg = 5 meV and t4 = 0.5 meV. [12] With these energy scales, it follows that
Us > Uy, tg,t4. As a result, starting from the exact solutions of I:If, the energy
scales enable us to employ the perturbation theory to compute the ground state
energies of H2, HS. Furthermore, since we have Uy, tg > t4, we can then apply
second-order perturbation theory to determine the energies of ﬁé“.

2.9 Mean-Field Methods

Figure 2.3: Degenerate levels of the U(2) x U(2) symmetry in the spinless model.
This figure is firstly drawn by Ref [12].

Mean-field methods, such as Hartree-Fock method, are commonly employed in
the numerical calculations of the IBM Hamiltonian. In Hartree-Fock calculations,
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we solve for the set of self-consistent ground-state Slater determinant states char-
acterized by the one-electron density matrices. During numerical simulations, vari-
ous initial conditions and symmetries are enforced, including Cs,, C3, T, P, Uy (1)
and Cy, T symmetry. Depending on the different enforced symmetries, these self-
consistent solutions can be grouped into five categories: a) Quantum Hall (QH)
insulator state, that preserves Cy, and Uy (1) symmetry, while breaks 7 symmetry;
b) Valley-Hall (VH) state, that preserves T and Uy (1) symmetry, while breaks Cs,
symmetry; ; ¢) Semi-Metallic (SM) state, that preserves Cy,, T and Uy (1) symmetry,
while breaks C3 symmetry; ; d) Valley-Polarized (VP) state, that preserves Cs, T and
Uy (1) symmetry, while breaks Cy, and 7 symmetry; ; e) Kramers Inter-Valley Co-
herent (K-IVC) state, that preserves a combined symmetry 7' = 7,/C, while breaks
T and Uy (1) symmetry. More details are in Table

states preserve break
Qi o, Uv(1) T
VH T, Uy(1) Cy,
SM Cy, T, Uy (1) Cs
VP Co. T, Uy(1) Cs., T
K-IVC T =1,K T, Uy(1)

Table 2.2: Slater determinant states and their symmetries

After defining the self-consistent states, we can use perturbation theory to com-
pute the approximate ground state energies. The IBM Hamiltonian can be decom-
posed into four parts using the generators we defined in previous sections:

Hipy = Hy + H + HY + H} + HY + H,

tively, as shown in Figure It’s worth noting that only Hf preserves U(4) x U(4),
and Ug is significantly larger than the other terms. Therefore, we can initiate the
calculations from the exact solutions of H 2 and subsequently introduce other terms
to lift the degeneracy of states. Second-order perturbation theory is applied, and the
density matrix is expressed as P = %(1 + Q).

where the associated enerii scales of these four terms are Ug, tg, Us and t 4, respec-

Exact Solutions of H?

Remark 3. Any state Q satisfying [Q,0.7,] =0 is a ground state of ﬁf
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All K-IVC, QH, VH, SM, VP states satisfy [Q,0,7.] = 0, and therefore are
all ground states of H 7. The proof of this statement is straightforward. H g o=
2{4 Z V. (5p§(5p q 18 @ positive semi-definite operator, which implies that any state
satisfying (5p | >= 0 for ¢ # 0 is a ground state. Using VP states as an example
here, the Slater determinant of VP states with completely filled bands can be written

as
|\I/VP> - H CL/,+,ACL/,+,B |0>
K’

For operator ,05,

Z Z CTk,r,a [A, (k)S]TU,T’U’Ck+q7T’70’ )

keMBZ ro,m'o’

note that for g # 0,
CI{,T,UCk+q77/7O—/ |\I[VP> =0,

the action of operator p;? on this VP state is
Py [Tvp) =0,

for all ¢ # 0.
Also note that (5p§ = p;]g — ,5;19 , ﬁ;]g = (pg) = (Vbase|Pq|Yoase). There are several
different possible choices for base state Wy,se, such as |[Wy p) with

<\I’VP’p5|\IJVP> =0, ¢#0,

and

<\IJVP\P§’\I’VP Z Z (Uyp|] AS ]TO'TO'/CkTUCkT o ¥vp),

k 70,70’

= Z Z <\IIVP|[Ag(k>]TU,T'0"5T,+5T/,+50',0"|\IIVP> )

k 70,70’

= (Wypl[AT(K)] ool Ty p)
k o
= Z Z[Ag<k)]+0,+a~
k o
Note that [Ag(k)]4640 = (k,+,0lk,+,0) =1, then

50 rvr = [ (8g0) + 02 80(K)0 s = 1.
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Therefore (Wy p|p5|Wyp) = 2Ny, where Ny 1s the number of k points.
Similarly, for VH states |Vyy) = [[w ck,+Ack, _410), and QH states |Vqop) =

I CL,’JDACL/’i’B |0), they both satisfy:

(Uyulpg|Vyvu) = Z Z[Ag(k)]m,m = 2N,
k T

<\IJQH|pg‘\I]QH> = Z Z [Ag(k)}‘raﬂ'a = 2Nkz

k 71o0=1
Then for operator ¢ p;f, we have
5p§ |\IJVP> =0
for ¢ # 0, and
(Wyp|dpg | Wve) = (Bvplp; — p;[Pvp) =0,
for ¢ = 0.

Finally, for Hamiltonian Hg, we have

(Uyp|Hs|Uyvp) = (Uyp| AZV5pS5pS Wy p)

_ W
T 24
_ W
T 24
=0.

(Uyvp|6p5dp5|Pvp),

(Uypldpg [ Tve) |,

Since Hg is a positive semi-definite operator, | Uy p) is the ground state of H 2. Besides
the VP state, the other K-IVC, QH, VH, SM states are also the ground states of HY,
and Hartree-Fock can find the exact solution of H7 using these states in principle.

Energy Contributions of f[@g

Starting from a VP state, we select an electron-hole pair with momentum k and valley
7 = K, defining a state where one electron with Chern number +1 is annihilated,
and one hole with Chern number —1 is filled:

Wy) = CLK7_1Ck,K,+1 Uyp), (2.35)
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then the energy of this state is given by
Ek’k/ - <\Ijk‘ﬁ}g|\1[kl>

2.

Using Eq. Eq. (2.21)) and the fact that Aq(k)" = A_4(k + q), we have

P =5 S [ASK rorrorhon s o ierrqurror 103

k" to,7'0’

_ § E S iP5 (Kot T T
= [Fq (k )6 a(k")o- Z]TO',T/O"Ck//ﬂ-’o-ck”Jrq,T/,O', ’Ck’K7_1Ck,K,+1\I]VP>7

k" to,7'0’!

_ S 1,01\ iP5 (K )osT T T
= E E [Fq (k )6 a(k")a z]TO',T’O'/Ck//ﬂ—’a-ck”-‘rqﬂ'/,o'/CkyKyf]_ck,K,-Fl |\IJVP>7

kK" to,70’!

_ 2 § S 1.1\ i®S (K)ot ¥ T
= [Fq (k )6 a (K)o Z]ra,‘r’o"Ck//7K7gck”+q,K,o"Ck’K’_lck,K,-i-l |\IJVP> )

kK’ o0

_ S i®S (k) T T

=Y FIK")e®aM e, ¢ ok 10hk 10K [Ty p)
k//

S 1,0\, —i®S (k") .t T
+ Fy(K")e M, ¢ arqr 10k x 10ck1 [Pvp)
_ S i®3 (k) .f T
= Fy (k)e™a CkK+1Ck+qK+1CkK ok [Pyp)
S k—q) . T .
+ Fy (k —q)e™ Pal )Cqu,K,f1Ck7K,—1Ck,K,71Ck,K,+1 Wye);

S s " z<1>5 k") T T
P2 q Vi) = E FS(K")e®=a® el 1 owqx 1 x 100 k1 [Pyp)
k//

+F? (k") T el e—q Kk —10h kg1 [Typ)
=F° (k,) alk )CL/ K +1k'—q K ,+ICL' K,—16k K,+1 Wy p)

+ F:qq(k/ q)e”” g (K +q)CTk/+q7K7_1Ck’,K,—1CL/7K7_1Ck’,K,+1 Uy p),
= [Fég(k/ - Q)]T@i[q)g(k,_qmcﬂ' K,+1Ck’—q,K,+1CL,K,_lck/,K,H Uy p)

—iI®S (kKT
+ [F KTt p owk 10l 100 k41 [Pvp) .
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As a result, the energy of this state is changed into
Expe = i D Va (Ukl6p560°% [ W)
q
S Va2 S0 — 2eque FSMOP ™M), (g
q
- % D Vol F5 ()] (G — e quee®®at).
q

Then we obtain the second-order energies:

AE® — _Nik 3 lea (k) + e, ()] (i)~ [ea (k') — e, (K)] = —J. (2.38)

kK

Note that we mentioned earlier that U(4)r commutes with o,. According to
second perturbation theory, when @) doesn’t commute with o, the energy is lowered
by J ~ tS/US ~1—2emV.

Energy Contributions of H j“

Note that we mentioned that U(4)pr commute with 0,7, before. By second per-
turbation theory, when ) doesn’t commute with 0,7, the energy is increased by
A~ U%/Ug ~ 1meV.

Energy Contributions of f[@“

To understand the competition between different states, we will start with spin-
less model and replace U(4) — U(2). The occupation of different states is shown
in Fig. For example, VH states preserve time reversal symmetry, so the energy
stays the same when we map two valleys into each other, as shown in the second
row. QH states preserve (5 symmetry, so the energy stays the same when we map
two valleys into each other and two sublattices into each other simultaneously.

As depicted in Fig. , (@, 0.] = 0 holds for VP states, so the energy reduction
from tg is blocked; [Q, 0,7,] holds for VP /K-IVC states, so the energy increase from
Uy, is blocked. In summary, K-IVC states have the lowest energy.
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VH/K-IVC : QH VP
= ' I
R’ - R’

.
.

-o-.-o-o-o-o---<>— ———————— . -o-o-o-.-o-o--O— ———————— ~—sooeee-{/ B--------
.

VP/K-IVC QH VH

.
~—r0tetee -\ \ === - -~sseeee -\ _~---=-=-=-=-= -—seeGOe -\ _--=-=-=-===
.

--------------

Figure 2.4: Schematic illustration of the symmetry reduction and ground-state se-
lection in the spinless model. The first and second row represent the intersublattice

dispersion and interaction respectively. This numerical methods are firstly discussed
in Ref [12].
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Chapter 3

Exact Ground States and Neutral
Excitations

In this chapter, we validate the exact ground states for twisted bilayer graphene using
perturbation theory. These exact ground states were initially proposed and discussed
in Refs [58, 7, [108|. Our derivation in this chapter follows a similar approach to the
one outlined in Chapter [2][45] |44, [84] 12} 34, [9] There are mainly three difference: a)
we derive the exact ground states for multiple integer fillings —4 < v < 4 relative to
charge neutrality; b) we adopt a new perspective (Chern band basis) instead of the
representation analysis; ¢) we consider the spin dimension here, although it doesn’t
significantly alter the results. The general existence of U(2)kx X U(2)kxs symmetry
implies that our Hamiltonian is independent of spin.

In practice, we often assume that the flat bands [13] |79, (112} 66, 89, |109, 65|
in the BM model have exactly zero eigenvalues, resulting in a zero kinetic term in
our projected IBM model, i.e., Hy, = 0. However, this assumption doesn’t hold in
most cases and introduces a small energy correction to our ground state calcula-
tions. In addition to the flat band assumption, we can decompose our form factors
into a chiral-symmetric part H 7 and a nonchiral-symmetric part HA. The chiral-
symmetric part HY exhibits a convenient U(4) x U(4) symmetry|12, |9, 58], allowing
for the straightforward determination of exact ground states for all integer fillings.
Subsequently, starting from the exact solutions of the chiral-symmetric part, we treat
the contribution from the nonchiral-symmetric part as an energy correction with a
relatively low energy scale. Consequently, perturbation theory is employed here to
discuss the exact ground states and their corresponding neutral excitations.|9]
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3.1 Chern band basis and Projected Hamiltonian

In Section 2.2 we introduced the representation matrices of symmetries, where these
matrices denote the action of the corresponding symmetries in the space [, u, 0. How-
ever, we are not always working in the original basis. Sometimes, it is more convenient
to choose a specific band space and perform a unitary projection on the Hamiltonian,
especially for numerical simulations. In this context, the matrix representation of
symmetries in the new band space is referred to as sewing matrices. In this section,
we provide the definition of the sewing matrices in the Chern band basis.

Electronic Structure

Let’s begin by reviewing the electronic structure of the BM Hamiltonian in Eq. (L.21)).[9]
The eigenstates u,,(k,[,o) of the BM Hamiltonian H, with eigenvalues ¢, (k) can
be expressed as follows:

Hotinr (K, 1,0) = €y (K)tinr (K, 1, 0), (3.1)

where n denotes the band number, and k, [, 7, ¢ represent the momentum, valley,
and sublattice, respectively. It’s important to note that the energies ¢,.(k) only
depend on the valley and band number. Additionally, the existence of Cy, symmetry
and particle-hole symmetry P imposes constraints on the eigenstates:

enr(k) = €n—r(—k), €nr(k) = —€_,, - (—k). (3.2)
In the given band basis, the creation operators are transformed as follows:
f:;,kn' = Z unT(k7 l’ U)éLl,T,U' (33)
l,o

The corresponding projected Hamiltonian can then be written as:
HO = Z Z EnT(k>f:£,k,7—fn,k,7'7
k nr

which satisfies o R
Hof} s, Ivac) = e (k) f] . [vac) .
Matrix representation

In this subsection, we will delve into the matrix representations of symmetries in the
band space, known as sewing matrices. Assuming the action of a unitary operator g is
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gél gl = Dt égk i1 o 1D(@))irowror, where D(g) is the representation matrix
of operator g. For computational convenience, we will use the abbreviation a = (I, o)
and express u,,(k) as a vector, and D(g) and h(k) as matrices:

(A(K)up- (k) ()
(D(9)un-(k))(a)

Ent (k)unT (kv Oé),
> [D(9)]aartins (k, o).

/

«

Due to the commutation relation D(g)h(k) = h(gk)D(g), D(g)un-(k) is also an
eigenfunction of h(gk) with the eigenvalue €,,(gk) = €,,(k). This implies:

D(g)ﬁ(k)unr(k) = D(g)enr(K)uns (k) = €nr (k) D(g)un-(k),
h(gk) D(9)tnr (k) = nr(9k) D(9)unr (k).
Therefore, [D(g)]-+unr(k) is an eigenfunction of h(gk), expressed as
[D(g)]TT’uTLT (k) = Z[B (g)]k,mf’,m-um‘r’ (9k), (34)

where [B(g)|k.mr nr 18 @ matrix with dimension equal to the number of indices in a,
given by:
[B(9)|imr'nr = (Umr (9K)|[D(g)]7r|unr (k)) - (3.5)

For the action of unitary operator g, we have

gfrt,k,rgil = g(um(kﬁ;r(;)gila

= géLq-g_lunT(k)a

=3 & [D(9))r s (),
= el [D(9))errttnr (K),

=3 & S B it rtinr (9K),
=t (K)o (B -

= Z f'r-i).%gk’T [B(9)]xmr nr-
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Similarly, for an anti-unitary operator g, we get

[D(9)] et (K) = > _[B(9)|kamr smrtimr (9K), (3.6)
[B(D)lkmr' nr = (Umrr (GK)|[D(9))rr |17, (K)) (3.7)
9F 107 = I e B kme - (3.8)

A

For 1-RDM [P(K)]urnr = (f} o/ fur), we will have

gP(k)g™" = (B'(9)P(k)B(g) — P(k))um-

Gauge Fixing

Due to symmetry operations of Cy,, Cs,, and Cs,, we find that €,(k) = €,(Co.k) =
€n(C2.k) = €,(C3.k). The phases of u,,(k) can be chosen arbitrarily.

Utilizing Eq. (3.4)), we can express the sewing matrices for the anti-unitary sym-
metry Cs, 7, the Chern number C, and the unitary symmetry Cy, and Cj, as follows:

DICy T (k) = Y [B(Co- T matinr (6, [BCoT)]yn = e’ 8, (3.9)

m

D[Couttnr (k) = Y _[B(Cox)lmntime (Cook), [B(Cou)lmn = €0 (3.10)
D[Cs.Jttnr (k) = 3 [B(Co:)lmntimr (Co.K), [B(Co)lonn = S 8. (3.11)

It’s important to note that both P and 7 symmetries include a complex conjugation
operator.

