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We investigate the Twisted Bilayer Graphene (TBG) model of Bistritzer and MacDonald (BM)
[Bistritzer and MacDonald, PNAS 108, 12233 (2011)] to obtain an analytic understanding of its
energetics and wavefunctions needed for many-body calculations. We provide an approximation
scheme for the wavefunctions of the BM model, which first elucidates why the BM K /-point centered
original calculation containing only 4 plane-waves provides a good analytical value for the first magic
angle (6ar ~ 1°). The approximation scheme also elucidates why most of the many-body matrix
elements in the Coulomb Hamiltonian projected to the active bands can be neglected. By applying
our approximation scheme at the first magic angle to a I'a/-point centered model of 6 plane-waves,
we analytically understand the reason for the small I'a/-point gap between the active and passive
bands in the isotropic limit wy = wi. Furthermore, we analytically calculate the group velocities
of the passive bands in the isotropic limit, and show that they are almost doubly degenerate, even
away from the I'p/-point, where no symmetry forces them to be. Furthermore, moving away from
the I'ps and K points, we provide an explicit analytical perturbative understanding as to why
the TBG bands are flat at the first magic angle, despite the first magic angle is defined by only
requiring a vanishing K ps-point Dirac velocity. We derive analytically a connected “magic manifold”
wy = 2y/1+ w3 — /2 + 3w32, on which the bands remain extremely flat as wo is tuned between
the isotropic (wo = wi) and chiral (wo = 0) limits. We analytically show why going away from
the isotropic limit by making wo less (but not larger) than w; increases the I'p- point gap between
the active and the passive bands. Finally, by perturbation theory, we provide an analytic I'as point
k - p 2-band model that reproduces the TBG band structure and eigenstates within a certain wo, w1
parameter range. Further refinement of this model are discussed, which suggest a possible faithful
representation of the TBG bands by a 2-band I'ys point k - p model in the full wo, w1 parameter
range.

I. Introduction

with the particle-hole (PH) symmetry defined in Ref. |

The interacting phases in twisted bilayer graphene
(TBG) are one of the most important new discoveries of
the last few years in condensed matter physics [1-111].
The theoretical prediction that interacting phases would
appear in this system was made based on the appearance
of flat bands in the non-interacting Bistritzer-Macdonald
(BM) Hamiltonian [1]. This Hamiltonian is at the start-
ing point of the understanding of every aspect of strongly
correlated TBG (and other moiré systems) physics [2—

]. Remarkably, it even predicts quite accurately the
so-called “magic angles” at which the bands become flat,
and is versatile enough to accommodate the presence of
different hoppings in between the AA and the AB stack-
ing regions of the moiré lattice. The BM Hamiltonian is
in fact a large class of k - p models, which we will call
BM-like models, where translational symmetry emerges
at small twist angle even though the actual sample does
not have an exact lattice commensuration.

This paper is the first of a series of six papers on TBG
[L07=111], for which we present a short summary here.
In this paper, we investigate the spectra and matrix el-
ements of the single-particle BM model by studying the
k-p expansion of BM model at I'j; point of the moiré Bril-
louin zone. In TBG II [107], we prove that the BM model

is always stable topological, rather than fragile topological
as revealed without PH symmetry [43-15, 76]. We fur-
ther study TBG with Coulomb interactions in Refs. [108—

]. In TBG III [108], we show that the TBG interac-
tion Hamiltonian projected into any number of bands
is always a Kang-Vafek type [71] positive semi-definite
Hamiltonian (PSDH), and generically exhibit an enlarged
U(4) symmetry in the flat band limit due to the PH sym-
metry. This U(4) symmetry for the lowest 8 bands (2 per
spin-valley) was previously shown in Ref. [72]. We fur-
ther reveal two chiral-flat limits, in both of which the
symmetry is further enhanced into U(4)xU(4) for any
number of flat bands. The U(4)xU(4) symmetry for the
lowest 8 flat bands in the first chiral limit was first dis-
covered in Ref. [72]. With kinetic energy, the symmetry
in the chiral limits will be lowered into U(4). TBG in
the second chiral limit is also proved in TBG II [107] to
be a perfect metal without single-particle gaps [112]. In
TBG IV [109], under a condition called flat metric con-
dition (FMC) which is defined in this paper (Eq. 20),
we derive a series of exact insulator ground/low-energy
states of the TBG PSDH within the lowest 8 bands at
integer fillings in the first chiral-flat limit and even fill-
ings in nonchiral-flat limit, which can be understood as
U(4)xU(4) or U(4) ferromagnets. We also examine their



perturbations away from these limits. In the first chiral-
flat limit, we find exactly degenerate ground states of
Chern numbers ve =4—|v],2—|v|,--- ,|v| —4 at integer
filling v relative to the charge neutrality. Away from the
chiral limit, we find the Chern number 0 (£1) state is fa-
vored at even (odd) fillings. With kinetic energy further
turned on, up to 2nd order perturbations, these states are
intervalley coherent if their Chern number |vo| < 4—|v|,
and are valley polarized if |vo| = 4 — |v|. At even fillings,
this agrees with the K-IVC state proposed in Ref. [72].
At fillings v = £1, £2, we also predict a first order phase
transition from the lowest to the highest Chern number
states in magnetic field, which is supported by evidences
in recent experiments [11-16, ]. In TBG V [110], we
further derive a series of exact charge 0,+1,+2 excited
states in the (first) chiral-flat and nonchiral-flat limits. In
particular, the exact charge neutral excitations include
the Goldstone modes (which are quadratic). This allows
us to predict the charge gaps and Goldstone stiffness. In
the last paper of our series TBG VI [111], we present
a full Hilbert space exact diagonalization (ED) study at
fillings v = —3,—2,—1 of the projected TBG Hamilto-
nian in the lowest 8 bands. In the (first) chiral-flat and
nonchiral-flat limits, our ED calculation with FMC ver-
ified that the exact ground states we derived in TBG
IV [109] are the only ground states at nonzero integer
fillings. We further show that in the (first) chiral-flat
limit, the exact charge +1 excitations we found in TBG
V [110] are the lowest excitations for almost all nonzero
integer fillings. In the nonchiral case with kinetic energy,
we find the v = —3 ground state to be Chern number
+1 insulators at small wg/wy (ratio of AA and AB inter-
layer hoppings, see Eq. 4), while undergo a phase transi-
tion to other phases at large wg/wi, in agreement with
the recent density matrix renormalization group studies
[80, 81]. For v = —2, while we are restricted within the
fully valley polarized sectors, we find the ground state
prefers ferromagnetic (spin singlet) in the nonchiral-flat
(chiral-nonflat) limit, in agreement with the perturbation
analysis in Refs. [72, 109].