For the case of the Chern number C' = o, in the valleyless scenario, we define the
sewing matrices as

D[Cltnr (k) = > [B(C)mntimr (K). (3.12)

m

Assume the selection of two flat bands, the sewing matrices for C5, 7 and C' (both
independent of k) are constrained by the conditions:

(CQZT)2 - 02 - 17 {C22T7 C} = 07
which implies:

[B(Co.T))? = BIC)? =1, B(Cy.T)B*(C) + B(C)B(C2.T) = 0,
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yielding:

w5227 Ch 09227 (1)

o (K) 0 0 —ie’
B(C2ZT) = ( 0 edJCQZ (k)) B(C) =+ - w27 (k) ) 0
e

Fixing the phases of wavefunctions and the gauge of sewing matrices, we can simplify

this to:
s = (g 1) Bo= (] ).

We can interpret this gauge fixing as follows:
C. T =0, K=K, C=0,— 0y

Additionally, the Chern band basis can be chosen as:

1
V2
Continuing the derivation of the sewing matrices from a new perspective, we
leverage the relations:

o(£k) = ——(uy (k) +iu_(k)), B(C)o(+k) = +v(+k). (3.13)

[Co, T, PT]) =0, {Co.T,C} =0,
which is equivalent to:

Note that Cy, T, PT, C don’t change k, and C,,7, PT are anti-unitary, while C' is
unitary.
The sewing matrices for (5,7, C' and PT take the form:

B(Cy.T) = (“1 bl) ,

1 dy

50= (2 ),

B(PT) = <a3 CZ’) .
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B(Co. T)B*(PT) = B(PT)B*(C2.T)

B(CQZT)B*(PT) _ (a1 bl) (a§ b;) _ (a1a§ + blc’g‘ a1b§ + bldg) :

cq di) \c; dj craz +dicy  ciby 4 did;

B(PT)B*(CQZT) _ (ag bg) (Cfi< bf) _ (a“{ag + Cibg bTCLg + d’{bg) 7

C3 dg CI dI CLTC;} + Cng bTCg + didg
a1a§ + blc§ = a’{ag + Cibg, alb§ + bld;) = bTCLg + dibg,

craj + dics = ajes + ¢ids, bl + didy = bies + dids.
We choose Cs.,T and PT to be anti-diagonal matrices:
a1:d1:a3:d3:0,

implying
blcg = Cibg.

To simplify, we set by = ¢; = 1, resulting in b3 = —i and c3 = 1.

B(Cy. T)B*(C) + B(C)B(C.T) =0

« aq b1 a§ b; a1a§ + blc§ (llb; + bldz
B B = =
(C2T)B(C) (01 dl) (c; ds 103 + dics ciby + dyds )
[45) bg ay bl ajas + Clbg b1a2 + d1b2
B(C)B = =
(O) (OQZT) (CQ dg) (Cl d1> (a102 + Cldg blcg + dldg) ’
(lla; + blC; + ajag + Clbg = 0, (llb; + bldz + b1a2 + d1b2 = 0,
cla§ + dlc§ + ajco + Cldg = 0, Clbs + dld; + b102 + d1d2 =0.

Given a; = d; =0 and b = ¢ = 1, we find
a;+d2:b;+02:0.

Further setting by = ¢ = 0, as = 1, and dy = —1, we obtain the final form for the
sewing matrices:

B(Cy.T) = ((1) é) ~ oy B(PT) = (S BZ> ~a,, B(C)= ((1) _01> ~a..
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Projected Hamiltonian with Coulomb Interaction

In this subsection, we introduce the Coulomb interaction to the BM model in Eq. ,
resulting in an interacting Bistritzer-MacDonald (IBM) model. We use the eigen-
states u,,(k,l,0) of the BM model to conduct the projection on the IBM model.
For simplicity, the index [, can appear either as a subscript or in the parenthesis,
i.e., Onkroi(G) = ©ukr (G, 0,1). We do not assume any specific properties for the
chiral model in this section, making the discussion applicable to the general 2-band
IBM model. The notation o = (G, 0,[) is used to denote the internal indices for
convenience.
The creation operator associated with a band takes the form

f:bvkv"_ - Z L""GtTUunT(k G o, t + ch+Gb7’aunT<k7G707 b)
G,o G,o

We also define )

Qpnk(r7 g, l) = \/Tk

where wu,.(k, -, 0,1) is periodic with respect to L.
Assume no truncation with respect to the G index, we have

flykﬂ' = Z éJrk-ﬁ-Gr,l,T,o-uTLT(ku Ga g, l);
G,o,l

e* T, (k,r,0,1),

e+ Ty (k, G, o, 1)dr
\/_|Q‘ QNkG rchr (3]_4)

—Z/ il Pk (v, 0, 1) dr.

Here Q, is the moiré supercell, whose area is Ny 2], and a al denotes the creation

r,l,T,0
operator in real space. Considering only valley 7 = K and defining f;«[k = f27k7T:K,
“nk = Pnkr=K, the interacting model is a quartic Hamiltonian (when focusing on the
K valley, k is centered at K;):

N 1 F £ ¢
H= 3 Z Z (mk, m'K[nk”, W'K") fi f oo Fanen facr, (3.15)
kk' k"7eQ* mm/nn’ '
k/l/:k+k/_k/l

where there exist 2 flat bands in valley K, so the band index m,n,m’,n’ € {+1}
loops over the flat bands only.
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In practical applications, we often consider the screened Coulomb interaction,
referred to as a double-gate screened Coulomb potential, given by:

N (=D"

S S (3.16)
n=—oo |r|2 + (nd)?

Here, U; = ¢! parametrizes the strength of the screened Coulomb interaction, and e
is the screening constant. In Fourier space, the Coulomb interaction takes the form:

tanh(lq| 4/2)

al (3.17)

V(q) = /V(r)e_iq"r dr = 27U,

Then electron repulsion integrals (ERI) are denoted by (mk, m'k’|nk”, n'k”") in
valley K, satisfying the crystal momentum conservation k + k' +k” + k" € L*. The
ERI can be expressed as

(mk, m'K|nk", n'k")

= Z V(I' - r/)goj;zk(r? g, l)gojn/k’u‘/u 0/7 l/)(Pnk” (I‘, g, l)QOTL’k'”(r/? OJ? ll) dr dr’
oo’ I Oy
. 1 V / iq-(rfr’) / d d /
- N2 (r—r)e Omk,n(k+q) (r)Qm’k’,n’(k’—q)<r) rdr,
k Qz\]k
(3.18)
where q = k" —k, and by crystal momentum conservation, we can choose k" = k'—q

The pair product of the periodic components of the flat bands in the real space
(summed over the sublattice and layer indices) is defined as

ka,nk”(r> = Z u:(n<ka r,o, l)un(k//a r,o, l)

o,l

7> ) u, (kG o Du (K, G, 0,1)e G

|Q| G,G’ gl
|Q| ;;Zlu (k, G, 0, Dun (K", G + G, 0,1)'C™ (3.19)
IQI ZZZU (k,G',0,Dun (K" + G, G/, 0,0)e'CF

G G o)l

:ﬁ Z ¢S 0tk (G).
G
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The Fourier coefficients of the pair product satisfy

ka,n(kJrQ)(G) = ﬁ Z Z u;(k7 G/> g, l)un(k +q+G, GI» g, l) = [Ak(q + G)]mm
Gel ol
(3.20)
where the matrix Ax(q + G) is called the form factor.
From Eq. we can verify that the form factor satisfies the symmetry condi-
tion
[Ax(a+ G| = [Akia(—a = G)lum, (3.21)
and
Ak+G/(q + G) = Ak(q + G), VG’ e L*. (322)
Using the definitions of the Coulomb interaction V(q) in Eq. and the form
factor in Eq. (3.20)), the ERI can be expressed in the Fourier space as:

(mk, m'K'|nk”, n'K") = > V(a+ G)omknicra) (G)omiw - (—G).

Gel*

Z V CI"" G)[Ak(q+ G)]mn[Ak’( q- G)]

GelL*

IQIN

|Q|Nk
(3.23)

Finally, the single-valley (7 = K) IBM Hamiltonian can be written as

. 1 o n .
Huoa=5 % Y (mkmKnk" w'k") floflo Faner frae

k. k/ k"eQ* mm/nn’
1 3.24)
- V(g + G)[Ak(a + Gl (3.
o Y Y Va6l
kK’ k+q=k"€Q* mm’ GEL*
X [Ak’(_q - G)]m’N’ ;zkf;'k’fn’(k’—q)fn(kﬁ-q)'

Next, we briefly discuss the properties of IBM model at the chiral limit. (ICM
model) In the chiral model, since each flat band can be fully polarized (i.e. completely

supported on either the A site or B site) along the sublattice direction A, B, the
sublattice index is identical to the band index. Therefore

o= Z (k4 Gup(k, G, n,1) = / il ot m,0). (3.25)
QNk

The pair product takes the form

ka,nk”(r) - Z U:n(k, r,o, l)un(k”7 r,o, l) = ka,mk”(r)(sm,n- (326>

o,l
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Here the Kronecker delta d,,, is due to that u,,(k) is fully polarized along o. We
can also redefine the summation range of q to restrict it to the Brillouin zone:

A 1 PN ~ "
Hicm 9 Z Z (mk, m'K'|nk”, n'k") f, ka 7Tn’k’ Jrnen frace

k,k’ k" €Q* mm/nn’

:2|Ql|Nk Do D D Via+G)A(a+ G)lum (3.27)

qeN* GEL* k,kK'eQ* mm/

X [Ak'(_q - G)]m’m’ ;kf;/k'fm’(k/fq)fm(kJrq)'

The chiral model satisfies the C5.7 symmetry and the C5, symmetry. These
have direct implications in the form factor. These are most conveniently expressed
first with respect to the pair product in the real space formulation, and then the
properties on the form factors by performing a Fourier transform.

The Cy, T symmetry gives

(3.28)

Therefore

Ak(a+G)11 = / 671G'r@1k,1k" (r)dr,
“ (3.29)

N /QeiG.rQ*—m,—m”(r) dr = [Ax(a+ G)I%y .

Therefore in the ICM model, the Cy,T symmetry implies that the form factor (as a
diagonal matrix) can be written as

[A(q + G)] = ag(k, q + G)og + ia.(k, q + G)o, (3.30)

where «q, o, are real functions.

The general condition Eq. (3.21)) gives

a(k,q+G)=apk+q,-q-G), a.(k,q+G)=—a.(k+q,—q-G). (3.31)
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The Cy, symmetry gives
Qlk,lk" (I’) = Z Uik(r, 1, l)ulk// (1‘7 1’ l)
!

= e (=1, =1 =Dt e (<17, =1, 1)

I (3.32)
= Z U_p - (=1, =1 Du o (—1%, =1, 1)

!
:Qilk*’_lk//*(_r*).

Then
Ak(a+ G)]i1 = €7iG'rQ1k,1k”(r) dr
— €_iG'rQ>{k*71ku*(—r*) dI‘
iGr * (3.33)

(& Qlk*,lk”* (I‘*) dr

G QTk* 1k (I‘) dr

A(d"+ Gy

g

I
S ——5—5—

This gives an additional relation
apk,q+G) =ak",qg"+G"), a,(k,q+G)=—a.(k*,q" + G). (3.34)

Now for the particle-hole symmetry, we have

Qlk,lk”(r) - Z Uik(r, 17 Z)Ulk" (I‘, 1’ l)
l
- Z uy _y (—r, 1, =Duy (=1, 1, =) (3.35)
l

=01(—1)1(—k") (—T)-

In the second equation, we have used the fact that the (—1) sign from il, cancels
when multiplied together. Then

[Ax(q+ G)]11 :/ e T e (r) dr
Q

_ / GG (1) dr (3.36)
Q

=[ACw(—a—G)i1.
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This gives an additional relation
apk,q+ G) =ap(-k,—q—G), a.(k,q+G)=0a,(-k,—q— G). (3.37)

Together with Eq. , we find that at q = 0,
ap(k, G) = ag(—k, =G) = ap(k, =G),

a.(k,G) = —a.(k, —G) = a.(-k, —G). (3:38)
In particular, we have
a.(-k,G) = —a,(k,G), VG el (3.39)
This gives the the sum rule
Y a.k,G)=0, VGelL" (3.40)
k

This relation plays a key role in understanding the ground state property later.|9,
58, [7]

3.2 Candidate States

Previous theoretical works have identified a wealth of possible candidate states with
close energies, including insulators in the U(4) x U(4) manifold, the nematic semi-
metal (nSM) state, the incommensurate Kekul e spiral (IKS) state, and the inter-
valley coherent (K-IVC/T-IVC) state.|[109} 21, |63, 11, |116, [54] We have discussed
various possible states and their preserved symmetries, as in Table. [2.2] Here we will
rewrite these states using Chern band basis|12] with a fixed gauge:

uT,O':—‘rl,S(k) + iuT,U:—l,S(k)

V2

Then our creation/annilation operator in the Chern band basis can be written as

V4t 7.5 (k) =

(3.41)

dl.,, = ESSEP ;éL’T’”Zl’S, (3.42)
where éLw,s /Cx.ros 18 the creation/annilation operator with momentum k in mBZ,
valley 7 € {K,K'}, sublattice/band ¢ = +1, and spin s = +1. Then using the
definition of the Chern band basis, we are able to write our candidate states for an
integer filling v + 4 = v, 4+ v_ with total Chern number ve = vy —v_. Here we let
empty state be |vac).
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e The spin-valley polarized Fock state with Chern number vo = v, — v_, where
vy and v_ denote the occupation for Chern 4+ band respectively. And for each
pair of Chern + band, {7;,,s;,} is unrelated to {7j,,s;,}. Therefore, |Uy+"*~)
represents a state that fully occupies any v Chern bands.

V-

\I[U+ o H H dk+ JTiq 2871 H CZI(,—,TJQ,S]Q |VaC> ) (343)

k j1=1 Jo=1

e The spin-valley polarized Fock state with Chern number ve = v, — v_, which
fully occupies or fully emptys valley-spin favors as {7, s} possible. And for
each pair of Chern + band, {7;,,s;,} is equal to {7j,,s;,}. Therefore, |¥7c)
represents a state that fully occupies valley-spin avors {7;,s;} for 1 < j <
min{v;,v_} in both £ Chern bands.

ey~ TTT 1 [T el (3.41)

k j=1

e The spin-valley polarized Fock state with Chern number ve = v, — v_, which
half occupies valley-spin favors as {7, s} possible. And for each pair of Chern +
band, {7;,,s;,} is different from {7;,,s;,}. Therefore, |[U?°) represents a state
that half occupies valley-spin avors {7}, s;} for 1 < j <min{vy,v_} in both £
Chern bands. Note that where {7}, s;} are the 4 valley-spin favors arbitrarily
sorted in j (1 <j <4).

4
\I]UC half H H dk » 3 T5,85 H CgI(,—,Tj,sj ’VaC> ) (345>

k j=1 Jj=5—v_

e The half-occupied Fock state with Chern number vo = 0. For each pair of
Chern + bands, it will pick the bands within the same valley. Therefore |¥,)
represents a valley-polarized state that fully occupy both two Chern + bands
within the same valley. This is a special case of |¥'¢) in half-filling system.

(v+4)/2

H H dk Ty, S —,Tj,8 |VaC> : (346)

e The K-IVC state with Chern number v = 0, which is fully intervalley coherent.

(v+4)/2

\IJK IVC H H H k’I’LTJS

j=1 n=+£

7t
nTJdk n,—T;,8

|vac) . (3.47)
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e The T-IVC state with Chern number vo = 0, which is fully intervalley coherent.

(v+4)/2

\IIT IVC H H H knTs

j=1 n=+£

+ ind!

k,n,—7;,s

[vac) . (3.48)

e The general lowest insulator state with an arbitrary angle ~.

min U+ v— + GZT]’ynT dT
J

vy =11 11 H“"” ﬂ R

(3.49)

max
5t
X H Dy sgn(ve) ry.s, [VAC)
Jj=1+min(vy,v-)

3.3 Flat Band Assumption and Chiral Symmetry

In this section, we present detailed calculations of the exact ground states, build-
ing upon prior work by Lian et al.|58|, Bernevig et al.|7], and Xie et al.[108]. We
commence our analysis with a flat band assumption. Specifically, we consider the
assumption that the flat bands of the BM model are perfectly flat, characterized
by zero eigenvalues. Consequently, upon band projection, our resulting Hamiltonian
exhibits zero kinetic terms. This allows us to direct our attention solely towards the
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interaction terms:
X 1 i
Hr =5, > > 2.2 > Via+G)A(a+ G,
k k k' k+q=k""€Q* mnm/n’ GEL* 1/ ss'
X [Ak’(_q - G)]:;;/n/ 6L777mysé;r{/77/7m/75/ék’fq,T’,n’,s’ék+q,T,n,s7

:2|§21|Nk > 2 Va+G) 3 > )

k .k’ k+q=k" €Q* GeL* mnm/n’ 11’ ss’

{[Ax(a + G)];lnéin,kﬂ',sémk'i‘%ﬂs — NxAgdqo}

x {Aw(—q— G)]:;;fnfé;,f/,m/,sf@k’—q,r’,n',s’ — NiA_Gq0},

- NN CI iy a0 (350
+ NieA_ [ A (G)]7, ik rmsCkrin,s leAGAfG

:2\91\Nk > 2 V@+G) )y > )

k.’ k+q=k”€Q* GeL* mnm/n’ 1 ss’
{[Ak(a + Gl 1 o sCictamns — NicAdqo}

X {[Aw(—q — G)]mn,ck/T nt 5O —qrrnts — NikA_gqo}
+ 2N A G [A(G)] 7l s sCirins — NeAcA_c,

where Ny is the total number of k-grids and Ag can be any G-dependent coefficients.
Using the Chern band basis in Eq. (3.42)):

7t 7t
CT o dk 7,8 + dk,f,‘r,s
k,7,0=+1,s )
. V2 ) (3.51)
dk,+,T,s dk —,T,8

and the chiral symmetry C : [H;,C] = 0, the only nonzero terms in Eq. (3.50)
are dkn Tsdk+ande s dk/ an' s~ Consequently, the interaction term is trans-
formed into:

- 1

Hi =30, Yoo D Va+G) > Y >
k k k' k+q=k”cQ* GelL* nn/=+x 771/ s’
{[Ak(q + G)] dkn-rsdk—‘rans NkAGéq,O} (352)

X {[Ak’(_q - G)]n’dk/ n/,T/,S/dk/_qJleT,vs/ - NkA—G‘Sq,O}
+ 2Nk A_c[M(G)]7dL , 1. icnrs — NEAGA .
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The first term in Eq. ( is semi-positive definite, owing to the satisfaction of
the symmetry condition by the form factors Ax(q+ G)' = Ak q(—q— G). As H;is
a Hermitian operator, the first term is positive semi-definite if and only if it can be
expressed as the product of an operator with its conjugate transpose:

O Mla+G)rdl,, . irqnrs — NeAadqo}!
k

= [Mw(—a— Gl v yi—qmw s — NeA_gdqo}-

And the last two terms in Eq. (3.50) remain constant under the flat metric con-
dition, which is defined by the equation:

Flat Metric Condition: [Ak(G)]L, = &(G)dypr- (3.53)
In the Chern band basis, the matrix elements of Ay(G) take the form

[Ak(G)]Z—m’ = <Un77,s(k)|vn/77,s(k)> )

1 . .
=3 (ur +1.5(K) + inuy 1 (K)|ur 11.5(k) +in'u, 1 5(k)),
1 (3.54)

S ((Ur 1,5 (K)[ur 1,5 (k)) + nn' (Ur —1,5(K)[ur—1,5(k))),

T2
:1—|—nn’£(G> 5,E(G).

2

Consequently, we can simplify the form factors as [Ax(G)]7 in the Chern band
basis. Now, let v, ,v_ € [0,4] be two integers satisfying v, + v_ = v + 4, where k
runs over the MBZ. Let |vac) be the zero-electron state of flat bands, 7;,, 7;, be two
arbitrarily chosen valleys between K and K’. We can verify that |WU+~) is a ground

state of Hy, utilizing the spin-valley polarized Fock state in Eq. (3.43):

[Ak<q+ G)] dknTskoranS ‘\Dv+ e > )

(-

:[Ak<q + G)] le( n Tskorq,n,T,s H H dT’,-i—,le,Sjl H d;r{/ —\TinsSjs |VaC>
k/ ji=1 Jo=1
=Axla+ Gl le‘ T Sdk+q’”’T’SdL+vTj1 $i1 dlt+qa+77j1 Si1 Lm% o di+CI:*:TJ'2 g

v

X H H CzT’,-l—,le,sjl H CZL’ —\Tjg1Sjg |VaC>

k/#kk+q j1=1 J2=1

(3.55)
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For q # 0, we obtain

[Ax(a+ G)di et anrs [W0F7)

_ ) 7t 7t 7 7t 7t
_[Ak(q + G)] dk n,T, sdk 551851 dk,*,T]’Q 1S5 dk+q7n7775dk+q,+,7j1 ¥841 dk+q,f,‘rj2 1859

v

X H H CzT’,-l—,le,sjl H CZL’ —\Tjg1Sjg |VaC>

K/#k k+q j1=1 j2=1 (3.56)
v v_
_ v it it
_[Ak(q + G)]n H H d /,+7Tj115j1 H d lv_aTj27Sj2
K £k k+qj1=1 ja=1
xdi _ dl dl d dl dl [vac) =0
k,n,7,5 K+, 85, K= Thg 8 k+q,n,7,s k+a,+,75, .85, k+d,—,Tjy 85, ’
There are two possibilities here: a) f dxyqn,rs commutes with dk I and
dL+q_TJ2 5,0 then dierqnor.s |Vac) = b) If dltn”, is the same as dy ., = or
7t 7t 7t 7t _
dy Tipsia? then we have dknmkorT?1 Sjldk o lvac) = 0.
For q = 0, we obtain
ZZ[Ak(G)] kn7‘sdkn7'5|\llv+y >7
(3.57)

Zdemdkm [0200) = €(G) Ni(v + 4) [ T2+

Thus, by selecting Ag = %‘f (G), the state |UU+*~) emerges as a ground state
of H].

3.4 Interaction Term Contribution

When the chiral symmetry is absent in form facotrs, we decompose the nonchiral
form factor into its chiral part and nonchiral components, as given by |58 |7} [108|:

Ala+ G, = Ala+ G, IN(a+ G, = [Ala+ G, . (3.58)

Subsequently, we decompose the nonchiral interaction term H; into its chiral and

nonchiral parts: . R R
Hy = HY + (H + B + q1Y, (3.59)
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with the corresponding creation/annihilation operators:

0 . gf 7 5t 5
HI ) dk n,t, sdk+q n,t sdk/ 'n/,T’,S,dk/_qﬂ'l/,T,,S/

701 . 5t o
HI : dk n,T, sdk-i-q,n T sdk —n! s dk/_q7n/’7—/781 (3 60)

710 . 2t A .
HI ) d —n,T,sdk+q,n,T,Sdkl7n/77—/’s/ dk’—q,n’ﬂ",s’

71l . gt 7 2t ~
HI : k,—n,r,sdk-‘rq,n,r,sdk/ 7n/’7./78/dk/_q’n/,7-/7s/

An essential relationship between the chiral and nonchiral interaction terms can
be expressed as:

(ﬁ?1 . ]:Iw)

3 S S S V(g + Q)AL+ G (—a - G

kk'qG 77/ nn' ss’

2!Q|Nk

5t R
X dknrsdk+qn75dk/ —— sdk’ —qn!, s

SN SV + GO + G A (—d — G

k/lk/// /G/T T///TL n///s 8/”

2|Q|Nk

X dk// n T s//dk//+q n// " //dk/// /// /// ///dk///iq n/// i s///’

2|Q|Nk Z ZZZV q+G)

kk'qG 77/ nn/ ss’
< {[Ak(a+ G A (—a — Gy — [A(—a — G)|[Ak(a + G}
X d;rc,n,r,sdk-‘rq,n;r,sd;r{/’_n/77_/’8/dk/_q7n/,7_/7s/’
= O,

(3.61)
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where the identity

2|Q|Nk oY Y v + @A + Gl A (—d' — G

k//k/// /G/T 7.////)/L n/// S//S///

St A
X dk” e s//dk”+q n' !, ”dk/”,n’” ///’s///dk’”—q’,n’”,ﬂ'”’,s”’7

o S EYY

kk’'qG 77/ nn' ss’

E E E E 5k”,k’5k”’,k6q’,—q5G’,—G67'”,7" 67"”,7'571”,71’571”’,7155”,5’58”’,5

k/lk/// /G/ 7. T”/ n n/// S//S//I

\T

1"

x V(d + GAK(d + G [Afn (—d' = G

n

AT N
X dk” //dk”+q n!! ! //dk/,, "o ///dk”'fq n!! S”’]7

—TLTS

2|Q|Nk > 2.2 D Via+G)Ag(—a- GuA(a+ G,

kk/’'qG 77/ nn' ss’
N ~ N ~

X dL,

! / ! ! T
—n’,T’,s’dk —qQ,n,7,8 dk,n,T,skorqmyT:S?

has been utilized.
Note that for interaction terms, we are able to achieve

V4,0 7t 7 Vg,V
<\II 7 |dk N, T. skoqu»T:Sdk’,—n’,T’,s’ dk'*qm/ﬂ'/»sl ’\I]U 7 >
vy,w—| gt 7 7t 7 Vg, U—\
<\Dv 7 |dk,—n,T,sdk+q7”7778dk’,n’,r’,s’ dk/*%n/ﬂ'/»sl ’\IJU 7 > -
vp,o— | gt 7 7t 7 Vi, U
<qj’U 7 |dk,—TL,T,Sdk+q7anzsdk,,—nlﬂ',78/ dk/7q7n/77-/75/ ’\DU ’ >

= 6k,k’—q5n,—n’55,s’6ﬂ-,7’ Z 57-]-1,—7-]-2 (67,7—]-1 + 57-,7']-2)7 (364>

(41,72)

: (3.62)

0
0, (3.63)

Here, (j1,72) represents the pairs of Chern 4+ bands in |[W¥+V-).
Next, we provide the proof of the above equations. Starting with the expression
for dk,f - dk/ an/ s [P

7t 7 vy U_
dk/yfn/ﬂ'/,sl dk/_qvn,ﬂ—/:s/ |\II’U+ > )
(E v—
_ gt i i it
= dk’7fn’,T’,s’dk/—qvnl77—/75/ d //7+’Tj173j1 dk”vszansz |VaC> ;
K ji=1 a=1
" - (3.65)
- Lo T14
( H H //7+7Tj178j1 kl/7777j275j2>
K/#k’ k'—q j1=1 ja=1

71 7t 77 7 ] 7
X dk’,—n’,T’,s’dk’,+,T1,s1dk’,—,Tg,SQ dk'*q,”lﬁlysldk/*q7+771:51dk/*q,*772,82 |VaC> )
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| gf 7 .
and for <\Ij}0)+ ! | dk,n,T,Sdk+qvan7S'
Uy, v 7
<\Ij+ |dkn7'sdk+q7”'3’

= vac| H H dk” s 3Ty 9851 H dk” —\Tjg sS4 dknTsdk—l—q,nTsa
Jo=1

k// ]17
R 3.66
= (vac|dl  _ dI di d d d (3.66)
= Ve k,n,7,s k,+,71,81 ~ K,—,T2,82 k+q,n,7,s%k+q,+,m1,51 Yk+q,—, 72,52
v_
X ( H H dk//7+77j1 S31 H dk”v*ﬂ'jzvs]é)'
KAk kg j1=1 jo=1
Therefore, for Eq. (3.62), we obtain
VU 7 7t 7 vy, U
<qj - ‘dk n,T. sdk—‘,-q,n,T’sdk/’_n/ﬂ_/7Sldk/—q7n/77/,5/ |qj’l}+ > )
_ 7t 7t 7 7 7
- <Vac| dk n,T, Sd ,Jr Tl,Sldk —,72,52 dk+q7n T 5dk+q7+77—1751dk+q7_77-2752
X ( H H dk” i85 H dk TJQ’SJQ)
k'"#k k+q j1=1 J2=1
7t H 7t
<TI0
( d "o+ 7_]1 831 d g 3/2 ;2) (367)
k"#k' k' —q j1=1 Jo=1
T 7t ) 7 7 7
X d 'l s dk’ —+ Tlfsldk, ,Té,s’2dk/_q7nlv7'/75ldk/— +, T{,s'ldk’—q,—,’ré,s& |Va,C> ,
_ 7t 7t 7t 7t 7t
- 5k,k’—q <VaC| dk n Tsdk,Jr,Tl,sl k,*,TQ,SQd r—n',7! s dk’,-s- 7—1,51 k'’ —,7—2,52
X dk+q,n77'78dk+q7+,7'1781 dk+q7_77—2782dkl_qvn,77-/75ldk/_q7+’7—{75,1 dk,—q,—,Té,Sé |Vac> )
= (sk,k/fqén,fn’dn,n’ =0,
Similarly, for Eq. (3.63)), we obtain
vy, 7 7t 7 vy, U_
<\ijJr |dk —n,T. sdk‘f'qvnvﬂsdk’,n’,T’,s’dk'—qvnlﬁ/,S/ |\Ijv7L >
_ 7t 7t 7t 7t 7t
- 51{71('—(1 <VaC| dk —n,7,8 K,+,71,81 k,*,TQ,SQdk/,n/,T/,SId ’,+,7-1,sldk’ —, 75,8 (3 68)

X dk+q,n,T78dk+q,+,T1,81 dk+q7_77—2752dk/_q7n/’7—/7sldk/7q7+’7—{75’1 dk’7q7777—é7sl2 |Vac> )
= 5k,k/7q5n,n’ n,—n/ " — 0.
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Finally, for Eq. (3.64)), we obtain

VLU 7t 7 ViU
<\IJ - |dk nTsdk+q7nTSdk’,—n’,r’,s’dk/—qvnlﬁ s/ I\II * >

— 7t 7t ) 7t 7t
- 61(,1('— <VaC| dk -n TSdk T 31d ,7,7'2,52dk’ —n/, 7’8’ dk’ 4,71, sldk’ T4 ,8h

. 5 3.69
X dk+q,n77'78dk+q7+771781 dk+q7—772,82dk’—q,n'yT’,S'dk’—Q#,T{78'1 dk’ —T5:5% |vac> ( )

= 6k,k,7q5’n,7n/6878,57,T/ E 6Tj1 =Ty (6T,Tj1 + 57’,7']‘2 )7

(41,72)

where the sum over j only includes the spin-valley favors {7}, s;} that only either the
n = + or n = — Chern band basis are occupied, namely, half occupied.
Then the first-order energy contribution of the non-chiral part is expressed as

(e = (W= [HY + HY + HP W),

v,ve

_ <\I]v+,v_ |ﬁ11|\IIU+,’U_>

ZZVq+G DO N (q + G A (—q - G

kk’q nn' 17/

X 5k,k’ n n/(STT E 5 77']2 Tle + 57',7']'2)7

(J1,92)

= m > Va+G)) [Mela+ G A q(—a— G,

™

2|Q|Nk

X D Gy (Orimyy +0nm,),

(41 j2)

ZVq+G Z|A"Cq+G |2 Z 57']1 _TJQ(6TTJ1+5TTJ2)

2|Q|Nk kqG ™ (J1,92)
= E{) >0,
(3.70)
where E513C = 0 only if either the n = + or n = — Chern band basis is occupied,

namely half occupied. If both Chern basis bands of valley 7 are occupied or empty,
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Ef}gc will be zero. In this case, we have:

(1 — nc T2
EU’UC 2|Q|Nk ZV q-+ G Z| A q+ G ’ Z 57—31 _712(577'11 +67712)

™ (J1.J2)
V(a+G) ) |[A(a + G [* M,
zmwk 2 Vit G) 2
S V(a+G) S AE(a+ Gl
2|Q| kqG ™

(3.71)

This expression indicates that Eq(,lgc is greater than or equal to zero.
In a half-filling system, the state of the system at half occupancy is represented
by the half-occupied Fock state |W,), given by the expression:

(v+4)/2

H H dk+7']s] k,—,7j,5; |VaC>

This expression represents the exact ground state up to the second perturbation
theory, as discussed in detail by Lian et al.[58], Bernevig et al.[7], and Xie et al.[108].
We denote E? = (U,|HY + H'|T,) as the energy of state |¥,). The second-

v,uve=0
order contribution of the terms H?' + H1° is then given by

) o T
B o= (U (H + HIOV(ES, o — H) N H® + HO)|W,) . (3.72)
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Using the relations in Eq. m ) and Eq. m we can obtain

H|w,) 2|Q|Nk YD Via+ G)N(a+ G)AL(—q - G

kk/qG 771/ nn’ ss’