To date, most of our understanding of the BM-like
models comes from numerical calculations of the flat
bands, which can be performed in a momentum lattice
of many moiré Brillouin zones, with a cutoff on their
number. The finer details of the band structure so far
seem to be peculiarities that vary with different twisting
angles. However, with the advent of interacting calcula-
tions, where the Coulomb interaction is projected into the
active, flat bands of TBG, a deeper, analytic understand-
ing of the flat bands in TBG is needed. In particular,
there is a clear need for an understanding of what quan-
titative and qualitative properties are not band-structure
details. So far, the analytic methods have produced the
following results: by solving a model with only 4 plane
waves (momentum space lattice sites, on which the BM is
defined), Bistritzer and MacDonald [1] found a value for
the twist angle for which the Dirac velocity at the Ky
moiré point vanishes. This is called the magic angle. In
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FIG. 1. Several quantitative characteristics of the Bistritzer
MacDonald model that require explanation. In particular, an
analytic understanding of the active band flatness is available
only in the chiral limit wg = 0. However, the band is very flat
far away from the chiral limit. Several other features of the
bands are pointed out.

fact, the full band away from the Kj; point is flat, a fact
which is not analytically understood. A further analytic
result is the discovery that, in a limit of vanishing AA-
hopping, there are angles for which the band is exactly
flat. This limit, called the chiral limit [37], has an extra
chiral symmetry. However, it is not analytically known
why the bands remain flat in the whole range of AA cou-
pling between the isotropic limit (AA=AB coupling) and
the chiral limit. We note that the realistic magic angle
TBG is in between these two limits due to lattice re-
laxations [113-116]. A last analytical result is the proof
that, when particle-hole symmetry is maintained in the
BM model [43], the graphene active bands are topological
[ D ’ ’ ]

This leaves a large series of un-answered questions.
Rather than listing them in writing, we find it more in-
tuitive to visualize the questions in a plot of the band-
structure of TBG in the isotropic limit at the magic angle
and away from it, towards the chiral limit. In Fig. 1, we
plot the TBG low-energy band structure in the moiré
Brillouin zone, and the questions that will be answered
in the current paper. To distinguish with the high sym-
metry points (I', M, K, K') of the monolayer graphene
Brillouin zone (BZ), we use a subindex M to denote the
high symmetry points (I'az, Mps, Kpr, K}y) of the moiré
BZ (MBZ). Some salient feature of this band structure
are: (1) In the isotropic limit, around the first magic an-
gle, it is hard to obtain two separate flat bands; it is hard
to stabilize the gap to passive bands over a wide range
of angles smaller than the first magic angle. In fact,
Ref. [43] computes the active bands separated regions as
a function of twist angle, and finds a large region of gap-
less phases aroung the first magic angle. (2) The passive
bands in the isotropic limit are almost doubly degenerate,
even away from the I'j;-point, where no symmetry forces
them to be. Moreover, their group velocities seem very
high, i.e. they are very dispersive. (3) While the analytic
calculation of the magic angle [1] shows that the Dirac
velocity vanishes in the isotropic limit at AA-coupling
wo = 1/+/3 (in the appropriate units, see below), it does
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FIG. 2. Matrix elements needed for the interacting prob-
lem.  Specifically, the form factors Mfr?)n k,qg+G) =
>a ZQGQi UQ—G,a;mn (K + A) uQ,ainn (k) , of the Coulomb
interaction are needed. They correspond to the overlap of
the Bloch state at momentum k, on the momentum lattice
Q, uQ,a;ny (k) with the Bloch state at momentum q + k on
the momentum lattice Q + G, uq_g,a;my (K + q). Here m,n
are band indices, & = A, B is the graphene sublattice index,
7 is the valley index, G is a reciprocal momentum, and Q
is the honeycomb momentum lattice generated by the moiré
reciprocal vectors shown in this figure.

not explain why the band is so flat even away from the
Dirac point, for example on the Ky; — I'ny — My, — Ky
line. (4) Away from the isotropic limit, while keeping
wy = 1/+/3, the gap between the active and passive bands
increases immediately, while the bandwidth of the active
bands does not increase. (5) The flat bands remain flat,
over the wide range of wq € [0,1/+/3], from chiral to the
isotropic limit. Also, our observation (6) in Fig. 1 shows
that since the gap between the active and passive bands
is large in the chiral limit compared to the bandwidth of
active bands, a possible k - p Hamiltonian for the active
bands might be possible.

A further motivation for the analytic investigation of
the TBG Bistritzer-MacDonald model is to understand
the behavior of the matrix elements M,S?)n k,q+G) =
Y0 2-Qe0s UQ-G,aimn (K + @) UQ,a;ny (k) as a function
of G, which we call the form factor (or overlap matriz).
These are the overlaps of different Bloch states in the
TBG momentum space lattice (see Fig. 2) and their be-
havior is important for the form factors of the interacting
problem [108, 109]. These will be of crucial importance
for the many-body matrix elements [107, 111] as well as
for justifying the approximations made in obtaining ex-
act analytic expressions for the many-body ground-states
[109] and their excitations [110].

We provide an analytic answer to all the above ques-
tions and observations. We will focus on the vicinity of
the first magic angle. We first provide an analytic pertur-
bative framework in which to understand the BM model,
and show that for the two flat bands around the first

magic angle, only a very small number of momentum
shells is needed. We justify our framework analytically,
and check it numerically. This perturbative framework

also shows that M,(J)n (k,q + G) is negligible for G more
than 2-times the moiré BZ (MBZ) momentum - at the
first magic angle, irrespective of k,q. We then provide
two approximate models involving a very small number
of momentum lattice sites, the Tripod model (K, cen-
tered, also discussed in Ref. [1]), and a new, I'j; centered
model. The Tripod model captures the physics around
the K point (but not around the I'j; point), and we
show that the Dirac velocity vanishes when w; = 1/ V3
irrespective of wg. The I'j; centered model captures the
physics around the I'y; point extremely well, as well as
the physics around the Kj; point. Moreover, an ap-
proximation of the I'j; centered model with only 6 plane
waves, which we call the Hexagon model, has an analytic
6-fold exact degeneracy at the I'j; point in the isotropic
limit w; = wo = 1//3, which is the reason for feature (1)
in Fig. 1. By performing a further perturbation theory
in these 6 degenerate bands away from the I'j; point,
we obtain a model with an exact flatband at zero en-
ergy on the I'y; — Ky line, and almost flat bands on the
T — My line, answering (3) in Fig. 1. In the same per-
turbative model, the velocity of the dispersive bands -
which can be shown to be degenerate - can be computed
and found to be the same with the bare Dirac veloc-
ity (with some directional dependence), answering (2) in
Fig. 1. Away from the isotropic limit, our perturbative
model, which we still show to be valid for wg < w; (but
not for wg >> wy) allows for finding the analytic energy
expressions at the I'j; point, and seeing a strong depen-
dence on wy answering (3) in Fig. 1. At the same time,
one can obtain all the eigenstates of the Hexagon model
at the I'y; point after tedious algebra, which can serve as
the starting point of a perturbative k - p expansion of the
2-active band Hamiltonians. With this, we provide an ap-
proximate 2-band continuum model of the active bands,
and find the manifold w; (wg) = 24/1 +wZ — /2 + 3w
with wo € [0,1/v/3], where the bandwidth of the active
bands is the smallest, in this approximation. The radius
of convergence for the k- p expansion is great around the
I'p-point but is not particularly good around the Ky
point for all wy, w; parameters, but can be improved by
adding more shells perturbatively, which we leave for fur-
ther work. A series of useful matrix element conventions
are also provided.