Xd;r{ nrsdk+qn73d;f(’n R Sdk’ q,n’,7’,s’ “Ij >

ST NS Via+ G A (g + G AL (—a - G

2|Q|Nk
kk'qG 77/ nn’ ss’
(v+4)/2
5 ~ S ~
X dk,—n,T,sdk+q7an»3dk’,n’,T’,s’dk/*Q:n/leasl dk” T8 k” —,Tj,85 |VaC>
k”  j=1

2|Q|Nk S S Y Vit G)AF(a+ GlfAL(—a - G

kk/’'qG 77/ nn’ ss’

(v+4)/2
XdL’fn’T’sdk—Fq’n’T’séq’OH(Sk”’k/ H 57—/77_j58/,51'd‘Il-{",+,Tj7deI(”’,,Tj,Sj |vac) ,
K j=1
1
= V G_ A?’LC G T
2|Q|Nk; ( E[ (G
7 7 v+4
< df, o henra(€(G) - Nir —— - 2) [T,
217 2 V(GG Y INAG e rlcn s 102)
G kmn

(3.73)

Utilizing the flat band assumption, we find that the nonchiral part of the form
factor at q = 0 is zero for the state |U,):

[AE(G)], = MG, = 0. (3.74)
Consequently, the action of the operator H}O becomes trivial:
AP W) =0, A 0,) =0 = EY) _ =0 (3.75)

and similarly, using Eq. 1’ the action of ]:1?1 is also trivial:

H' W) = H°|¥,) = 0. (3.76)

This implies that the second-order contribution to the energy, Eﬁz =0, 18 zero for
the state |¥,):

Byfiomo = (Wl (Y + HP) (B oy = HY)THHY + HP) W) = 0. (377)
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With the flat band assumption, the eigenstate function |V,) serves as the exact
ground state, accurate up to second-order perturbation theory, within the half-filling
system. Now, we transition to exploring the general spin-valley polarized Fock state,
which encompasses nonzero Chern numbers [W2+-):

H W),

1 nc TIAC T/
= 501N, >0 Y Via+G)Ar(a+ G)AL(—a— Gl
| | k kk/'qG 771/ nn’/
X Cﬁk,—n,ﬂ',sCik+qyn:7'75dlt’,n’,7",s’Cgk/*q{n/ﬂ'/,sl ’\Ijg-hv_) ’

LSS SS (g G) AR (a+ G AL (—a - G

2|0 N,
’ | kkk’qG 71! nn'’ ss’

A

vy v_
T 7 7t 7 7t 7t
X dk,—n,T,sdk+q,’fL;T75dk/7n/7T/7s/dklfq,nlyr/’sl dk//’+7Tj1 81 dk//7_77_j278j2 ’V&C> 5

k" j1=1 J2=1

SN D Via+ G (a+ G AL (—a - G

kk/'qG 77/ nn’ ss’

1
21 N

(-

v+
7t 7 71 7t
X dk’in777sdk+q,n,7',55q,0 5k//7k/ dk”,“r,le e dk//7777j273j2 |VaC> 5

k" n=1 ja=1
1
= — V(G A(G)|T
S, 2V (@) NG,
v+4

X CZL,—n,T,sCZk:"777S(€(G) : Nk :
vta ne T 7 Vi,V
= ST DU VIGIG) D IINE(Gdh s [0
‘ ‘ G kmn
1
210 Ve
X Ci;rc,—n,ﬂ',s&kynﬂ?s "I’5+’U_> )

vta ne T 7 Vi,V
- Q‘Q‘ Z V(G)S(G) Z[Ak (G)]ndk,fn,r,sdkm;r,s |\I]U7L7 > s
G

kmn

$2) W),

Y VIG)E(G)Ni(v +4) Y A(G)];

kmn

(3.78)

which is nonzero. Therefore, for any excited eigenstates from the ground eigenstate
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[WE-) at energies (W | HONWEGET) > (W, [ HP|WE-), we have

v,mid v,mid

< v+ U7’H10‘\Ijv+ U >

mid

vt4 nc yUtv- v
- 2|Q| ZV(G>§(G)Z[Ak (G)] < n::d |dk n‘rsdk,n,T,s’\I}UJﬁ >,
G kmn
v+4 e e
B 2|Q| ZV(G)g(G)Z A HéTTn 7 7'12 A H(STTJQ T, TJ1
G kTt
v+4 . e
G kr
~ (v+4)or 0,

(3.79)

which is nonzero only if the excited state is a half-occupied state since our ground
state is also a half-occupied state due to the first-order perturbation energy. Then
for the denominator, we have

B vemvy o — (Wit P50
= (WA + H0) — (WL ) 550
= B — (UL [HPI ) — (o7 0,)),
éluc - Egap < O’

which is the sum of the first-order perturbation energy and the energy gap between
the excited and ground state. As a result, this term is smaller than zero.
Then we can define the second-order perturbation energy as

B o = (W (H + HP)(EY,,, — H) 7 (HP + H)|W,)

v,0C

W | AP ) P

_ Z | v,mid

X o E(l) ’
mid gap v,V
(v +4)> 1 ) o (3.81)
=~ 1ap > —( V(@) SN
mid Egap - E”’UC G krn

~—(v+4)*<0.
Consequently, the total perturbation energy is given by:

Eypo = B +E® >0, (3.82)

yUC v,vC
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where the terms EJ 30 and Ey 30 are only nonzero for half-occupied states. Numerical
calculation demonstrate that £, ,. > 0 for any 0 < wy/w; <1 and -3 <wv < 3.

As a result of the perturbation theory, Chern insulator states with |v| < 3 tend to
fully occupied or fully empty to maximize the number of spin-valley flavors. There-
fore, the fully-occupied Fock state |¥,) is the exact ground state in the half-filling
system, even without the flat band assumption. In general, in other case, exact
ground states can written as [58, (7, |108§]:

vV—

+
|\I],Uc7full H H ,+ T],sJ H 11;, ,Tj,S]' ’V&C) :
=1

7j=1

3.5 Kinetic Term Contribution

In this section, we turn off the chiral symmetry again and discuss the corresponding
perturbation energies in the kinetic terms (|58} |7 [108]):

HO = Z EUT(k)éLTﬁ’Sék,T,a,sa (383)

koTs

where éLT’U’S /Cx r.o.s are the creation/annihilation operators in the BM band basis,
respectively, and €,,(k) denotes the single-particle energy from the BM band struc-
ture. Due to the symmetries of the BM model, including the commutation relations
with Cy, symmetry, time-reversal symmetry 7, and the anti-commutation relations
with the particle-hole symmetry P:

[HOJ CQZ] = {I:IU) P} = Oa (384)
then the BM energy bands satisfy
€or(k) =€ (k) = —€_, (k) = —_o (k) = €5, (k). (3.85)

As a result, we can rewrite the kinetic term as

A . "T R
HO - : : EUT(k)Ck7T,U7SCk7T70’s7

koTs
- E E0'-+-l ckq—gsck7'as>
koTs
(3.86)
e (k) 0
= €+1+1 CkT,+1SCkT+18 €_1,4+1 Cx,r,—1,sCk,m,— 1,55
ks

_ Z €41,41(k) — e 41 (k) " c+141(k) + 671,+1(k)) A

9 Ck7'asck7'03'

koTs
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Additionally, in the chiral limit, the BM model has an anti-commutation with
chiral symmetry C = o,:

then the BM energy bands also satisfy

GO',T(k> = _EfU,T(k)a (388>

which leads to the the second term in Hy is zero in the chiral limit. Away from the
chiral limit, the kinetic term is nonzero and we are able to split the kinetic term
using the chiral symmetry:
Ho= HS + H,
= Z Egﬂ-(k)é;rc,r,a,sékﬂ'ﬁ,s + Z 6?T<k)é;[(,’r,a,sék’7:075’ (389)

koTs knts

which satisfies

S (k) = J€+1,+1(k) — e 141(k)

€
oT 2 )

3.90
g = 109 F ) o

In the chiral limit, we have €2 (k) = 0 due to the anti-commutation relations

between the kinetic Hamiltonian and chiral symmetry. As a result, the kinetic energy
is nothing but a constant proportional to the number of electrons. Therefore one is
able to achieve a full U(4) symmetry and rotate the valley-spin favors (7, s) with any
angles.

Chiral Limit

In this subsection, we utilize the perturbation theory to determine the exact ground
states up to the second order in the chiral limit first. The Fock state |[¥+*~) will
serve as the unperturbed ground states. In the chiral limit, the anti-symmetric
kinetic term is zero: I:IOA = 0. Therefore, we only need to consider the perturbation
HS. Similar to the kinetic terms, we will first initially transform the BM band basis
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into the Chern band basis:

T _ 7S
Hy=H;7,
— § ' s A A
- 60’,7’ (k)ck,T,U,SCk7T7U7S7
koTs

7t ) 3 )
_ Z S (k Qe rs T 0D 7o itrs T 0dirs
- 60‘7‘( ) .
kots

V2 V2 ’
1

- 5 Z €§T(k> (dI{,+,T,Sdk7+7775 + JdL,—,T,Sdk7+7773
koTs (391)

/\T A /\_I_ A
+ O’dk7+77',$dk777778 + dk,—,T,Sdk77>775>7

1 N A A o
= 5 Z(E-H,-i-l (k) —€-1,41 (k)) ' (dL,—,T,Sdk7+,775 + dI{,+,T,Sdka_7T73)7

kts

A,

1 . . A
~ 9 Z(€+1,+1(k) —e141(k)) - (dL_,T,sdk,+,r,s + dL+,T,sdk,f,T,s)a
kts

- Z es(k) (di,f,T,s(zk,-thS + d;r(,+,7,sczk7—v7'78)7

krs

where dL s/ dnr,s represent the creation/annihilation operators in the Chern band

+ basis, €7, (k) = —€%, _(k) is used and we define ] _(k) = E“’“(k);e’l’“(k). There-
fore Hy switches the Chern band number + of an electron within the same valley
and spin. We can switch the Chern band only if the valley-spin flavors {7, s} are
half-occupied, which means that only one of two Chern + bands is occupied in each
valley-spin flavor.

Then the first-order energy contribution of the non-chiral part is written as

e~ W ),
= Z Es(k) <\I]z+71}* |(di“(,7,‘l‘,sdk,+7’r,s + dL,+,T,Sdk7—,T,s)|Wz+7v7> 7 (392>
ks
= 0,

which is zero since the |W+¥~) fully occupies the Chern bands for all momentum k.
Next, we will move forward to the second-order perturbation energy:
B emy o = (WS [HG (B, — HE) U HG W)

_ Y (Ui | H W) 2 (3.93)
Emid - EO 7

mid v,ve
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where Ej = (U~ |HY + HF|W’+"-) as the energies of the unperturbed ground
state |\If,l’j+ -) and \vatr’ud is the excited eigenstates from the ground eigenstate
i) at energies B = (Uyiq [HP W) > (Wie- [HPWH) = B, such
that
0 V- | £70 v 0
Emid EU UC = < :jtnql)d |H |\Ijztn11}d> Ev Vo > 07 (394)

which is the energy gap between the excited and ground state. As a result, this term
is greater than zero. Next, we compute the action of HJ on the state |W¥+v-):

A5 102 = 3 S0 + o) 105,

kTs

= Z GS(k) (CZL,f,T“SCZkHﬁTvS + dL,+,T,SCZk7_7TVS)
kTs

V—

7t
X H H dk 5T 9851 H dk/7_77j275j2 |VaC> ’

k/ j1=1 Jo=1

= Wi rstdi )

kts
v
<15 Nt I vac
k' k k' +,75, 85, k', —,Tj5,85y | > )
Ji=1 J2=1
v_
_ E S 7t 7 7t 7t
- € (k) (dk,—,r,sdk,+,7,s H dk7+,7—j1 3841 H dk,—,rj2,5j2 ‘V&C)
kts ji=1 jo=1
vy v_
R | TR )
+ dk,+,T,sdk7_7775 dk,+,7'j1,3j1 dk,*,TjQVS]‘z ‘VaC))
Jj1=1 jo=1
V4 v
_ S 7t ] 7t 7t
- Z € (k) (dk,f,T,SdkaJﬁTvs H 57—77—,7'1 dk,+,7’j1 »S41 H 57—7_7—]'2 CZk,*,TjQ,Sj2 |Vac>
kts Jj1=1 jo=1
V4 V-
7t 7 7t 7t
+ dk7+77—75dk,—,7,8 57—’_7—]'1 dk,+,7j1 851 67—77—]'2 dk7—77'j2 »Sjio ‘Va’c>>
J1=1 Jo=1
vy v_
_ S 7t 7
- Z € (k) (dk,_77—’5dk,+,7,s H 5T,le 55,3j1 H 57',77']'2 (Ss,ij2
kts ji=1 jo=1
vy v_
5t 3 v
+ dk,+,T,Sdk7_7T75 57—7_Tj1 557_5j1 57—7sz 5S7Sj2 |\IIU >) ?
J1=1 Jo=1

(3.95)
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where the first term is nonzero only when the spin-valley favors {7, s} are occu-
pied for Chern band + basis, while the spin-valley favors {7, s} are unoccupied
for Chern band — basis. On the other hand, the second term is nonzero only
when the spin-valley favors {7, s} are occupied for Chern band — basis, while the
spin-valley favors {7, s} are unoccupied for Chern band + basis. Therefore, for
any excited eigenstates [W 111) from the ground eigenstate |W)+*~) at energies

(WU [HY W) > (U, |HY[WU+-), we have

v,mid v,mid

(WL 0

v mld
vt v
. S V,V— AT 7
- E :6 (k) <‘I/v,mid (dk7_7775dk,+,7',s H 57':7']'1 55,5]'1 H 67'7—Tj2 53,—33-2
kTs Ji=1 Jjo=1 (396>
vy v_
7t 7 NG
+ dk,+,T,5dk77aTvs 5T77Tj1 55775‘7’1 5T’Tj2 537‘9j2 ‘\Dv > )
Jji=1 J2=1

which is nonzero only for the excited states:

|\PU+7Q'}_> = |\I]v+,v_ k n,T, S> - dknTsCZk —n,T,s |\I/Z+7U7>’ (397)

v,mid v,mid

which means that valley-spin favors {7, s} are fully occupied in Chern band n = +
basis and valley-spin favors {7, s} are fully empty in Chern band —n = F basis for

the excited state ¥ ""7). Then, taking the sum of all nonzero terms, we have

(U [Ho W) = 3 e¥(k) = Ny

v,mid mid» (398)
k
which is a constant number and independent of Chern band number, valley, spin.
We use N2, to denote this number.
Then the second-order perturbation energy can be written as

E® _ _Z | (W Z+££|HS|‘1’”+’ -) |
vre Emld E? ,

mid v,ve

Ut kon, T, s|HS\\If”+’ -y 2
vmld’
_ }: , 3.99
mld EY ( )

k,n,T,s v
| Nonial®
mi
— Y
0 )
mid Em1d EUUC

where the summation is over all half-occupied valley-spin flavors {7, s}. Therefore,
the second-order perturbation reaches its minimum when the state |WU+~) has as
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many half-occupied valley-spin flavors {7, s} as possible. In this case, the number
of possible half-occupied excited states |\IIZJ;£5 Jk,n, 7, s) will decrease. As a result,
the spin-valley polarized Fock state with Chern number ve = vy — v_ in Eq. (3.45),
which half occupies valley-spin favors as {7, s} possible, is the exact ground states

up to the second order ([58, 7, 108|):

V4 4
vo,halfy o 5t
|\I[U > - H H dk7+7Tj73j dk7777-j"5j |VaC> )
kK j=1 j=B—v_

where {7;,s;} are the 4 valley-spin favors arbitrarily sorted in j (1 < j < 4). This
state has 4—|v| half-occupied valley-spin flavors, and has a second-order perturbation
energy ([58, |7, [10§]

) E@ ~ —(4— |v)). (3.100)

yUC

Non-Chiral Limit

Next, in this subsection, we employ the perturbation theory to determine the exact
ground states up to the second order in the non-chiral limit. Once again, the Fock
state |WU+¥-) will serve as the unperturbed ground states. Away from the chiral
limit, both the symmetric and anti-symmetric kinetic terms are nonzero. Therefore,
we need to consider the perturbation HS + HA. Similar to the kinetic terms, we
initially change the BM band basis into the Chern band basis. For the anti-symmetric
part, we have

TA E A AT A
HO - EU,T(k)Ck7T7J,SCk’770737

A

_ Z EA (k) di,-hT,s + O-dI(,—,T,s ) CZk,—i—,T,s + O-CZk,—,T,S
oT )
koTs \/5 \/5

1 . . . .
- 5 Z 6:747'<k) (dL,+7T7Sdk7+’7—7S + UdI(7—,T,Sdk7+7T’s

koTs
+ O-dAL—&—,T,SCZk,—,T,s + CZL_JJCZI{’_’T,S), (3101)
1 T > A, A
=3 Z T(er141(k) +e-111(k)) - (dLJr’T,Sdk’JﬁT’S + dlt,—,r,sdkmr,s)a
k7s
1 7 7 2. A~
=3 Z(€+1,+1(k) +e_141(k)) - (le(,n,-‘rl,Sdkvny""LS — dlt,n,—l,sdk,n,—l,s%
kns

= Z €A<k> (CiJlr{,n,+1,sCZk:n7+1:3 - CZL,n,—l,sdAkﬂ%*l:S%

kns
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and then for the symmetric part:

]:I(Sg - Z Es(k)(dfc,—,r,sdk,-&-ms + CZL,Jr,T,sdkv_vTvs)’

kts
where dans /dy nrs is the creation/annihilation operators in the Chern band =+
basis, €7 (k) = —ei_j(k)/e}; (k) = —€%, (k) is used and we define ¢ (k) =
E“’“(k);e‘l’“(k). Besides that, we also have €2 (k) = —e;,,(—k) and €) (k) =

¢5 1(—k). Then the total kinetic is
Hy= Hy + HE.

Then the first-order energy contribution of the non-chiral part is written as

1 A ~
By = (U [HS + B 0),
- Z ES(k) <\IJZ+7U7|(dL,*,T,sCZk,+,T,s + ka,+,7’»sﬂzk,—,7',s)|\PZ+7U7>
kts
+ Z EA(k) <\PZ+’U7 |(dL,n,+1,sCZk,n,+1,s - CZLn,—l»sCZk,n,—l,s)|\Ilz+m7> )
kns

= Z €A<k) <\DZ+7U_|(CZJlrc,n,+1,sCZk:n7+1:5 - CZLn,—LsdAk:nv*LS)‘\Ijz+7v_> )
kns
> 0,
(3.102)

which is zero when |W¥+=) fully occupies two spin-valley favors {41, s} and {—1, s}
for Chern band n = +; and nonzero when only one of spin-valley favors {41, s} and
{—1, s} is occupied for Chern band n = +. Therefore, the fully-occupied |Fre-full)

state in Eq. (3.44) achieves the lowest zero energy:
E(l),full _ <\I]:))c,full‘f{65' + ﬁé’q]:})g,full> _ O7

v, Ve

while the half-occupied |[WUc-halt) state in Eq. (3.45)) achieves the highest energy:
B = (w4 H ) = 3 A, — v) = v

V,0¢C
Kk
where N4 is used to denote the sum of all anti-symmetric single-particle-energies.

Next, we will move forward to the second-order perturbation energy:

B, = (Wyr (A5 + H) (B, — (H + H) ™ (HS + B[,

V,VC=V4 —V_ v,V
|y OV + A
Emld - E’l(}),’UC ’

mid

(3.103)
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where E0, = (U= |HY + (HS + H{)| W+~ as the energies of the unperturbed

v,
ground state |WU+U=) and W t;ud is the excited eigenstates from the ground eigenstate

|Wo+2-) at energies Fupiq = (¥ U*’”‘\H]|\I/v+’. ) > (Worv- | )W) = B9 such

v,mid v,mid VU0
that
Emid EI(}) o 7()1’00 + < Ztlfl)(; |HO|\I]5-;111)(;> EQ? N/ed > 07 (3104)

which is sum of the first-order perturbation energy and the energy gap between the
excited and ground state. As a result, this term is greater than zero. Next, we
compute the action of H5 and H{' on the state |¥U+?-):

vy v_
H (W) = S ®) (], odiesrs [ 0nr, 00y, ] 0r=ry 0s-ss

krs ji=1 jo=1

vy o (3.105)
V4,V
+ dk 7+, Tsdk7_7T75 H 67-7_7-j1 657_8j1 H 5T7Tj2 58,8j2 |q]7) >)7
Ji1=1 J2=1
and
T A vpvo\ § : 7t 7t 7 VU
HO |\II’U > - (k> (dkn -‘rl Sdkzn7+17s - dk,n,—l,sdk7”7—175) |\II’U > ?
kns
S ~
- E : k n,+1, sdk:nﬁH:S - dk,n,—l,sdk:nvflvs)
krs
vg v_
7t 7t
X H H dk/7+7Tj175j1 dklzfﬂ-jgzsjg |Vac> )
k! j1=1 jo=1
_ E A 7t 7 7t 7
- € (k> (dk,n,+1,sdk7n7+175 - dk,n,—l,sdkfﬂ,—LS)
kns
v_
X 5 ' d dl |vac)
k’ .k k/,+ 3Ti1 551 k’,—,7j2,sj2 )
Jji1=1 J2=1
v_
_ E A 7t 7 7t 7t
- € (k)(dk,n,+1,sdk7n7+175 H dk,+,7'j1,s]~1 H dk,7,7j278]‘2 |VaC>
kns J1=1 Jo=1
V4 V-
_ gt 7 7t 7t
dk,n,—l,sdk,m—l,s dk,+,Tj1 3841 dk,—,fer,Sj2 ‘VaC>)
J1=1 J2=1
_ E A 7t 7 §
- € (k>(dk,n7+1,sdk,n,+1,s (5n,+6+1,7j1 53,5]-1 + 5n,—6+1,7j253,5]-2)
kns Jijz
AT 7 V4, V-
— i1 in—1,s ) (On+0-1,7 05,5+ On,—0-1,7), 05, ) [WLF7)
Jij2

(3.106)
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For the symmetric part, the first term is nonzero only when the spin-valley favors
{7, s} are occupied for Chern band + basis, while the spin-valley favors {7, s} are
unoccupied for Chern band — basis. On the other hand, the second term is nonzero
only when the spin-valley favors {7, s} are occupied for Chern band — basis, while
the spin-valley favors {7, s} are unoccupied for Chern band + basis. As a result, the
only nonzero excited states are

(Uyed) = (Uit kon, 7os) = df, - die s [V07) (3.107)
with
(W [HG W) =~ e¥(k) = N (3.108)

k

For the anti-symmetric part, the first term is nonzero only when the spin-valley
favors {41, s} are occupied for Chern band n = £ basis. Also, the second term is
nonzero only when the spin-valley favors {—1, s} are occupied for Chern band n = +

basis. Therefore, for any excited eigenstates |¥*"7) from the ground eigenstate

|Wo+v-) at energies (W07 |HO|\I/U+’7~}7> > (U, |HY|W+0-), we have

v,mid v,mid

(W ),

v,mid

_ U+7 T

- E : € k U ,mid (dk n,+1, sdk n,+1,s E :(5n7+5+177j1 58733'1 + 5”7—5""177']‘2 58783'2)
kns Jij2

) 7 vyl
- dk,n,fl,sdk,n,—lys (6n7+5—17Tj1 58751'1 + 6n7—5—17Tj2 58751'2) |\Ijv+ > )

JiJz

= 07
(3.109)
which is always zero for any excited states:
|\Ijzt’r711d > dA;r(n'rsdk/ﬂ,,lesl ‘\I;Z+’07> ) (3110)

which means that one electron is excited to fill one hole. Then, taking the sum of all
nonzero terms in the symmetric and anti-symmetric parts, we have

< v+,v_|HS+HA|\I/’U+v > — Zes(k) = Nrﬁid? (3.111)

v,mid
k

which is a constant number and independent of Chern band number, valley, spin.
N5 is used here to denote this number.
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Then the second-order perturbation energy stays the same as in the chiral limit:

(2) |Nr§11d’2
Ev,vc - — Z W < 0, (3112)

mid mid vue

where the summation is over all half-occupied valley-spin flavors {7, s}. Therefore,
the second-order perturbation reaches its minimum when the state |WU+~) has as
many half-occupied valley-spin flavors {7, s} as possible. In this case, the number
of possible half-occupied excited states [, i7, k,n, 7, s) will decrease. As a result,
the spin-valley polarized Fock state with Chern number vo = v, — v_ in Eq. -
which half occupies valley-spin favors as {7, s} possible, is the exact ground states

up to the second order:

4

Uc,half AT 7t
\Ij H H k,+,75,8; dk»_ﬂ'j’sj |V&C> ’

k j=1 Jj=5—v_

where {7;,s;} are the 4 valley-spin favors arbitrarily sorted in j (1 < j < 4). This
state has 4—|v| half-occupied valley-spin flavors, and has a second-order perturbation
energy:

E® ~ —(4—Jv]). (3.113)

v,vC

As a result, the lowest total perturbation energy is achieved for the half-occupied

|Wue-halty state in Eq. (3.45):

2
half __ 1),half 2),half __ A m1d|
ERal — pllhall  puhall _ g NA Z ey el (3.114)

and the highest total perturbation energy is achieved for the fully-occupied |Wve-full)

state in Eq. (3.44):

gl _ p)full | pe)fll (3.115)

v,0C v,vC v,vc

Therefore the numerical results show that the second-order perturbation energy
is
EN +E® <0,

we — V,VC vV —

E,

and the half-occupied state |U¥c:half) is the exact ground state.

3.6 Neural Excitations

In this section, we summarize the energy contributions from the interaction term and
kinetic term.[58) |7, |L08] For the interaction term in the non-chiral limit, we have a
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positive energy contribution, and we use A to denote the second-order perturbation

energy:
A=FEryp, >0 (3.116)

where the fully-occupied Fock state [Wc-fll) is the corresponding exact ground state.
However, when we add the symmetric/anti-symmetric kinetic terms to the perturba-
tion, a negative energy contribution is achieved, and —.J is used to denote the energy

up to the second-order:
—J =Eypp, <0 (3.117)

where the half-occupied Fock state |¥ve-half) is the corresponding exact ground state.
As a result, the total perturbation energy can be expressed as

Epup =A—J. (3.118)

Thus, in the presence of both the interaction and kinetic terms, the K-IVC state
benefits from both perturbations and has the lowest energy in the half-filling system
[58, |7, |108]:

(v+4)/2

’\I]UK—IVC H H H knTj,s

j=1 n=%

71
nT] dk S, —Tj,8

|vac) .
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Chapter 4

Quantum Chemistry Approach

Overview of Implementation

The BM Hamiltonian is defined by taking two copies of graphene, rotating them
relative to each other by an angle 8, and adding inter-layer coupling terms. The rel-
ative strength of this inter-layer coupling is controlled by two parameters wg and wy,
which control the strength of AA hopping and AB hopping, respectively. Following
Ref. [86], we fix # = 1.05 and w; = 109 meV and vary the ratio wy/w; between 0
and 0.95. The value used in Ref. [86] is wy = 80 meV, w; = 109 meV, which corre-
sponds to a ratio wy/wy ~ 0.73. However, in-plane lattice relaxation, which expands
AB regions and contracts AA regions [15], as well as out-of-plane relaxation, which
increases the interlayer separation in AA regions relative to AB regions [71], could
change the value of wy/w;. The limit wq/w; = 0 is referred to as the chiral limit [95].
The (non-interacting) BM model at the chiral limit exhibits additional symmetries,
which have been used extensively in the theoretical studies of the BM model (e.g.,
the existence of flat bands at certain magic angles) [101}, |5 53,97, |3, |4} 6, 95].

In this work, we follow Ref. [86] and assume that the IBM model contains only
valley K and spin 1; in other words, the model is spinless and valleyless. In this case,
the charge neutrality point refers to the setting of 1 electron per k point. This model
neglects certain electron-electron interactions (even at the mean-field level) and limits
the exploration of certain phases, such as the Kramers intervalley-coherent (K-IVC)
state [12] in the full model. On the other hand, ED calculations for the full model sug-
gest that the TBG system is often spin and valley polarized [80|. Post-Hartree-Fock
calculations of the phase diagram for the IBM model with valley and spin degrees of
freedom will be studied in the future. Our implementation is based on the Python-
based Simulations of Chemistry Framework (PySCF) [91, 92]. After constructing
the quantum many-body Hamiltonian by means of the form factors from the BM
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model [12, 86|, HF and post-HF calculations, as well as calculations with integer and
non-integer fillings, can be carried out on the same footing. Our post-HF calcula-
tions are performed using the coupled cluster singles and doubles (CCSD) method,
the perturbative non-iterative energy correction to CCSD (called CCSD(T)) [81],
and the density matrix renormalization group (DMRG) [102] method, in particu-
lar its quantum chemical formulation (with specific algorithmic choices designed for
quartic Hamiltonians, sometimes called QC-DMRG [103, 17, |19]) as implemented in
Block2 [115].

Symmetry Breaking Order Parameters

In order to study the phase diagram of TBG, we need to define order parameters
to quantify the spontaneous symmetry breaking in the density matrix. The order
parameters are often basis dependent, and hence basis changes (sometimes called
gauge fixing) tailored for each symmetry may be needed. For instance, one of the
most important symmetries of TBG is the C, 7 symmetry, which characterizes the
quantum anomalous Hall (QAH) state. The Cs,T order parameter is defined in the
Chern band basis |12, 86, 9, 43|, which needs to be carefully constructed due to the
topological obstruction in constructing the Wannier states. We present a new set
of gauge-invariant order parameters defined using the sewing matrices [29, 9|, which
can be applied to both unitary and antiunitary symmetries without the need for
basis change. These gauge-invariant order parameters can therefore be computed
conveniently in the band basis of the BM model, and can be used to quantify the
symmetry breaking in the density matrix. Our numerical results verify that the phase
diagrams obtained from the gauge-invariant and gauge-dependent order parameters
previously reported in the literature are consistent.

Subtraction Schemes

The construction of the BM model already implicitly takes electron interactions
into consideration via the single-electron dispersion. Hence, adding an additional
Coulomb interaction term to the BM model leads to double-counting errors. In the
literature, there are a number of different proposals for removing the double-counting
effects. These different choices lead to model discrepancies which can be an important
source of uncertainty in TBG modeling. We compare the average scheme (AVG) [43,
9], and the decoupled scheme (DEC) [12, 86, [109] for removing such double-counting
effects. The former defines a model that is particle-hole symmetric, and the latter
uses a more physical reference density matrix. While the results obtained from the
two IBM models qualitatively agree, important differences remain even when all
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other simulation parameters are reasonably converged. For instance, we find that
the (5,7 order parameter in the average scheme is very close to an integer 1 near
the chiral limit, indicating that the system is fully polarized in the Chern basis, and
the order parameter undergoes a sharp transition to 0 around wg/w; ~ 0.8. In the
decoupled scheme, the (5,7 order parameter is around 0.8 at the chiral limit, and
the order parameter changes non-monotonically as the ratio increases, the transition
region becomes much wider for the same system size. In the average scheme, the
interaction Hamiltonian at the chiral limit is positive semidefinite |9] and exhibits an
enlarged U(4) x U(4) symmetry [12, 9]. The ground state energy at integer filling is
zero, which can be exactly achieved using a single Slater determinant given by the
HF solution. With the decoupled scheme, the correlation energy is nonzero even at
the chiral limit and v = 0, and we find that the correlation energy is generally larger
than that in the average scheme. The differences due to model discrepancies can
be even larger than post-HF electron correlation effects. As a result, in the absence
of an interacting model for the TBG system that is fully based on first principles,
we may need to investigate an ensemble of interacting models to cross-validate the
results.

Integer Versus Non-Integer Fillings

At integer filling (v = 0), i.e., the charge neutral point, we find that total energies
from HF, CCSD, CCSD(T), and DMRG largely agree with each other, and corre-
lation energies (defined as the difference between the HF energy and the post-HF
energy) are generally less than 0.5 meV per moiré site. Using the gauge-invariant
order parameters, our results confirm that at integer filling, the system is either in
a Co, T symmetry breaking and insulating state, or in a Cy, 7T trivial and metallic
state [86]. We also perform the first systematic study of the IBM model near in-
teger filling (for |v| < 0.2). In this regime, we find states that are Cy,7 symmetry
breaking and metallic. Furthermore, the IBM model can host many states that are
energetically close to the ground state, and it can be difficult to converge to the
“true” global minima for all levels of theories. To highlight this difficulty, we ex-
plored two different initialization schemes: (1) Fixed initialization, which uses the
one-particle reduced density matrix that follows that in Ref. [86]. (2) Random ini-
tialization, which uses a random one-particle reduced density matrix satisfying the
electron number constraint.