II. New Perturbation Theory Framework for Low
Energy States in k- p Continuum Models

In this section, we provide a general perturbation the-
ory for the k-p BM-type Hamiltonians that exist in moiré
lattices. We exemplify it in the TBG BM model, but the
general characteristics of this model allow this perturba-
tion theory to be generalizable to other moiré system.
The TBG BM Hamiltonian is defined on a momentum



FIG. 3. (a) The Brillouin Zones of two Graphene layers. The
grey solid line and red dots represent the BZ and Dirac cones
of top layer, and the grey dashed line and blue dots repre-
sent the BZ and Dirac cones of the bottom layer. (b) The
lattice formed by adding qi,2,3 iteratively. Red and blue
circles represent Q4 and Q_, respectively. (c) Relation of
graphene BZ and moiré BZ in commensurate case. Here we
take the graphene BZ reciprocal vectors b1 = 3bai + 2bae,
b2 = —2bar1 + 5bare.

lattice of plane waves. Its symmetries and expressions
have been extensively exposed in the literature (includ-
ing in our paper [107]), and we only briefly mention them
here for consitency. We first define kg = 2| K|sin(0/2) as
the momentum difference between K point of the lower
layer and K point of the upper layer of TBG, and denote
the Dirac Fermi velocity of monolayer graphene as vp.
To make the TBG BM model dimensionless, we measure
all the energies in units of vpky, and measure all the
momentum in units of ky. Namely, any quantity E (k)
with the dimension of energy (momentum) is redefined
as dimensionless parameters

E — E/(vrky), k—k/ky. (1)

We will then work with the dimensionless single particle
Hamiltonian for the valley 7 = +, which in the second
quantized form reads [1, 43, 107]

(4
HiV = 37 3 Y Haoqs (K)clq i asth.t oo
keMBZ saB QQ'€Q 1
(2)

where MBZ stands for moiré BZ, the momentum k is
measured from the center (I'ys as shown in Fig. 3) point
of the MBZ, s =1, is spin, and «, 8 denotes the 2 in-
dices of A, B sublattices. Here the dimensionless first
quantized Hamiltonian Hqa,q s (k) is given by

Hqa,qp (k) =dqq (k—Q)-0),4

3
(3)
+Y (ba-aq +9a-aq,) (Tj)as,

=1
where

Day), (4)

T; = wooo +w1(COS2%(j —1)oz +Sin2§ﬂ(j -

with wg being the interlayer AA-hopping and w; the in-
terlayer AB-hopping, o = (04,0,), and ¢ ,,, stand
for the identity and Pauli matrices in the 2-dimensional
sublattice space. k takes value in MBZ, and k = 0 cor-
responds to the I'j; point in the moiré BZ. We define
q; as the difference between the K momentum of the
lower layer of graphene and the rotated K of the upper
layer, and q2 and qs as the C5, and Cg; rotations of q
(see Fig. 3). The moiré reciprocal lattice Qy is then gen-
erated by the moiré reciprocal vectors by;; = q3 — q1
and by;s = q3 — q2, which contains the origin. We
also define @, = q; + Qg and Q_ = —q; + Qp as the
moiré reciprocal lattices shifted by q; and —q; respec-
tively. Q € Q. is then in the combined momentum lat-
tice Q4 & Q_, which is a honeycomb lattice. For valley
n = +, the fermion degrees of freedom clT(,Q, +.as With
Q € 9, and Q € Q_ are from layers 1 and 2, re-
spectively. Since energy and momentum are measured
in units of vrky and kg, we have that |q;| = 1, and both
wo and w; are dimensionless energies. It should be no-
ticed that, for infinite cutoff in the lattice Q, we have
cL_bM“Q’ms = CLQ_meas #+ CLQWQS, as proved in
Refs. [43, 107]. In practice, we always choose a finite
cutoff Aq for Q (Aq denotes the set of Q sites kept).

We note that in the Hamiltonian (3), we have adopted
the zero angle approximation [I, ], namely, we have
approximated the Dirac kinetic energy k - o49/2 (£ for
layers 1 and 2, respectively) as k - o, where 14/, are
the Pauli matrices o rotated as a vector by angle +6/2
about the z axis. With the zero angle approximation, the
Hamiltonian (3) acquires a unitary particle-hole symme-
try [43], which is studied in details in another paper of
us [107]. In the absence of the zero angle approximation,
the particle-hole symmetry is only broken up to 1% [107]
near the first magic angle, and is exact in the (first) chiral
limit wy = 0 [106]. We also note that different variants
of the TBG BM model exist in the literature, which fur-
ther include nonlocal tunnelings, interlayer strains or k
dependent tunnelings [119-122]. However, we shall only
focus on the BM model in Eq. (3) in this paper.

It is the cutoff Aq that we are after: we need to quan-
tize what is the proper cutoff Q € Aq in order to obtain a
fast convergence of the Hamiltonian. We devise a pertur-
bation theory which gives us the error of taking a given
cutoff in the diagonalization of Hamiltonian in Eq. 3. For
the first magic angle, we will see that this cutoff is par-
ticularly small, allowing for analytic results.

A. Setting Up the Shell Numbering of the
Momentum Lattice and Hamiltonian

We now consider the question of what momentum shell
cutoff Aq should we keep in performing a perturbation
theory of the BM model. In effect, considering an infi-
nite cutoff for the Q lattice, we can build the BM model



centered around any point kg in the MBZ, by sending
Q—Q—ko (5)

in Eq. 3; however, it makes sense to pick kg as a high-
symmetry point in the MBZ, and try to impose a finite
cutoff Aq in the shifted lattice Q. Two important shifted
lattices kg can be envisioned, see Fig. 4. These lattices
will be developed and analyzed in Sec. I1I; here we only
focus on the perturbative framework of Eq. 3, which is
the same for either of these two lattices (and in fact, on
a lattice with any kg center).

We introduce a numbering of the “shells” in momen-
tum space Q on this lattice. In the K j;-centered lattice
(Fig. 4b) which is a set of Hexagonal lattices but cen-
tered at one of the “sites” (the Kj; point, corresponding
to the choice kg = —qy), the sites of shells n are denoted
An;, with n — 1 being the minimal graph distance (mini-
mal number of bonds travelled on the honeycomb lattice
from one site to another) from the center Aly, while 4
goes to the number of Q sites with the same graph dis-
tance n — 1. The truncation in Q corresponds to a trun-
cation in the graph distance n — 1. In particular, with
lattice Q centered at the Kj; point, the momentum hop-
ping T} in the BM Hamiltonian Eq. 3 then only happens
between sites in two different shells n <+ n + 1 but not
between sites in the same shell. The simplest version of
this model, with a truncation at n = 2, with sites Al;
and A2p, A25, A23 was used by Bistritzer and MacDon-
ald to show the presence of a “magic angle”- defined as
the angle for which the Dirac velocity vanishes. We call
this the Tripod model. This truncated model (the Tri-
pod model) does not respect the ezact Co, symmetry,
although it becomes asymptotically good as more shells
are added. The magic angle also does not explain ana-
lytically the flatness of bands, since it only considers the
velocity vanishing at one point, Kj;. However, the value
obtained by BM [1] for the first magic angle is impres-
sive: despite considering only two shells (4 sites), and
despite obtaining this angle from the vanishing velocity
of bands at only one point (K in the BZ), the bands
do not change much after adding more shells. Moreover
they are flat throughout the whole BZ, not only around
the Kj; point. The Dirac velocity also does not change
considerably upon introducing more shells.

We now introduced a yet unsolved lattice, the I'js-
centered model in Fig. 4a, which corresponds to the
choice kg = 0 in Eq. (5). This model, which we call
T'ps-centered was not solved by BM, perhaps because of
the larger Hilbert space dimension than the K ;-centered
one. It however respects all the symmetries of the TBG
(except Bloch periodicity, which is only fully recovered in
the large cutoff Aq limit) at any finite number of shells
and not only in the large shell number limit. While not
relevant for the perturbation theory described here, we
find it useful to partition one shell n in the I'j; centered
lattice into two sub-shells An and Bn, each of which has
6n sites. The first shell is Al given by the 6 corners
of the first MBZ; then we define An as the shell with a

k> k—ko,

(b)