We observe that the energy corrections provided by post-HF methods can be
larger than that in the integer filling case. Although this trend agrees with the
exact diagonalization calculations of the full IBM model in [80], the quantitative
magnitude of the corrections in our simulations can depend on the local minima
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attained at the HF level. The various local minima are not simply an artifact of
the HF approximation. For example, we find also that the results of the DMRG
calculations can also strongly depend on the HF orbitals, and all DMRG calculations
yield solutions with relatively low Fermi-Dirac entropy, which suggests that these
minima are all close to single Slater determinants, i.e. solutions that can be described
relatively well by the HF approximation.

4.1 Preliminaries

The tight-binding models for monolayer graphene, bilayer graphene, and the BM
model for twisted bilayer graphene have been extensively studied in the literatrues
and also in Chapter [I We therefore only provide a minimal introduction to the BM
model and the wavefunctions involved; we refer the reader to e.g. Refs. [12,|9] and
the references therein for a more detailed discussion. Throughout this section, we
adopt atomic units, except for energies which are reported in millielectron volts.

Recall that the BM model depends on two parameters wy and w;, which control
the strength of AA hopping and AB hopping respectively. Through this section we fix
0 = 1.05, w; = 109 meV and vary the ratio wg/w; between 0 and 0.95. Subsequently,
we denote the moiré unit cell by €, its area by |Q2|, and the moiré Bravais lattice by
L. Correspondingly, we denote the moiré Brillouin zone (mBZ) by Q2* and the moiré
reciprocal lattice L*. The mBZ is discretized using a Monkhorst-Pack (MP) grid [69]
of size Ny = ny, - ng,. When the MP grid includes the I-point of the mBZ, the
computation can be identified with a moiré supercell consisting of Ny unit cells with
a sample area Ny [Q|. A given BM wavefunction, i.e., a BM band, can be labeled
by a tuple (n,k,7,s), where n is the band index, k € mBZ is the k-point index,
s € {1,}} is the spin index, and 7 € {K,K'} is the valley index. Since the spin
and valley indices often do not appear explicitly in the Hamiltonian, they are also
referred to as flavor indices. For simplicity, we follow the assumption in Ref. [86],
and drop the flavor indices s, 7, i.e., the system is spinless and valleyless.

Let r be the real space index in the moiré supercell, by Bloch’s theorem, we can
express a BM orbital in real space as

o, 1 :
wnk(ra g, l) = \/—N—kelk.ruTL(ka r,o, l) = \/FTlQ' Zel(k+G)'run(k, G, o, l) (41)
G
Here G € L* is the plane-wave index, 0 € {A = 1,B = —1} is the sublattice

index, [ € {1,—1} is the layer index. We also refer to (G, o,l) or (r,0,1) as internal
indices. Note that u,k(r,o,l) is periodic with respect to L, ie., u,(k,r,0,1) =
u,(k,r + R,0,0),VR € L. The normalization condition is chosen such that w, is
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normalized within the moiré unit cell. Moreover, the factor \/#ka ensures that 1,
is normalized within the moiré supercell. With some abuse of notation, we use
un(k,r,0,1) and u,(k,G,o,l) to denote the coefficients of a BM wavefunction in
real space and reciprocal space, respectively. In practical calculations, the number
of plane-wave indices G needs to be truncated to a finite size. Throughout this
section, we omit the range of summation unless otherwise specified. Subsequently,
we refer to the set of all plane waves indexed by G with sublattice index o and layer
index [ as the primitive basis of the BM model and denote the corresponding Fock
space by F. Let (/ELG,Z’U, Ck,G 1,0 be the creation and annihilation operators acting on
F, respectively. Then the creation and annihilation operators corresponding to the
band nk are

f;[k = Z éL,G,l,aun(k7 G’ 0, l)?
G,o,l

fok = Z ckciotn(k, G, o,l).

G,o,l

(4.2)

Here u; denotes the complex conjugation of u,. The band creation and annihilation
operators satisfy the canonical anticommutation relation, i.e., { szw fn/kz} = Opn’ Ok
and define the band basis of the BM model. Note that the definition of the band
creation and annihilation operators can be periodically extended outside the mBZ
according to

fj]:(k+G) = ﬁka fn(k+G) = fnky Gel" (4-3)

4.2 Interacting Bistritzer-MacDonald Model

For values of the ratio wg/w; € [0,0.95], the spinless, valleyless BM Hamiltonian has
a direct gap between two bands with roughly zero energy and the remainder of the
spectrum (see e.g., Fig. for wo/wy = 0.7). We refer to these two bands as the flat
bands of the BM model and label them by the index n € {—1,1}. The Hamiltonian
of the IBM model restricted to these flat bands takes the form

f{IBM :]f[o + ﬁ[

=D D Foad ()l

kGQl* mn (44)
+ 5 Z Z <mk7 m/k,’nk//, n/k///> fr'lr’bkfil/k’ fn’k”’ fnk//7
kk' k"eQ* mm/'nn’/
k'’ =k+k’—k"
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Figure 4.1: @ Two monolayer graphene Brillouin zones (BZ) depicted by a dashed
red line and solid blue line, respectively, aligned by their I'-point and twisted by an
angle ©, with the corresponding Dirac points K and K~. The moiré Brillouin
zone (mBZ) is indicated by the grey shaded region centered at I'ypz. (b)) Choice of
the rectangular unit cell in reciprocal space (green shaded area encircled by green
dashed line, see Ref. [86]) relative to the mBZ. The green crosses show a mBZ
discretization grid of 8 x 4 k-points. The Dirac points of the monolayers K and
K~ are included as reference points. Band structure of the BM Hamiltonian
over the mBZ, with the corresponding flat bands (solid red lines) and remote bands
(dashed grey lines). The interacting BM Hamiltonian is then projected onto the
subspace spanned by the two flat bands; the system’s parameters are 6 = 1.05°,

wy = 109 meV and wy/wy = 0.7.
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where Hy and H; are the quadratic term and the quartic term, respectively. The
ground state of the IBM model is then defined as the solution to the minimization
problem

Ey = i U|H|¥ 4.5
0= e in, (HID), (4.5)
(| N W) =N,

where N, = (v + 1)Ny is the total number of electrons, and N = Dok dom f1fo s
the total number operator. The number of electrons per k-point is given by v + 1
and we subsequently refer to v as the filling factor. Note that in this convention, the
particle filling is reported with respect to the charge neutral point. Since there are
only two bands per k-point, the only non-trivial integer value for the filling factor
is ¥ = 0, which is also called the integer filling case (or the particle-hole symmetric
case) of the IBM model in the spinless, valleyless regime.

The main object of interest in this work is the one-particle reduced density matrix
(1-RDM) corresponding to the ground state |¥) defined as

[P = (W flae S 0) - (4.6)

We emphasize that the 1-RDM is well-defined in the entire moiré reciprocal space
due to the periodic extension in Eq. (4.3). Using the 1-RDM, we find that for any
k, k' in the moiré reciprocal space,

(U1 Frae | = P(K)m, Z Ok kG- (4.7)

GelL*

The quartic term H; describes the (screened) Coulomb interaction via the two-
electron repulsion integrals (ERI) denoted by (mk, m'k’|nk”, n'k"”"). The coefficients
of the quadratic term can be written as

h(k) = hem(k) — heu(k), (4.8)

where [hgm(K)]mn = €3M(k)d,., is given by the BM band energy. The second term
hsub(k) is called the subtraction Hamiltonian, which removes the double-counting
of the Coulomb interaction within the flat bands, and is defined in terms of the
Hartree-Fock potential (see Section [4.3)). The derivation of the Coulomb interaction
term is presented in 77.
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4.3 Computational methods and implementation

Hartree-Fock Theory

The Hartree-Fock approximation is the starting point for various correlated electronic-
structure methods [35]. The underlying assumption is that the many-body wavefunc-
tion takes the form of a Slater determinant, i.e.,

Us) = H H bl |vac) (4.9)

k i€occ

where |vac) is the vacuum state, and
bhe =D FirZnilk) (4.10)

defines the creation operator for the Hartree-Fock orbitals for each k € Q*.
For integer filling, the number of occupied orbitals per k-point is v + 1 (indexed
by occ). The 1-RDM associated with a given Slater determinant |¥g) is then

[P m = (s| flacfard Us) = D Eni(k)Epi(K). (4.11)

i€0cc

Following the standard derivation of Hartree-Fock theory (see e.g., |93, 67]), we begin
with the characterization of the Hartree-Fock energy, i.e.,

(HF)
Eur = 113111/\131 Tr[PH] = Irjrg\r}tg )(P), (4.12)
where M is the set of 1-RDMs associated with the possible single Slater determinants
of the system. A common way to seek the solution to Eq. - ) is by finding a
stationary point of EHF) , which is equivalent to diagonalizing the Fock operator [93]
a [P] = Hy + VHF[P] Where Vir [P] is the Hartree-Fock potential.

The Hartree-Fock potential can be written in terms of the so-called form fac-
tor matrix, Ax(q + G). Simply speaking, the form factor is given by the Fourier
coefficients of the pair product of the periodic Bloch functions of the BM model

{tni}

This matrix is calculated via the following formula (see ?77):

1
[Ar(d+ G)]onn = Ml > un(k,GLounk+q+G,G Lo l).  (4.13)
G’el* o)l
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With this definition, the Hartree-Fock potential takes the compact form

Vie[P] = J[P] = > fhlont[P1O) o fres (4.14)

keQ*

where the matrix elements are given by

[vhf[P mn |Q| Z V ( Z Tr Ak’ (k/)]> [Ak(G>]mn

Ge]L* k’eQ

mw > Via it [PO& + @)t s (=)

q’ m/'n’

(4.15)

We here employ the quantum chemistry notation where Hj is the core Hamiltonian,
J [-] and K [-] are the Coulomb and exchange operators, respectively. For complete-
ness, the derivation of the expressions of J[-] and K[-] are given in ??. This non-linear
eigenvalue problem is then determined by self-consistently evaluating the 1-RDM [55].
In quantum chemistry discussions of Hartree-Fock theory, it is also common to
require that ka commutes with the electronic spin operator S,. When no such
restriction is used, the theory is termed generalized Hartree-Fock theory (GHF). In
the current treatment, the electronic spin is fully polarized. However, there is a
pseudospin variable, namely the sublattice index . We will have no restriction that
fzk commutes with the sublattice pseudospin operator. Thus we will refer later to
carrying out GHF calculations, in the sense of no restriction on the pseudospin.

Subtraction Hamiltonian

Since the BM band energies already take the electron-electron interaction between
the two layers of graphene into account, the screened Coulomb potential in the IBM
model would double count such interactions. As a remedy, one can introduce a
subtraction Hamiltonian, see Eq. . At the level of Hartree-Fock theory [12],
this subtraction Hamiltonian can be evaluated by means of the Hartree-Fock po-
tential Eq. with respect to an a priori chosen reference density P, i.e.,
hewp(k) = wvpe[P°)(k). Then, since the mapping P > wvye[P] is linear, the Fock
operator including the subtraction part, denoted Fsub, can be written as

Fup[P(K)] = FIPK)] = Vip[P°(K)] = Y Y flhen ()] fo + Vi [SP(K)]

(4.16)
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where 0P (k) = P(k) — P°(k).

Following Eq. , P°(k) should be interpreted as the coefficients of the reference
density matrix in the BM band basis. The choice of a reference density matrix P°(k)
is not unique and should also be viewed as part of the IBM model. For instance, in

Ref. ]9} 98], the choice is

Pok) = %1, (4.17)

which is called the average scheme, and can be justified when the particle-hole sym-
metry is conserved or weakly broken. In Ref. [109, [12, 80|, P°(k) is obtained by
projecting the zero temperature limit of the density matrix corresponding to two
decoupled graphene layers to the BM band basis of the TBG system; this is referred
to as the decoupled scheme. In the computational simulations presented here, we
follow the procedure used in Ref. [86], where terms from the frozen negative energy
sea of the BM model are not included in the decoupled subtraction Hamiltonian
(cf. [80, Eq. 2]). For additional details on the different decoupled schemes used in
the literature, see ?7?.

The zero temperature limit ensures that P° is uniquely defined even if some of
the band energies of the two decoupled graphene layers may become degenerate.
Furthermore, the choice of P° is only used to define the quadratic part of the IBM
Hamiltonian and is assumed to be independent of the filling factor . Unless other-
wise specified, we adopt the decoupled scheme in all calculations.

Coupled Cluster Theory

Coupled cluster theory is one of the most widely used post-Hartree-Fock correlated
wavefunction methods in quantum chemistry |2} 35|.
In this ansatz, the ground-state wavefunction takes the form

W) = "] D), (4.18)

where

T(t)=> t,X, (4.19)

is the cluster operator determined by the cluster amplitudes t, and |®¢) is a cho-
sen reference Slater determinant (most commonly the Hartree-Fock solution). The
operators X, are the excitation operators with respect to the chosen reference |®),
ie.,

= Xt = af Lal ag,...a,, (4.20)
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where, for the sake of compactness, we have combined the occupied orbital indices
{i;} and virtual orbital indices {@;} in the multi-index . The ground-state energy
can then be computed as

E(t) = (Dole™ "W He ™| D). (4.21)

The cluster amplitudes t are determined by the coupled cluster equations, i.e., a set
of polynomial equations of at most degree four (given at most quartic terms in the
Hamiltonian) with respect to t:

0= F,(t) = (0| X e TP H®|Dg), . (4.22)

More compactly, Egs. (4.21) and (4.22) can be combined in the coupled cluster
Lagrangian

L(t,A) = Et) + (N F(t)) = (| (I + AN))e IO HeT® D), (4.23)

where

AN =D NX] (4.24)

The states [eT®®q) and (Po(I + A(N))eT®)| are commonly referred to as the right
and left coupled cluster solutions, respectively. The N-RDM in coupled cluster theory
is given by

oce(t,A) = [eTW D) (Do (1 + A(X))e TO)| (4.25)

ensuring that Tr[Hocc(t, X)] = E(t). The corresponding 1-RDM is then given by
[Pec(t, A)p.q = (Po(I + AN))e™ " alage™ ™ dp), (4.26)

see 35| for more details. We emphasize that this ansatz, in its untruncated form, is
equivalent to the full configuration interaction method (i.e., the exact diagonaliza-
tion method) |70, 83, 51|, and is thus computationally infeasible for large systems.
In the past decades, different levels of approximation have been suggested to reduce
computational complexity (see e.g., |2 |18, |76, [68]). The variant used in the subse-
quent simulations (and arguably one of the most widely used approximate versions
of coupled cluster theory) is the truncation of the cluster operator in Eq. to
only contain one-body and two-body excitations, also known as the coupled cluster
singles and doubles (CCSD) method. Note that due to the exponentiation of the
cluster operator, the corresponding wavefunction expansion in Eq. will still
contain contributions from higher excited determinants. One of the central benefits
of the exponential ansatz is that it ensures that the energy is size consistent and size
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extensive, in particular, for (rank complete) truncations of T such as in CCSD |[35].
As in the Hartree-Fock discussion above, we place no restrictions on the (pseudo)spin
properties of the excitation operators. Thus we work with the generalized CC ansatz
in this work.

Aside from steering the accuracy of the CC approach directly through truncations
of the cluster operator in Eq. (4.19)), great effort has been put into developing methods
that improve the CCSD energy by means of simple, state selective, non-iterative
energy corrections that, when added to the CCSD energy, improve the energy of the
electronic states of interest [81} 77, 64, |75} 40, 50, 28|. This includes the CCSD(T) [81]
method, which yields a perturbative non-iterative energy correction that accounts for
the effect of triexcited clusters (i.e., triples) using arguments based on the many-body
perturbation theory.

Implementation in PySCF

We use the Python-based Simulations of Chemistry Framework (PySCF) [91] [92]
to perform calculations for the IBM model in Eq. (4.4, which can be defined as
a ‘“customized Hamiltonian” accessed through the one- and two-electron integrals
referred to as hle and eri. These integrals are complex-valued, therefore, minor
adjustments to PySCF need to be made to enable calculations using these customized
Hamiltonians. We also use the “molecular” formulation in PySCF, i.e., the hle
and eri are stored without taking advantage of the k-point symmetry [68]. This
can increase the storage cost by a factor of Ny, and the computational cost by a
polynomial of Ny. Interfacing the k-point symmetry (periodic boundary condition
or “pbc”) modules of PySCF is possible and is left here for future work.

Once hle and eri are constructed, the PySCF software package allows us to
perform GHF and GCCSD calculations on the same footing with a simple code
structure. Here is an example:

from PySCF import gto, scf, cc

def get_veff (mol, dm, *args):
vj, vk= scf.hf.dot_eri_dm(eri, dm)
return vj- vk

mol= gto.M()
mol.incore_anyway= True
mol.nelectron= nelec

ghf _mf= scf.GHF (mol)
ghf_mf.get_hcore= lambda *args: hle
ghf_mf.get_ovlp= lambda *args: ovlp
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ghf _mf._eri= eri
ghf _mf.get_veff= get_veff

# Running GHF
ghf _mf .kernel ()

# Running GCCSD

gcc = cc.GCCSD(ghf_mf)

gcc.kernel ()

Listing 4.1: Example code running GHF and GCCSD in PySCF from precomputed
integrals.