Hexagon Model
Centered at Ty,

Triangular Model
Centered at Ky,

FIG. 4. Lattices centered around momentum ko on which one
can calculate the TBG Hamiltonian.. a) The hexagon cen-
tered model (I"ps-centered model, in which we build “shells”
by graph distance from the hexagon centered at the I'j; point.
The circles denote the different shells, although going to larger
graph distance will make the circles into hexagons. There are
two different types of sub-shells in each shell, the A and the
B sub-shells in this model. The A shells connect to the B
shells, but the A sites within a shells also contain hoppings
within themselves. The B sites hop only to A sites. b) The
triangle centered at the Kps- point model, in which we build
“shells” by graph distance from the Ky/-point centered at the
origin. The circles denote the different shells, although going
to larger graph distance will make the circles into triangles.
There are only one type of shells, the A shells in this model.
The A sites within a shell do not hop to other sites within
each shell.

minimal graph distance 2(n — 1) to shell A1, and Bn as
the shell with a minimal graph distance 2n — 1 to shell
Al. An; and Bn; where i = 1,...,6n is the index of
sites in the sub-shell An or Bn. The partitioning in sub-
shells is useful when we realize that the hopping T; in the
BM Hamiltonian Eq. 3 can only happen between An and
Bn shells, between Bn and An 4+ 1 shells, and within an
An shell, but not within the same Bn shell. In App. A
we provide an explicit efficient way of implementing the
scattering matrix elements of the BM Hamiltonian Eq. 3,
and provide a block matrix form of the BM Hamiltonian
in the shell basis defined here. Written compactly, the
expanded matrix elements in App .A read:

T if Q1 — Q2 = £q;
0 otherwise

(HAn,An)Q1,Q. = { (6)

for the hopping terms, and similarly for Ha, g, where
Q1, Q; are the initial and final momenta in their respec-
tive shells. Finally for k—dependent dispersion we take
a linearized model:

(Hk,An/Bn)Q1Q2 = (k - Ql) . U§Q1Q2' (7)

which is accurate in the small-angle low-energy approx-
imations we make. Recall that the momentum is mea-



sured in units of kp = 2|K|sin(6/2) with 6 the twist an-
gle, while the energy (and Hamiltonian matrix elements)
are in units of vpky. We may now write the dimensionless

BM Hamiltonian H (k) in Eq. 3 in block form as

Hya1 + Ha1,41 Harpi 0
HLl,Bl Hyp1 Hpi a2
H = .
0 H;LAQ Hyao+ Hpz 42
0
My Ny 0 O 0 0
Nf My, Np 0 0 0
o N Mz N 0 0 )
0 0 0 O . Mp_1 Np
0 0 0 0 Ni_, My

where L is the shell cutoff that we choose. In the
above equation, the M, N block form of the matrix is
a schematic, in the sense that both the I'j;-centered
model Fig. 4a and the Kjs-centered model Fig. 4b can
be written in this form, albeit with different M,,, N,,,
n = 1,...L. Also, each M,, depends on k, which for
space purposes was not explicitly written in Eq. 8.

B. General Hamiltonian Perturbation for Bands
Close to Zero Energy with Ramp-Up Term

In general, Eq. 8, with generic matrices M;, N; repre-
sents any Hamiltonian with short range hopping (here
on a momentum lattice), and not much progress can be
made. However, for our BM-Hamiltonians, we know sev-
eral facts which render them special:

e The Hamiltonian in Eq. 3 has very flat bands, at
close to zero energy |E| < 0.02vpkg. Numerically,
the energy of the flat bands <« w; and wy, since nu-

J

Y =(E — ML)_1N£,1¢L71

merically we know that the first magic angle hap-
pens at w; (or wp) around 1/+/3.

e The block-diagonal terms M, contain a ramping
up diagonal term Eq. 7, of eigenvalue |k — Q|. The
k momentum runs in the first MBZ, which means
that |k| < 1. Since @ for the n’th shell is pro-
portional to n, higher order shells contribute larger
terms to the diagonal of the BM Hamiltonian.

We now show that, despite the higher shell diagonal
terms being the largest in the BM Hamiltonian, they
contribute exponentially little to the physics of the low
energy (flat) bands. This should be a generic property of
the moiré systems.

The M,, N, Block Hamiltonian Eq. 8 acts on the
spinor wavefunction (¢, ¥2,vs, ..., %_1,%1) where the
W,,’s are the components of the wavefunction on the shells
n=1,2,3,...,L —1,L, and L is the cutoff shell. Notice
that they likely have different dimensions: in the I'p;-
centered model, 11 is a 12-dimensional spinor (6 ver-
tices of the first Hexagon momentum @ - for sub-shell
Al;;i = 1...6- times 2 for the af indices ) 1 is also
a 12-dimensional spinor (6 legs coming out of the ver-
tices of the first Hexagon momentum Q - for sub-shell
Bl;,i = 1...6- times 2 for the af indices), 13 is a 24-
dimensional spinor (12 vertices of the momentum Q - for
sub-shell A2;, 4 =1...12- times 2 for the a3 indices) and
14 is also a 24-dimensional spinor (12 legs coming out of
the vertices of the previous momentum shell Q -for sub-
shell B2;,7 = 1...12 times 2 for the af indices), etc...
To diagonalize H we write down the action of H in Eq. 8
on the wavefunction ¢ = (1, vs,...,%1):

My + Nipo = Eiy
N n1 4 Moty + Npthpyr = Etby,
NI 1+ Mgy = B¢y, (9)

and solve iteratively for 1, starting from the last shell.
We find that

1 =(E—-Mp_1 —Np_1(E — ML)71N£_1>71N£_2¢L—2
Yr—o=E—-Mp_o—Np_o(E—Mp_1 —Np_1(E - ML)_lszl)_lszz)_lszgi/JLf:s

We notice three main properties:

e M, ~ n for large shells n > 1, is generically an
invertable matrix with eigenvalues of the order £n
for the n-th shell. This is because M, is just the

(10)

ramp-up term, block diagonal with the diagonal be-
ing (k—Q)-o for @ in the n’th sub-shell of B type;
if the sub-shell is of A type, then the matrix is still
generically invertible, as it contains the diagonal



term (k — Q) - o plus the small (since wg,w; =
1/4/3) hopping Hamiltonian H 4, a, (see App. A).
Nonetheless, because the magnitude of the momen-
tum term increases linearly with |k — Q| > 1 for
momenta Q outside the first two shells n > 2, while
the hopping term has constant magnitude, Hyan,
dominates the BM Hamiltonian.

e Since we are interested in the flat bands £ ~ 0
(E ~ 0.02 in vpkyg), we can expand in E/M,, terms,
especially after the first n > 2 shells, and keep only
the zeroth and first order terms. We use

(E-M)'~-M'-M1'EM! (11)

if the eigenvalues of E are smaller than those of M
E< M.

e For the first magic angle, the off-diagonal terms
are also smaller than the diagonal terms, for the
first magic angle, and for |Q| > 2, we have that

Nn,1M51N271 < 1 for n > 2 and for wg,w; ~
1/4/3 (more details on this will be given later).

With these approximations, we obtain that the general
solution is

U= (EPy — M+ R,)""N!_ 4,y (12)
where P, is defined recursively as
Pp_y=Np_ M P, M' NI +1 (13)
subject to P, =1 and R, is

Rp—n =N oM Ry oM, NI .

+NL—7LME_17L+1N£_” (14)

with Ry, = 0,R;_1 = N, M;'N} |, P, = 1. This
continues until the first shell, where we have

Wy = [EPy — My + Ry] "' Niyy (15)

C. Form Factors and Overlaps from the General
Perturbation Framework

Notice that the wavefunction for the F ~ 0 bands de-
cays exponentially (v, = %1%—1) over the momentum
space Q as we go to larger and larger shells. This is due
to the inverses in the linear ramp-up term M,, « n of
Eq. 12 (a consequence of the Q term in Eq. 7, This has
immediate implications for the form factors. For exam-
ple, in Refs. [108-110] we have to compute

Mr(r?)n k,a+G) = Z Z ua—Gﬂ;mrz (k +q) uq,aimy (k)

a QEQy
(16)

for m, n the indices of the active bands, and for different
G € Qp. Notice that almost all |G| < |Q| change the
shells (with the exception of |G| = 1): if Q is in the

subshell An/Bn, while G is of order |G| > 2|by| with

Bl the moire reciprocal vector, then Q — G is not in
the subshell An/Bn. Hence, considering |Q — G| > |Q]

without loss of generality, we have, for 2|b;| < |G| < |Q]:

Q!
Q-G

for any m,n. Since the wavefunctions of the active flat
bands at (or close to) zero energy exponentially decay
with the shell distance from the center we can approxi-
mate

Mr(ry)n ka+G)=3_, ZQ or Q—GEAn, Bn, n<ng
ua—G,a;mn (k + q) UQ,a;nn (k) (18)

with ng a cutoff. For any k, q, the (maximum of any com-
ponents of the) wavefunctions on the subshells A2, B2 are
of order 1/3!, 2!/4! times the components of the wavefunc-
tions on the subshells A1, B1. Hence we can restrict to
small shell cutoff in the calculation of form factor matri-
ces ng = 1 (meaning only the subshells A1, B1 are taken
into account), while paying at most a 15% error. Con-
servatively, we can keep ng = 2 and pay a much smaller
error < 3%.

Next, we ask for which G momenta are the function
M},Z)n (k,q + G) considerably small. Employing Eq. 17,
we see that MT(,?)W (k,q + G) falls off exponentially with
increasing G, and certainly for |G| > 2|by| they are neg-
ligible. The largest contributions are for G = 0 and for
|G| = |by], i.e. for G being one of the fundamental recip-
rocal lattice vectors. We hence make the approximation:

UQ-G,amy (kK + ) < UQ,amy (K +a)  (17)

Mr(ry)n (k,a+G)= >, > Qo q_ceal B1
u*QfG’a;mn (k + CI) UQ,a;nn (k) (5G,0 + 5|G‘)|E1|) (19)

This is one of the most important results of our per-
turbative scheme. In Refs. [108-111] we employ heavily
an approximation called the “flat metric condition” (see
[110] for the link between this condition and the quan-
tum metric tensor) to show that some exact eigenstates
of the interacting Hamiltonian are in fact, ground-states.
The flat metric condition requires that

Flat Metric Condition: M7, (k,G) = £(G)dpm.n (20)

m,n

In light of our findings on the matrix elements Eq. 19,
we see that the flat metric condition is satisfied for |G| >
2|by |, as the matrix element vanishes Mg’)n k,G)~0—
¢(G) = 0 for |G| > 2|by|. For G = 0, the condition
Eq. 20 is always satisfied, even without any approxima-
tion Eq. 19, as it represents the block wavefunction or-
thonormality. Hence, the flat metric condition Eq. 20 is
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FIG. 5.
trix) M(’7:+)(k,q+G)7 calculated for wo = 0.4745 and

The magnitude of the form factor (overlap ma-

w; = 0.5931. (a) The colored dots are the G vec-
tors we consider in M=) (k,q+ G). Different colors
represent different length of G. (b) The eigenvalues of
M=k, q+ G)M"=)(k,q + G) as functions of k. In
the left and right panels we choose q =0 and q = %kM, re-
spectively, where ks is the My momentum in the moiré BZ.

almost always satisfied, with one exception: the only re-
quirement in the flat metric condition is Mr(,?)n k,G) =
&(G)dm,n for |G| = |by|. There are 6 G vectors that sat-
isfy this condition, namely G = +by, +by, +(by — by).
The overlaps are all related by symmetry.

In Fig. bHa we plot the eigenvalues at q = 0 of the
M*TM matrix. We see clearly that these eigenvalues are
virtually negligible for |G| > 2b;, and that for |G| = |b;]
they are at most 1/3 of the value for |G| = 0.

D. Further Application of General Perturbation
Framework to TBG

While Egs. 12 to 14 represent the general perturbation
theory of Hamiltonians with a linear (growing) ramping
term for almost zero energy bands, we need further sim-
plifications to practically apply them to the TBG prob-
lem. However, the form of the (k—Q)-0+H 4y, an, which
is not nicely invertible (although it can be inverted), and
the form of Hpp—_1, 4n (see App. A for the notation of
these matrix elements), which is not diagonal, makes the
matrix manipulations difficult, and un-feasible analyti-
cally for more than 2 shells. Hence further approxima-
tions are necessary in order to make analytic progress.

First, we want to estimate the order of magnitudes of
Pr_, and R;_, terms in Eqgs. 13 and 14. Recall that
our energy is measured in units of vpkg, which for angle
of 1° is around 180meV. We note the following facts:

e The diagonal terms Hya, are of order |n — |k||,
while the Hyp, are of order |n + 1 — |k|| with k
in the first Brillouin zone (k| < 1). Therefore,
Hyp1 > 1, Heao > 1, and all the other Hy 4y, HxBn
are considerably larger. This shows that M, in
Eq. (8) is of order n, due to the dominance of the
momentum term in relation to the hopping terms.

o Hpnpn and Hp,_14, are proportional to T}, so
they are of order a = wy/(vpkg). Near the first
magic angle (6 ~ 1°, or w; ~ 1/4/3 in units of
vrkg), a = 0.6/6 with the angle in degrees (hence
smaller angles have larger «). By Eq. (8), this
means the matrices N,, ~ Hpy,an+1 are of order a.

These facts allow us to estimate P, in Eq. (13):

Py ‘Nn|2|Mn+1‘_2|Pn+1‘ +1
o (vrke)?a?(vpken) 2| Puyq| + 1
=a’n"?|Pyy1| +1 (21)

For n > 2 therefore P, = 1 up to a correction term no
more than a?n~2 < 0.1. Therefore we are justified (up to
a 10% error) of neglecting all P,,, n > 2 terms. Similarly,
using these estimates and substituting into R,, in Eq. 14,
we see that

a? (vrke)a?
J Rn 4+
CESIELAA CFaY
< 0.04|Rn+1‘ + 0.09(’()1:’](59) (22)

R <

when n > 2 at the first magic angle a &~ 0.6. Again this
will allow us to neglect the R, term for n > 2.

This means that shells after the first one can be ne-
glected at the first magic angle. More generally, only the
first N shells will be needed for understanding the Nt!
magic angle.

In order to see the validty of the above approxima-
tions more concretely, it is instructive to write down the
2-shell (A1, B1, A2, B2) Hamiltonian explicitly, and esti-
mate the contribution of the second shell. Al and B1
are 12-dimensional Hilbert spaces while A2 and B2 are
24-dimensional Hilbert spaces, see App. A. Further shells
are only a generalization of the ones below. We write the
eigenvalue equation:

(Hra1r + Har,a1)¥a1 + Harp1¥e1 = Evan
HLLBﬂ/Jm + Hip1¥p1 + Hp1,42042 = Ev¥p
H;1,A2¢Bl + (Hpa2 + Haz A2)Y a2 + Haz 22 = Eao
H a2 goaz2 + HipaY¥p2 = Evpa (23)



We integrate out from the outer shell to the first, to obtain the equations:

(Hiar + Ha1 a1)a1 + Har,p1¥s1 = Ean,
HL,Bﬂ/)Al + (Hip1 + Hp1,42(E — (Hipa2 + Haz,42) — Haz,p2(E — HkB2)71HLQ,32)71H};1,A2)7/131 = EvYp1(24)

and to finally obtain:

EvYar = [Hrar + Har, a1+

Ha11(E — Hyp1 — Hp1,42(E — (Hiaz + Haz,42) — Hao,p2(E — HkBZ)ilHim,Bz)ilHI?LA2)71HI§1,Bl]wA1'