After the calculations, PySCF also provides compact instructions to evaluate the
1-RDMs so that we can evaluate the observables to detect the symmetry breaking in
Section

Similarly, the hle and eri objects may be saved and used to define the Hamilto-
nian for the Block2 program for a QC-DMRG calculation (DMRG calculations can
be performed directly through a PySCF interface). Thus DMRG calculations can
be used to assess the same ground state as targeted by the HF and CC calculations,
and we will use such results for benchmarking in this work. Further details of the
DMRG calculations are provided in Appendix ?7?.

4.4 Symmetries

Both the BM and IBM models satisfy a number of symmetries which have been
used extensively to analyze the properties of both models, particularly in the chiral
limit |12} |9]. For TBG, the symmetries of interest are point-group symmetries, time-
reversal symmetry, and their compositions. Point-group symmetries are unitary and
time-reversal symmetry is antiunitary. Some relevant symmetries in the valley and
spin-polarized BM and IBM models are summarized in Table [4.1]

In this section, we propose a set of gauge-invariant order parameters which can
be used to detect spontaneous symmetry breaking in the 1-RDM P(k). Our final
results are summarized in Table {.2l We defer proofs of the claims given in this
section to 7777,

Detecting Symmetry Breaking: Unitary Case

We begin by considering the simpler case of unitary symmetries. For a point-group
symmetry g, due to the properties of the Bloch transform, there exists a unitary
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Symmetry | Real space Momentum space | Type
Cs, swap sublattice | swaps valleys;

k —- -k Unitary
Cs, rotate by 120° | k — (C3.k Unitary
T swaps valleys:

k —- -k Antiunitary
Co. T swap sublattice | k — k Antiunitary

Table 4.1: Some relevant symmetry operations for the spinless, valleyless IBM model.

D(g), called the representation matriz, so that the creation operators, cL, transform
via the rule

(98kg~ (@) =Y & (@)[D(9)]aas

(4.27)
(909 )(@) =) ea(@)[D(9)]i o

For instance, Cj, is a unitary symmetry, and it maps k to C5,k. Its representation
matrix in the primitive basis can be written as

27

[D(Cs.)laron,Gol = 0c,05.6 (€73 7%) g1 01 4. (4.28)

Since the IBM model is defined in terms of the band creation operators, { f:bk},
we need to determine how the symmetry g acts on the band creation operators. The
object which encodes this symmetry action is known as the sewing matriz |29, 9).
Given a set of bands {u,x} and a unitary symmetry operation g, the sewing matrix
[B(g)]x is defined as:

[B(9)lemn = (um(gk)|D(g)|un(k)) . (4.29)

Assuming [B(g)]k is unitary, the band creation operators transform under g by the
rule (see ?7):

9fha™ = Il [ B@)omn,
A . (4.30)
9fkg™ =Y FrngklB(9) Ticmn-



CHAPTER 4. QUANTUM CHEMISTRY APPROACH 91

The unitarity of [B(g)]x is satisfied when the energy bands {u,x} are isolated, i.e.,
there is an energy gap between the chosen bands and the rest of the energy bands
(77).

Using this transformation rule and recalling that the 1-RDM for a state [¥) is de-
fined by [P(K)]mn = (¥|f1 fruk|¥), we can conclude that if the following commutator-
like quantity

)= BPE B~ Poo)
= [IP(gk)[B(9)l — [B( e P(K)|

does not vanish, then the 1-RDM breaks the symmetry g. Here ||-|| can be any
unitarily invariant norm. Additionally, it can be shown that Cx(g) is invariant under
gauge transformations of the band creation operators (see 77).

(4.31)

Detecting Symmetry Breaking: Antiunitary Case

We now turn to consider the case of antiunitary symmetries. Any antiunitary sym-
metry g can be written as ¢ = gKC. Here ¢ is a unitary symmetry and X is complex
conjugation satistying K(a |G, 0,l)) = a*|G,0,!l) for any a € C. For an antiunitary
symmetry gk, we define the representation matrix as D(gK) := D(g). For instance,
Cy. T is an antiunitary symmetry. It satisfies (Cy,7T )k = k, and its representation
matrix in the primitive basis can be written as

[D(C2.T)]cor.Got = 06,6 (0x) o’ 001 1- (4.32)

Given a set of bands {u,(k)} and an antiunitary symmetry operation gk, the
corresponding sewing matrix [B(g/C)]x is defined by the formula:

[B(9/C)]imn = (un(gk)|D(g) |ur, (k) - (4.33)
As before, when these bands are isolated, [B(gK)]x is unitary (??) and the band
creation operators transform under gk by the same rule as in Eq. (4.30)).
Similar to calculations to the unitary case, if the following commutator-like quan-
tity
Ci(9K) = [|[B(9K)i P(9k)*[B(9K)]x — P(k) |
— | P(gK) Bk — [B(gOhP )]

does not vanish, then the 1-RDM breaks the antiunitary symmetry g/C. Further-
more, Cx(gK) is invariant under gauge transformations of the band creation operators
(see 77).

(4.34)
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Sewing matrix Order parameter

Unitary (g) (um (9K)|D(g)|un(k))  [[P(gk)[B(9)lk — [B(g)k P(K)]
Antiunitary (gK) | (um(9k)[D(g)|uy (k)  [[P(9k)[B(gK)k — [B(gK)hP (k)|

Table 4.2: The definitions of the sewing matrix and symmetry order parameter for
a unitary symmetry g and an antiunitary symmetry g/C.

Connection with the (5.7 order parameter in the Chern band
basis

Let us also show the connection between Cy(Co.T) and the order parameter used in
[86] using a particular gauge fixing called the Chern band basis. According to the
gauge choice of the Chern band basis, the sewing matrix takes the form

[B(Co. Tk = Uzeio(k) .

The sewing matrix in this basis resembles the representation matrix in the primitive
basis in Eq. (4.32)), except that 6(k) is a k-dependent phase factor. In this basis, the
Cs, T symmetry breaking can be detected by computing

v:(k) = Tr[P(k)o,] = Pi1(k) — Py(k). (4.35)
Note that the commutator for the (.7 symmetry satisfies

Py (k) — Pio(k)*  Pao(k) — Pll(k)>

P(k)[B(Co. Tl — [B(Co. TP (k)" = €® (Pll(k) — Pu(k) Pi(k) - Pu(k)*

where we have used the fact that Pj;(k) and P (k) are real. Therefore 7, (k) can be
interpreted as checking the magnitude of the off-diagonal element of the commutator
in the Chern band basis. However, the order parameter 7, (k) is designed specifically
for the Chern band basis and C5,7T symmetry, and does not generalize to other band
bases and other symmetries. On the other hand, the commutator can be used with
any symmetry of interest and works for any band basis.

4.5 Numerical results

Throughout our tests, we will use k-mesh of size (n,,n4,), and we always fix n, =
2ny,. The number of G vectors is controlled by the number of shells ngen, which
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Figure 4.2: A plot of the moiré reciprocal lattice points included for ng,ys = 2,4, 6
with the two valleys (K, K~) and the Gamma point (I';,p7) marked. Note that the
points are closed under Cs, rotation and can be given by the formula { G i¢[m, n]
Im + n| < Ngpens, (M, n) € Z*} where Geire is the generating matrix for the moiré
lattice.

specifies a number moiré reciprocal lattice vectors used in the interlayer coupling
term in the BM model (see Fig.[4.2). The number of included moiré reciprocal lattice
vectors is bounded by 3(ngen + 1)?. The inverse temperature used in the decoupled
subtraction scheme (??) is 8 = 1000 eV '. We express Cy(C.7T) in Eq. in
the spectral norm, and report the order parameter averaged over the number of k-
points. We begin by studying the convergence of the IBM model with respect to
discretization parameters in Section [£.5] Then we report the results of HF and post-
HF calculations in the integer filling regime in Section and compare the effects
of different subtraction schemes in Section .5 Finally, we report the effects that
initialization has on HF and post-HF calculations in the non-integer filling regime
in Section (.5

Convergence of parameters at the Hartree-Fock level

As mentioned in Section 4.3 we do not exploit k-point symmetry in our current
implementation using PySCF. As such, for larger k-meshes we incur significantly
higher memory costs as compared to code which does exploit this symmetry. For our
convergence tests, we test system sizes ng, = 4, 8,12 exclusively using PySCF, and
system sizes ny, = 16,20 are tested using a separate code used in Ref. [86].

In Fig. [£.3a], we show the results of testing the convergence of Hartree-Fock energy
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with respect to the number of shells ng,on = 2,4, 6, 10 at ratios wg/w; = 0,0.3,0.6,0.9
with the k-mesh fixed to ny, = 12. In Fig. £.3b] we show the results of the con-
vergence test of Hartree-Fock energy per electron with respect to the number of
k-points ny, = 4,8,12,16,20 at ratios wo/w; = 0.0,0.3,0.6,0.9 with the number
of shells fixed to ng,en = 6. The energy differences reported in Figs. and
are the differences between consecutive energies of ng,.; and ny, , respectively. From
these experiments, we find that the choice n;, = 8 and ng,en = 8 provides a good
compromise between accuracy and required computation time.

Aside from the Hartree-Fock energy, we investigate the convergence of the HOMO-
LUMO gap with respect to the number of k-points ny,, = 4,8,12, 16, 20, see Fig.[4.4a]
The computations suggest that when wgy/w; = 0.9, the band gap is significantly
smaller than its value when wg/w; < 0.7 (~ 30 meV), and that the gap decreases as
the Brillouin zone sampling refines. By extrapolating to the thermodynamic limit,
we find that the limiting value of the band gap when wy/w; = 0.9 is 3meV, see
Fig. (b). On the other hand, when wy/w; = 0.9, the fact that the two band,
single valley model has a nonzero Wilson loop winding number [89] combined with
the numerical observation that the density matrix preserves the Cs, 7 symmetry, im-
plies that the Hartree-Fock gap must close somewhere in the Brillouin zone [1]. To
verify this statement, we perform an additional non-self-consistent Hartree-Fock cal-
culation with a fine Brillouin zone sampling scheme (see ??). This confirms that the
Hartree-Fock gap should indeed vanish, and the residual value of the 3 meV band
gap should be attributed to the extrapolation error from finite-size self-consistent
Hartree-Fock calculations.

Integer filling

We here present HF, CCSD, CCSD(T), and DMRG calculations for twisted bilayer
graphene at integer filling, i.e., ¥ = 0 which amounts to one electron per moiré
site. The subsequently presented results are obtained for a discretization of TBG
using ng, = 2ng, = 8, ngen = 8, and using the decoupled subtraction scheme.
The computations are performed for different ratios of the interlayer moiré potential
parameters, i.e., wo/wy € [0,0.95]. The correlation energy per moiré site is defined to
be the difference between the total energies from the correlated wavefunction method,
i.e., CCSD, CCSD(T), or DMRG, and the HF energy. All energies are reported per
moiré site.

Fig. shows that the total energy is not monotone with respect to ratio wg/wy,
and attains a maximum at around wg/w; = 0.5. However, the correlation energy
monotonically decreases with respect to the ratio until wy/w; = 0.8, see Fig. .
The magnitude of the correlation energy per site is small, which qualitatively agrees
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Figure 4.3: @ The convergence test of Hartree-Fock with respect to the number of
shells ngpen at ratio wo/w; = 0.0,0.3,0.6,0.9. ny, = 2ny,, = 8 is fixed. (]ED The
convergence test of Hartree-Fock with respect to the number of k-points ny, = 2ny,
at ratio wo/w; = 0.0,0.3,0.6,0.9. ngen = 6 is fixed. Calculations with ny, = 4,8, 12
are computed using the molecular structure module provided by PySCF, while

ng, = 16,20 are computed using a separate code exploiting k-point symmetry.

with the theoretical prediction that the correlation energy vanishes (i.e., Hartree-
Fock theory gives the exact ground state energy) at the chiral limit [12]. However,
the reason why the correlation energy does not exactly vanish at the chiral limit is
due to the choice of the subtraction Hamiltonian, which we elaborate on in more
detail in Section 4.5l Compared to the energy evaluated at the CCSD level, the ad-
ditional correlation energy obtained by CCSD(T) is negligible, see Fig.[4.5b Further
comparison of the CCSD and CCSD(T) energies with DMRG energies extrapolated
to the infinite bond-dimension limit shows that CCSD and CCSD(T) recover 95.4—
100% and 98.5-100% of the correlation energy, respectively. Note that due to the
high computational cost, we only compute extrapolated DMRG results for every
other point in Figs. and this suffices since there are no significant details
in the intermediate range.
We also report the Fermi-Dirac entropy per moiré site:

1

nkxnky

(4.36)

SFD:_

Z (pilnp; + (1 —p;) In(1 - p;)),

where {p;} are the eigenvalues of the 1-RDM. By construction, Spp = 0 in the
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Figure 4.4: @ Convergence test of the HOMO-LUMO gap with respect to the
number of k-points ny, = 2n;, at ratio wo/wy = 0.0,0.3,0.6,0.9. ngen = 6 is fixed.
Calculations with ny, = 4,8,12 are computed using the molecular structure module
provided by PySCEF. (]ED Extrapolation of the HOMO-LUMO gap as a function of
Nk, at wo/wi = 0.9. The fitted function is f(x) = ¢ + ¢ where a = 101, and ¢ = 3.
The residual value of the 3 meV band gap at the thermodynamic limit should be
attributed to the extrapolation error from finite-size self-consistent Hartree-Fock
calculations.

Hartree-Fock theory. We find that the Fermi-Dirac entropy is between 0.009 and
0.032 from the DMRG calculations. This reveals that the solutions for all parameter
ratios are close to being single Slater determinants.

Investigating the HOMO-LUMO gap, we observe a gap closing as we transition
from the chiral limit to wy/w; = 1, see Fig. [4.6, The HOMO-LUMO gap closes
around wp/w; = 0.85, indicating a transition from an insulating to a metallic phase.
This is in agreement with the finding in Fig. [f.4a]

Next, we investigate the effect of electronic correlations on the order parameter
Ck(C5.T) in Eq. (4.34). Fig. reports the Cy, T order parameter as a function of
the ratio wg/wy, which shows a transition from the C5,7 broken phase to a Co, T
symmetric phase, and the phase transition occurs around wg/w; = 0.8. This agrees
with the result in [86], where the order parameter uses the expression Eq.
in the Chern band basis. Fig. [£.7b] shows that compared to CCSD, HF slightly
overestimates the symmetry breaking, and the difference between HF and CCSD
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Figure 4.5: @ The HF, CCSD, CCSD(T), and DMRG (bond-dimension is

BD = 1200 and extrapolated to the infinite bond dimension limit [DMRG (extr.)])
energies per moiré site in meV as a function of the ratio wo/w;. (b)) The absolute
value of CCSD, CCSD(T), and DMRG (bond-dimension BD = 1200 and
extrapolated to the infinite bond dimension limit [DMRG (extr.)|) correlation
energies in meV per moiré site as a function of the ratio wg/w;.
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Figure 4.6: The HOMO-LUMO gap as a function of the ratio wq/w;.

decreases as the ratio wy/w; increases.
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Figure 4.7: @ The HF and CCSD (5,7 symmetry predictions as a function of the
ratio wo/ws. (b)) The absolute value of the difference of the Cy, 7 symmetry
characteristic of CCSD and the HF as a function of the ratio wg/w;.

Model discrepancies due to the subtraction Hamiltonian

To assess the effect of the subtraction Hamiltonian obtained from the decoupled
scheme, we report the results using another subtraction Hamiltonian obtained from
the average scheme (see Section [4.3). We demonstrate the differences of the total
energy and the C5, 7T order parameter. Additionally, we compute and compare the
effect of the subtraction Hamiltonians on the band structure, see ?7.

Comparing energies at the HF and CCSD level of theory we first note that using
the decoupled scheme yields a more pronounced maximum in the energy, i.e., the
curvature around the maximum is greater when employing the decoupled scheme,
see Fig. Moreover, we observe that employing the average scheme subtraction
Hamiltonian yields an overall lower correlation energy, see Fig. [4.8D] Interestingly,
both subtraction Hamiltonians yield a similar amount of electronic correlation near
wo/wy > 0.8. Aside from the magnitude of the correlation, we find that the elec-
tronic correlation increases as a function of wy/w; when using the average scheme
subtraction Hamiltonian whereas the electronic correlation decreases as a function
of wy/w; when using the decoupled scheme subtraction Hamiltonian.