Solving the above equation would give us the eigenstate
energies, as well as the reduced eigenstate wavefunctions
1 41. However, even for two shells above, this is not ana-
lytically solvable, hence further approximations are nec-
essary. We implement our approximations here.

e First, focusing on the first magic angle of 1°, from
numerical calculations we know that the energy of
the active bands |E| < 60meV = 0.3vpky. Hence
E’Hk_é1 < 0.3 and furthermore EHk_én,EHl;{n <
0.3n~! for n > 2. This justifies the approximation
around the first magic angle:

(E - HkBl)71 = _Hk_];1 - EHk_gp (26)
and
(E - Hk(AvB)n)il = 7Hk_(1A,B)n B EHk_(Z,B)n (27)

for n > 2. Region of validity of this approximation:
this approximation is independent on wg,w;, the
inter-layer tunneling. It however, depends on 6 as
well as on the energy range of the bands we are
trying to approximate. For example, for § = 0.3°,
an energy range |F| < 60meV would mean that
|E/vrke| < 1. This gives |EH, 4 |,|EH 4, <
n~! and hence we would only be able to neglect
shells larger than n = 3. In particular, in or-
der to obtain convergence for bands of energy E
at angle 6, we can neglect the shells at distance
n =2+ [E/vrkg] (where x means the integer part
of z). Hence, as the twist angle is decreased, and if
we are interested in obtaining convergent results
for bands at a fixed energy, we will need to in-
crease our shell cutoff to obtain a faithful represen-
tation of the energy bands. If we keep the number
of shells fixed, we will obtain faithful (meaning in
good agreement with the infinite cutoff limit) ener-
gies only for bands in a smaller energy window as
we decrease the twist angle. Notice that this ap-
proximation does not depend on wg,w; and hence
it is not an approximation in the inter-layer cou-

pling.

e The second approximation is regarding wg, w1: be-
cause a = wy /vpky = 0.6 at the first magic angle,

(25)

(

we can do a perturbation expansion in the pow-
ers of . We remark that Hy pn, Hx an ~ 1 > o
for n > 2 and § = 1°. We also remark that
Hy pia < 0.6 for all k in the first BZ (the largest

value, HI_(,lw,Bla = 0.6 is reached for k at the K,

corner of the moiré BZ). As such, we find terms of
the following form scale as

HAnB"HI;i,BnHI\an ~ 0[2')1_1, (n 2 2)
HanlA”ij;,BnH;nflAn ~ a2n_17 (TL 2 2)
HpiaiHig Hpyay ~ 0 . (28)
With Egs. (26)-(28), one can see that in Eq.

(25), the leading order contributions of the terms
involving the second shell (A2, B2) are roughly ~
|Ha1,p1*|He1| 2| Hp1,42|* [ Hia2| ™' ~ a*/2 ~ 0.05. It
is hence a relatively good approximation to neglect shells
higher than n = 1 for angle 8 = 1°. For example, at the
K point, neglecting the n = 2 shell will induce a less
than 10% percent error . Region of validity of this ap-
prozimation: Notice that as the twist angle is decreased,
« increases. In general, the relative error of the n-th shell
is roughly HBn—lAnHk_jnHLn—lAn ~ a?/n?%, so we can
neglect the shells for which n > « where > should be
considered twice the value of . Hence, for an angle of
0.5° (e = 1.2) we can neglect all shells greater than 3,
ete. For angle 1/n of the first magic angle we can neglect
all shells above n + 1.

All the above remarks, which were made for the I'js
centered model, can also be extended to the K ;-centered
model in Fig. 4b. In particular, the Tripod model in
Fig. 8b, containing only the A1, A2 shells, is a good ap-
proximation to the infinite model around the Dirac point,
giving the correct first magic angle.

E. Further Approximation of the 1-Shell (A1, B1)
Hamiltonian in TBG

In the previous section we claimed that, remarkably,
a relatively good approximation of the low energy BM
model can be obtained by taking a cutoff of 1 shell, where
we only consider the first A sub-shell and the first B sub-



shell. The eigenvalue equations are

(Hya1 + Ha1,4a1)%a1 + Ha1 p1¥e1 = Evar
H,217311/1A1 + Hxp1¥p1 = EYpi, (29)

which can be solved for ¥p; to obtain
Yp1 = (E — Hip1) " Hlyy pitar. (30)

Eliminating ¢ g1 we find the eigenvalue equation for the
first A shell (which includes the coupling to the first B
shell):

(HkA1+HA1,A1+HA1,Bl(E—HkBl)ilHIll,Bl)wAl = Eva1.

(31)
This is a 12 x 12 non-linear eigenvalue equation in FE.
At this point we will make a few assumptions in order to
simplify the eigenvalue equation. In particular, we would
like to make this a linear matrix eigenvalue equation.
Since we are interested close to E = 0 we may assume
that £ <« Hygpgi. This allows us to treat the B shell
perturbatively, obtaining

(Hya1 + Ha1 a1 — HAl,Bllej;‘lnHi}l,Bl)wAl = FEva;.
(32)
Our approximation Hamiltonian is

Happroxi (k) = Hyar + Har a1 — HAl,BlH]:élHLLBl-

(33)
We note that Happroxi(k) is a further perturbative
Hamiltonian for the n = 1 shell (A1, B1). For k small,
around the I'j;-point, we expect this to be an excel-
lent approximation of the n = 1 shell Hamiltonian (and
since the n = 1 shell is a good approximation of the
infinite shell, then Happroxi(k) is expected to be an
excellent approximation of the full BM Hamiltonian
close to the I'jy; point). The good approximation is ex-
pected to deteriorate as k gets closer to the boundary
of the MBZ, since HAl,BlHI:élHill,Bl increases as k ap-

proaches the MBZ boundary. This is because H é1 has
larger terms as k approaches the MBZ boundary. How-
ever, we expect still moderate qualitative agreement with
the BM Hamiltonian. We also predict that taking 2 shells
(Al, B1, A2, B2) would give an extremely good approxi-
mation to the infinite shell BM model.

F. Numerical Confirmation of Our Perturbation
Scheme

The series of approximations performed in Secs. IID
and ITE are thoroughly numerically verified at length in
App. B. We here present only a small part of the high-
lights. In Fig. 6 we present the n = 1,2, 3 shells (one shell
is made out of A, B sub=shells) results of the BM Hamil-
tonian in Eq. 3, for two values of wg,w;. We virtually
see no change between 2 and 3 shells (see also App .B)
we verify this for higher shells and for many more values
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FIG. 6. Comparison of the different cutoff shells of the BM

model in Eq. 3, for two values of wo,w1. (more data available
in App. B). We clearly see that n = 2 has reached the infinite
cutoff limit (the band structure does not change from n = 2
and n = 3, while n = 1 (only one shell, A1, B1 subshells)
shows excellent agreement around the 'y point, and good
agreement even away from the I'as -point (for example see
the second row).

of wg,wy, around - and away from, within some man-
ifolds (wg,w;) explained in Sec. III - the magic angle.
Hence our perturbation framework works well, and con-
firms the irrelevance of the n > 2 shells. The n = 1 shell
band structure in Fig. 6, while in excellent agreement
to the n = 2 shells around the I'y; point, contains some
quantitative differences from the n = 2 shell (equal to the
infinite cutoff) away from the I'j; point. However, the
generic aspects of the band structure - low bandwidth,
almost exact degeneracy (at n = 1, becoming exact with
machine precision in the n > 2) at the Kj; point are
still present even in the n = 1 case, as our perturbative
framework predicts in Secs. IID and ITE.

Our approximations of the n = 1 shell Hamiltonain in
Sec. ILE have brought us to the perturbative Happrox1 (k)
in Eq. 33. Around the first magic angle, we claim that
this Hamiltonian is a good approximation to the band
structure of the n = 1 shell, especially away from MBZ
boundary. The n = 1 shell is only a 15% difference on the
n = 2 shell and that the n = 1 shell is within 5% of the
thermodynamic limit, we then make the approximation
that Happrox1 €xplains the band structure of TBG within
about 20%. The approximations are visually presented
in Fig. 8a, and the band structure of the approxima-
tion Happrox1 to the 1-shell Hamiltonian is presented in
Fig. 7. We see that around the I'j;-point, the Hamilto-
nian Happrox1 (k) in Eq. 33 has very good match to the
BM Hamiltonian Eq. 3, while away from the I'j; point
the qualitative agreement - small bandwidth, crossing at
(close to) Ky (the crossing is at Ky for the infinite shell
cutoff by symmetry, but can deviate slightly from Ky, for
finite cutoff).

In App. B we present many different tests which con-
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to the 1-shell Hamiltonian, versus the infinite limit approxi-
mation, for the wo = w1 = 1/\/§ magic point. The n = 1-
shell Hamiltonian band structure is undistinguishable from
H Approxi(k), and is plotted in the App. B.
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FIG. 8. The two types of approximate models used for
analytics. (a) The shell 1 (A1, B1) model which we have the-
oretically argued and numerically substantiated to represent
a good approximation for values wo, w1 < 1/4/3. Analyt-
ically, we will first solve it by perturbation theory around
the Hexagon model, which involves only the Al sites. The
shell B1 will be added perturbatively to obtain Happroxi (k)
in Eq. 33. (A second way to solve for this Hamiltonian will
be presented later) (b) The Tripod model, which involves the
two shells A1 (also known as the K point) and A2. Due to
the same considerations as for the I'ps-centered model, this
should be a good approximation for the infinite shell model
for wo,w; < 1/v/3. This is the same model as solved by
Bistritzer and MacDonald [1]. We find that the “magic an-
gle” at which the Dirac velocity vanishes at the Kas point is
given by wy = 1/4/3, VYwo.

firm all aspects of our perturbative framework, differ-
ent twist angles and AA, AB coupling. We test the
n = 1,2,3,4,... shells, and also further test the valid-
ity of the approximation Happrox1(k) to the n = 1 shell
Hamiltonian in Sec. ITE.
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III. Analytic Calculations on the BM Model: Story
of Two Lattices

We will now analytically study the approximate Hamil-
tonian in Eq. 33. While in Secs. IID and IIE we
have focused on the I'p;-centered lattice, the same ap-
proximations can be made in the Kj; centered lattice,
where the Happrox1 (k) changes to Happrox1 (k) = Hika1+

HALA2H1:§2HL1,A2~ The two types of approximations
are schematically in Fig. 8 in the I'j; and Kjs-centered
lattice. First, we start with the Tripod model Fig. 8b, to
extend the Bistritzer-Macdonald calculation of the magic
angle in the isotropic limit and find a “first magic man-
ifold”, where the Dirac velocity vanishes in the Tripod
model (and is very close to vanishing in the infinite shell
BM model. We then solve the 1-shell I'j; -centered model
Fig. 8a, defined by Eq. 33 which is supposed to faithfully
describe TBG at and above the magic angle, as proved
in Sec. II. This is a 12 x 12 Hamiltonian, with no known
analytic solutions, formed by shell 1: Al, B1, where the
B part of the first shell, B1 is taken into account pertur-
batively, as HALBlHk:_I;lHilLBl'

A. The Kj-centered “Tripod Model” and the First
Magic Manifold

For completeness we solve for the magic angle in the
model in the K -centered Model of Fig. 4 by taking only
4-sites, one in shell A1 and 3 in shell A2. We call this
approximation, depicted in Fig. 8b, the Tripod model.
This model is identical to the one solved by Bistritzer
and Macdonald in the isotropic limit. However, we will
solve for the Dirac velocity away from the isotropic limit,
to find a manifold wy (wg) where the Dirac velocity van-
ishes. The tripod Hamiltonian Hryi(k, wg,w), with k
measured from the Kj; point, reads

Hryi(k, wo, wy) = (34)
k-o Ty (wo,wy)  To(wo,wr) Ts(wo,wr)
Tl(wo,wl) (k—ql)(f 0 0
TQ(’LUO,’U)l) 0 (k—qg)O' 0
T3(U)(),’w1) 0 0 (k—q3)~(7

The Schrodinger equation in the basis

(Ya1,,%a2,,Va2,, a2,) reads:

k-oa1, + 22:17273 T;(wo, w1)Y a2, = Evar, (35)
Tibar, +(k—qi) - 0thas, = Eas,, i=1,2,3.(36)



from the second equation we find ¥ 40, = (E — (k — q;) -
0;) " T1p 41, and plug it into the first equation to obtain:

3
E+k-qi)- 0o
EvYa, =k -0¢a1, + ZTiEQ((k(L)QTiwAQi
i=1

3
~k-opar, — Y Ti(E+ (k—qi) o)1+ 2k q;)Tithas,
=1

(37)

where we neglect E? as small and expand the denomi-
nator to first order in k to focus on momenta near the
Ky Dirac point. Keeping only first order terms in E k
(not their product as they are both similarly small), and
using that |¢;| = 1, Vi =1,2,3, we find

(1 - 3wk - opar, = (1 +3(wi +wi)Evar,. (38)

and hence we find that the Dirac velocity vanishes on a
manifold of wy,w; given by w; = % and Ywg, which
we call the first magic manifold. The angle for which
the Dirac velocity vanishes at the Kj; point is hence
not a magic angle but a magic manifold. However, a
further restriction needs to be imposed: wg cannot be too
large, since from our approximation scheme in Secs. IID
and ITE, if wy > 1/\/§7 the Tripod model would not
be a good approximation for the BM model with a large
number of shells; hence we restrict to wy < 1/ V3, and
define

1
wo S wp = —=.

V3

First Magic Manifold: (39)
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The Tripod model, Fig. 4b, in which we found the first
magic manifold, does not respect the exact Cs, symmetry
of the lattice, although it becomes asymptotically accu-
rate as the number of shells increases. The magic angle
also does not explain analytically the flatness of bands,
since it only considers the velocity vanishing at one point.
However, the value obtained by BM for the magic angle
is impressive; despite considering only four sites and the
K point, the bands do not change much after adding
more shells, and they are flat throughout the whole Bril-
louin zone, not only around the K, point. Why is the
entire band so flat at this value? We answer this question
by examining the I'j;-centered model below.

B. The I'y/-centered Hexagon Model and the
Second Magic Manifold

In Sec. I E, we introduced a yet unsolved approximate
model Happrox1 (k) in Eq. 33, the I'js-centered model in
Fig. 4a. This model respects all the symmetries of TBG,
and we have showed in App. B that it represents a good
approximation to the infinite cutoff limit. As we can see
in Fig. 15, the band dispersions of the n = 1 shell model
is very similar to that of n = 2. After n = 2 shells
the difference to the infinite cutoff band structure is not
visible by eye.