The different subtraction Hamiltonians also affect the order parameter, see Fig.[4.9]
We observe a very clean first-order phase transition when employing the average
scheme subtraction Hamiltonian whereas the decoupled scheme subtraction Hamil-
tonian yields a more continuous transition. This agrees with earlier numerical results
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Figure 4.8: @ The HF and CCSD energies per moiré site in meV as a function of
the ratio wg/w; for decoupled and average scheme subtraction Hamiltonians. (]ED
The absolute value of CCSD correlation energies in meV per moiré site as a function
of the ratio wy/w; for decoupled and average scheme subtraction Hamiltonians.

in [43, Fig. 6]. Correlation effects on the order parameter appear to be larger in the
decoupled scheme near the chiral limit, see Fig. [£.9b]

In the non-integer filling regime, we observe that the decoupled and average
scheme subtraction Hamiltonian yield qualitatively similar results, see Fig. [£.10a]
We here initialize the HF computations with a one-particle reduced density matrix
following [86]. We find that for the decoupled scheme subtraction Hamiltonian,
the total energy changes more rapidly with respect to v (i.e., a larger curvature in
v), and the energy correction through post-HF methods is smaller than the energy
corrections using the average scheme, i.e., using the decoupled scheme subtraction
Hamiltonian yields stronger electronic correlation effects.

Non-integer filling

We now proceed to HF, CCSD, CCSD(T), and DMRG calculations at non-integer
fillings. The subsequently presented results are again obtained for a discretization
of TBG using ng, = 2ng, = 8, ngen = 8. The TBG is here modeled with nee. €
{26, 28, 30, 32, 34, 36, 38}, i.e., with a filling factor of v = nee./32 — 1, and |v| <
0.2. We moreover fix the initialization of the HF calculations following [86] while
adjusting the particle number correspondingly. We will investigate the effect of
correlated methods first by varying the filling factor v at the chiral limit, and then
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Figure 4.9: @ The HF and CCSD C,, T symmetry predictions as a function of the
ratio wy/w; for decoupled and average scheme subtraction Hamiltonian. (]ED The
absolute value of the difference of the C5,T symmetry characteristic of CCSD and

the HF as a function of the ratio wg/w; for decoupled and average scheme
subtraction Hamiltonian.
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Figure 4.10: @) The HF and CCSD energies per moiré site in meV in the chiral limit
as a function of the filling for decoupled and average scheme subtraction Hamiltonian.
(]ED The CCSD energy correction per moiré site in meV in the chiral limit as a function
of the filling for decoupled and average scheme subtraction Hamiltonian
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by varying both the filling factor v and the interlayer coupling ratio wg/w;. In the
next subsection, we will see that the “true” HF global minimum can be sensitive to
the initial guess and difficult to reach. Hence, we will refer to the difference between

post-HF' energies and the HF energy only as an “energy correction” rather than the
“correlation energy”.

Energy per site Energy correction per site
HF
> —86 2 CCSD
g g - CCSD(T)
= = DMRG
5 -88 5 (BD=1200)
& & DMRG
(extr.)
-90
-1.04 ‘ ‘ : :
-0.2 -0.1 0.0 0.1 0.2 -0.2 -0.1 0.0 0.1 0.2
Filling (v) Filling (»)
(a) wo/w1 =0 (b) wo/w; =0

Figure 4.11: @) The HF and CCSD, CCSD(T), and DMRG energies per moiré site
in meV in the chiral limit (wo/w; = 0) as a function of the filling. (b) The CCSD,
CCSD(T), and DMRG correlation energies per moiré site in meV in the chiral limit
as a function of the filling.

At the chiral limit, Fig.[4.11aland [4.11b|show that the energy correction by means
of post-HF methods increases as v deviates from 0. However, DMRG benchmark
computations reveal that the Fermi-Dirac entropy in Eq. is very small for all
filling factors under consideration (see Table [4.3)). This indicates that the solution is
relatively well described by a single Slater determinant, and thus by the HF theory.

Filling (v) | -0.188 -0.125 -0.062 0 0.062 0.125 0.188
SFD 0.067 0.051 0.107 0.033 0.107 0.052 0.069

Table 4.3: Fermi-Dirac entropy of the DMRG computations with bond dimension
1100 in the chiral limit for different fillings v.

We find that at this point, DMRG calculations are too expensive to be applied
to evaluate the entire 2D phase diagram. Hence we investigate the landscape of the
energy correction provided by CCSD with respect to the filling and the ratio wq/wy,



CHAPTER 4. QUANTUM CHEMISTRY APPROACH 102

we observe that the magnitude of the energy correction increases with respect to
| (see Fig. [.124]). Note that Fig. is on a logarithmic scale, that is, we here
depict the absolute values of the obtained energy corrections. The computed energy
corrections are consistently negative. We also investigate the HOMO-LUMO gap
landscape with respect to the filling and the ratio wg/w; in Fig. . We observe
that the HOMO-LUMO gap reaches its maximum at the chiral limit at v = 0. When
transitioning into the fractional filling regime (i.e., at |v| > 0.0625), the HOMO-
LUMO gap decreases by one order of magnitude, indicating a metallic phase.

CCSD energy correction per site/ meV HOMO-LUMO gap/ meV
0.8 - 30
506 | Tos
3 3 20
2 2
004 0.4
3 52 10
0.2
0
0.0 i ) -0.1 0.0 0.1

Fllllng (v) Filling (v)
(a) (b)
(]ED Phase diagram of the HOMO-LUMO gap in meV with respect to the filling and
the ratio wq/wy.
@ Phase diagram of the HOMO-LUMO gap in meV with respect to the filling
and the ratio wp/w;.

Figure 4.12: @) Energy surface of the CCSD energy correction per moiré site in
meV with respect to the filling and the ratio wg/w;.
(]ED Phase diagram of the HOMO-LUMO gap in meV with respect to the filling and

the ratio wg/w;.

In Fig. we report the phase diagram of the order parameter for the Cy, T
symmetry with respect to the filling v and the ratio wy/w;. We find that the dif-
ference between the order parameters obtained by HF and CCSD also increases as
|v| deviates from 0, but the phase diagrams qualitatively agree with each other,
see Fig. The phase diagram indicates that the location of the phase transition
from a (5,7 broken phase to a C5,7 symmetric phase is a function of the filling
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Phase diagram of C5,7 symmetry predictions at the HF level of theory. The dotted
red line indicates the phase transition as a function of the filling v. (]EI) Phase
diagram of the difference of Cy,T symmetry predictions comparing CCSD and HF.
The dotted red line indicates the phase transition as a function of the filling v.

Phase diagram of C5.7 symmetry predictions at the HF level of theory. The
dotted red line indicates the phase transition as a function of the filling v. (]ED Phase
diagram of the difference of Cy,T symmetry predictions comparing CCSD and HF.
The dotted red line indicates the phase transition as a function of the filling v.

Figure 4.13: @)
Phase diagram of C5,7 symmetry predictions at the HF level of theory. The dotted

red line indicates the phase transition as a function of the filling v. (b)) Phase
diagram of the difference of C5,T symmetry predictions comparing CCSD and HF.
The dotted red line indicates the phase transition as a function of the filling v.

v. We highlight this dependence with a dotted red line in Fig. [4.13b] Recall that
at integer filling, the system is either in a C5, T symmetry breaking and insulating
state, or in a Cy,T trivial and metallic state . However, in the non-integer filling
case, we find that the system can be in a C5, 7 symmetry breaking and metallic
state. We also find that the difference between CCSD and HF is negative except for
a few points on the phase diagram, indicating that HF tends to slightly over-polarize

the C5,7T order parameters.
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Impact of the Initial One-Particle Reduced Density Matrix

In the previous section, we employed a particular initial 1-RDM for the HF calcula-
tions. We now investigate the effect of the initial guess, by drawing initial 1-RDMs
from three different schemes:

Scheme 1 Generate 1-RDM from a random distribution.

Scheme 2 Construct 1-RDM from a random distribution and enforce translation
symmetry.

Scheme 3 Build 1-RDM from the band structure at the charge neutrality point and
enforce translation symmetry.

Specifically, Ref. |7] finds that with the average subtraction scheme and at the
chiral limit wq/w; = 0, the charge 1 excitations from the charge neutrality point can
be derived analytically. The charge 41 state can be identified with the Hartree-Fock
state by adding an orbital at the conduction band minimum (CBM), and the charge
—1 state with the Hartree-Fock state by removing an orbital at the valence band
maximum (VBM), respectively. We generalize this observation to larger dopings by
adding / removing |v| Ny orbitals in the conduction / valence bands to obtain an
initial guess in Scheme 3. We then introduce a small amount of numerical noise by
adding Gaussian random matrices, and impose physical constraints (pure state and
translation symmetry conditions).

We perform computations at the HF and CCSD level of theory for different fillings
in the chiral limit. At half-filling, HF and CCSD can robustly converge to the global
minimum for all three schemes. On the other hand, the outcome obtained away from
the charge neutrality point can vary significantly depending on the method used to
generate the initial guess. When we draw the initial 1-RDM from Scheme 1, even
after employing various techniques in quantum chemistry calculations (e.g., level-
shifting, second-order optimizers, and temperature annealing), the HF result can still
depend on the initial random guess, indicating the existence of multiple local minima.
The energy differences of these local minima are small, but the magnitude of these
differences can be comparable to that of the CCSD energy correction (see Figs. [4.14a
and .

Figs. and illustrate that that the magnitudes of the energy fluctua-
tion in Scheme 1 (random initial guess without translation symmetry) and Scheme 2
(random initial guess with translation symmetry) are comparable. Remarkably, the
physically motivated initial guess (Scheme 3) significantly reduces the energy fluctu-
ation across all independent runs and provides consistent Hartree-Fock and CCSD
energies.
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Figure 4.14: Boxplot showing the initial 1-RDM dependence of energy calculations
at the HF level of theory for 20 random initializations from @ Scheme 1, (]ED Scheme
2, and Scheme 3.
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Figure 4.15: Boxplot showing the initial 1-RDM dependence of energy calculations
at the CCSD level of theory for 20 random initializations from @ Scheme 1, (]ED
Scheme 2, and Scheme 3.

While there are many local minima that are energetically close to the ground
state, the amount of variation in the gauge-invariant C5,7 order parameter can be
significantly larger for many initial guesses. This is the case both for HF and CCSD
calculations. As depicted in Figs. and [£.17], enforcing the translation symmetry
(Scheme 2) reduces the magnitude of the fluctuation in the Cy, 7T order parameter,
and consistent order parameters can be obtained using the physically motivated
initialization strategy as in Scheme 3.

Fig. [4.18shows the 2D HF phase diagram obtained by performing 15 independent
calculations and evaluating the Cs, 7 order parameter from the lowest energy state.
The resulting phase diagrams qualitatively agree with that of Fig. Despite the
existence of multiple local minima causing numerical fluctuations in the C5.7 order
parameters at different points in the phase diagram, the qualitative features of the
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diagram remain unchanged.

HF C,,7 symmetry boxplot (Scheme 1) HF C,,7 symmetry boxplot (Scheme 2) HF C,,7 symmetry boxplot (Scheme 3)

0.8 = 0.8 0.8
g - -

0. R 0.6 = = 0.6

0.4 . 0.4 % 0.4

0.2 ° . ° 0.2 0.2

0.0 0.0 0.0

[=2]

7 -0.19 -0.12 -0.06 0.0 0.06 0.12 0.19 7 -0.19 -0.12 -0.06 0.0 0.06 0.12 0.19 " -0.19 -0.12 -0.06 0.0 0.06 0.12 0.19
Filling (v) Filling (v) Filling (v)
(a) (b) ()

Figure 4.16: Boxplot showing the initial 1-RDM dependence of C5,7T calculations at
the HF level of theory for 20 random initializations from @ Scheme 1, (]ED Scheme
2, and Scheme 3.
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Figure 4.17: Boxplot showing the initial 1-RDM dependence of C5, T calculations
at the CCSD level of theory for 20 random initializations from @ Scheme 1, @
Scheme 2, and Scheme 3.

To further study the behavior of the local minima and robustness of the numerical
methods, we extract two 1-RDM initializations from the above performed experiment
at filling v = —0.125 that yield different C5.7 order parameters, and we perform
DMRG calculations with bond dimension 1800 using Scheme 1. We find that the
result from DMRG is close to that of HF and CCSD in this regime, in terms of
the energy and the value of the C5,7 order parameter. In particular, the DMRG
results are also sensitive to the choice of the initial guess, see Table 1.4, Both CCSD
and DMRG calculations show that the Fermi-Dirac entropy of these local minima is
consistently low, suggesting that the solution is again close to being a single Slater
determinant.
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Figure 4.18: Phase diagram of C5, T symmetry predictions at the HF level of theory
from @ Scheme 1, (]E[) Scheme 2, and Scheme 3. The dotted red line indicates
the phase transition as a function of the filling v.

Initialization || Method E Co.T | Sep | €corr
Sample 1 HF -87.522 | 0.81 | 0.00
CCSD || -87.865 | 0.64 | 0.14 | -0.343
DMRG || -87.823 | 0.78 | 0.10 | -0.301
Sample 2 HF -87.426 | 0.33 | 0.00
CCSD || -87.832 | 0.22 | 0.14 | -0.404
DMRG || -87.747 | 0.31 | 0.09 | -0.321

Table 4.4: Energy, Cs,T order parameter, and Fermi-Dirac entropy using two in-
stances of initialization from Scheme 1 and different methods at filling v = —0.125.
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Chapter 5

Conclusion

In this dissertation, we demonstrate the fruitful application of correlated quantum
chemistry techniques to study interacting models of the magic angle TBG system.
We compare Hartree-Fock, coupled cluster, and DMRG calculations for ground state
properties at both integer and non-integer fillings within a spinless, valleyless IBM
model. The exploration of full-flavored IBM models, excited state properties, and
other quantum chemistry methods is also within our scope and will be pursued in
future research.

We identify model discrepancies as a significant source of uncertainty. To ad-
dress this, an ensemble of interacting models may be required to cross-validate the
results. To some extent, the IBM model design inherently incorporates this model
discrepancy: starting from a non-interacting continuum BM model, we introduce
electron-electron interaction as an afterthought. A more reductionist approach would
involve commencing with an interacting electron model at the continuum level, tun-
ing parameters at a simplified level of theory (such as Hartree-Fock), and studying
electron-correlation effects by projecting the model onto a smaller number of degrees
of freedom. Such an approach ensures at least self-consistency, with all errors and
discrepancies eventually attributable to errors in the continuum model. The gauge-
invariant order parameters, which are applicable to both unitary and antiunitary
symmetries, could also be convenient in this setting since their implementation does
not depend on the choice of the basis. Methods based on quantum embedding the-
ories [31, 47, 90] may also become useful in mitigating the modeling errors and in
studying electron correlation effects in this process.

Our current implementation treats all degrees of freedom equally, including the
BM band index (or the sublattice index in the Chern band basis) and the k-point
index. It can also include other flavor indices, such as spin and valley degrees of
freedom. While this supercell treatment of the IBM model significantly reduces
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implementation efforts, proper consideration of crystal momentum conservation can
further reduce the scaling of both computational and storage costs with respect to Ny
(see e.g., |36}, 68]), and will be explored in the future. Quantum chemistry packages
are often designed to treat one particular flavor (spin). Therefore some further mod-
ifications may be needed if we would like to perform flavor-restricted /unrestricted
calculations (which generalizes the spin restricted /unrestricted calculations in stan-
dard quantum chemistry methods).

Our numerical results indicate that even in the near integer filling regime (|| <
0.2), it can be very challenging to converge to the global minima starting from
random initial guesses. This challenge extends to both mean-field theories such as
HF and DMRG calculations, which are typically considered more robust and less
sensitive to initial guesses. However, careful initialization strategies and enforcing
symmetries (such as translation symmetry) significantly improve the robustness of
the procedure. We find that in the near integer filling regime, the system can be in
a (5, T symmetry breaking and metallic phase. Nonetheless, the entropy of these
states is observed to be small, and can thus be relatively well described by a single
Slater determinant. It seems reasonable to expect that the nature of the states can
become qualitatively different as |v| increases, supported by recent findings that at
v = —2/3 (or 1/3 filling), the state of the system can be related to a fractional
quantum Hall state (FQHE) which is distinct from a Slater determinant |73].
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