An analytic solution for the 12 x 12 Hamiltonian
H approx1 (k) in Eq. 33 is not possible at every k. We hence
separate the Hamiltonian into Hyex (k, wo,w1) = Hga1 +
H 41,41, then treat the smaller part HAlaBlHl;BllH.TALBl
perturbatively, for wg,w; < V3. We will try to solve the
first (largest) part of Happrox1(k): the AL shell model-
Hpex(k, wo,w1) = Hpa1 + Ha1,a1- which we call the
Hexagon model:

(k—ql) -0 TQ(’(U07’(U1) 0 0 0 Tg(’wo,wl)
T5(wo, wn) (k—l—qs) e T1(w(),w1) 0 0 0
. 0 T1(IUO,U}1) (k—QQ) o T3(w0,w1) 0 0
HHex(kﬂUOawl) = 0 0 T3(w07w1) (k + Ch) o T2(w0’w1) 0 (40)
0 0 0 Tg(wo,wl) (k—qg) 0 Tl(wo,wl)
T3(w07w1) 0 0 0 Tl(wo,wl) (k+QQ) e

This is still a 12 x 12 Hamiltonian and its eigenstates can-
not be analytically obtained at general k. In particular,
it is also not illuminating to focus on a 12 x 12 Hamil-
tonian when we want to focus on the physics of the 2
active bands and the low-energy physics of the dispersive
passive bands. As such we make a series of approxima-
tions, which also elucidate some of the questions posed
in Fig. 1. We first analytically find a set of bands which
can act as a perturbation theory treatment.

1. Energies of the Hexagon Model at k = 0 for arbitrary
Wo, W1

The only momentum where the Hexagon model
Hyex (k, wo,w1) can be solved is the I'p; point. This is
fortunate, as this point preserves all the symmetries of
TBG, and is a good starting point for a perturbative the-
ory. We find the 12 eigenenergies of Hyex(k = 0, wp, wq)
given in Tab. L.

By analyzing these energies as a function of wg,ws,
we can answer the question (1) in Fig. 1 and give argu-



Band |Energy at k = 0 for any wo, w1 |wo = w1 = % dege.
Ey 2wy — /1 + w? 0 1
By —2w; + /1 + w? 0 1
Esa | —1(/4+wi — /9w2 + 4w3) 0 2
BEse | (/A4 w3 — /9wd + 4w?) 0 2
Ers | —2(\/4+ w2 + /9w2 + 4w?) —/13/3 2

Eoio| 3(/4+wd+ /w3 + 4w} V13/3 2
F11 —2w1 — \/1 + wg —4/\/3 1
Era 2w + /1 + w3 4//3 1

TABLE I. Eigenvalues of the Hexagon model in Eq. (40) at
T'a point (k = 0). The values for general wo,w: and for

Wo = W1 = % are given, and dege. is short for degeneracy.

ments for question (3) in Fig. 1. Numerically, at (and
around) the first magic angle - which as per the Tripod
model is defined as w; = 1/v/3 - and in the isotropic
limit wy = w;y, the system exhibits very flat active 2-
bands, not only around the Kj; point but everywhere
in the MBZ. It also exhibits a very small gap (some-
times non-existent) between the active bands and the
passive bands, around the values wg = wy =1/ V3. The
Hexagon model Hyeyx(k, wo, w1) explains both these ob-
servations. We find that the eigenenergies of Hyex(k =
0,wo = 1/v/3,wy = 1/4/3) - in the isotropic limit - are
given in the third column of Tab. I. Remarkably, in the
isotropic limit wy = wy, and at the first magic angle
wy = 1/\/5, the bands at the I'j; point are 6-fold degen-
erate at energy 0. The two active bands are degenerate
with the two passive bands above them and the two pas-
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sive bands below them. This degeneracy is fine-tuned,
but the degeneracy breaking terms in the next shells
(sub-shells B1, A2, B2,... etc) are perturbative. Hence
the gap between the active and the passive bands will
remain small in the isotropic limit, answering question
(1) in Fig. 1.

From the Tripod model, the two active bands have
energy zero at the Kj; point, and vanishing velocity
at w; = —=. Moreover, they also have energy zero at
the T'p; point in the Hexagon model (a good approx-
imation for the infinite case at the I'j; point). This
now gives us two points (I'ps, Kps) in the MBZ where
the bands have zero energy; at one of those points, the
band velocity vanishes. This gives us more analytic argu-
ments that the band structure remains flat than just the
Ky point velocity, i.e. point (3) in Fig. 1. We further
try to establish band properties away from the I'p;, Kjs
points by performing a further perturbative treatment of
Hpyex (k, wo, w1 ) using the eigenstates at I'py.

2. k # 0 Siz-Band approzimation of the Hexagon Model In
the Isotropic Limait

In the isotropic limit at wy = wy = 1/\/5, the 6-fold
degeneracy point of the Hexagon model Hyex(k, wp, w1)
at I'p; prevents the development of a Hamiltonian for the
two active bands. However, since the gap (= /13/3) be-
tween the 6 zero modes F_g(k = 0,wy = %, wy = %)
in Tab. T and the rest of the bands F7_ 12(k = 0,wy =
%,wl = %) is large at I'j;, we can build a 6-band k- p
Hamiltonian away from the I'j; point:

HEP(k) = (Y, | Huex (K, wo = w1 = —=) — Hiex(k = 0, w0 = wy = %)W/Ej) = (YE|loxe @k - 0|YE;) , (41)

S

where |¢g;) with j = 1,...6 are the zero energy eigen-
states of Hyex(k = 0,wy = wy = %) We find these
eigenstates in App. C, where we place them in Cs, Co,
eigenvalue multiplets. The 6 x6 Hamiltonian is the small-
est effective Hamiltonian at the isotropic point, due to
the 6-fold degeneracy of bands at I'y,.

The explicit form of the Hamiltonain H Pard(k) is
given in App. C, Eq. C7. Due to the large gap between
the 6-bands (degenerate at I'js) and the rest of the bands,
it should present a good approximation of the Hexagon
model at finite k for wy = wy = V3. The approximate
H6 Pand (k) s still not generically diagonalizable (solv-
able) analytically. However, we can obtain several im-
portant properties analytically. First, the characteristic
polynomial

Det[E — HS Pd(k)] = 0 =
(13E% — 12(k2 + k) E + ko (k2 — 3k2))* =0 (42)

(

Or, parametrizing (k;,ky) = k(cos6,sin@), where |k| =
k, we have

(13E3 — 12k*E + k® cos(30))* = 0 . (43)

The characteristic polynomial reveals several properties
of the 6-band approximation to the Hexagon model:

e The exponent of 2 in the characteristic polyno-
mial reveals that all bands of this approximation
to the Hexagon model are exactly doubly degen-
erate. This explains the almost degeneracy of the
flat bands (point (3) in Fig. 1), but furthermore
it explains why the passive bands, even though
highly dispersive, are almost degenerate for a large
momentum range around the I'js-point in the full
model (see Fig. 14): they are exactly degenerate in
the 6-band approximation to Hexagon model; cor-
rections to this approximation come from the re-
maining 6 bands of the Hexagon model, which re-
side extremely far (energy 1/13/3), or from the B



shell, which we established is at most 20% in the
MBZ - and smaller around the I'j; point. Thus,
the almost double degeneracy of the passive bands
pointed out in (2) of Fig. 1 is explained.

Along the I'yy — K line we have k, = 0,ky = k
and hence the characteristic polynomial becomes

. 3 2 2 __
Do — Ky (13E° —12k2E)2 =0 (44)

This implies two further properties: (1) The “ac-
tive” bands of the approximation of the Hexagon
mode are exactly flat at £ = 0 for the whole
I'ar — Ky line, thereby explaining their flatness for
a range of momenta; notice that our prior deriva-
tions found that the active bands have zero energy
at Kjs, I'pyr and vanishing Dirac velocity at Ky
for wy = wy = V/3; our current derivation shows
that the approximately flat bands along the whole
T'ps — Ky line originate from the doubly degener-
ate zero energy bands of the Hexagon model. (2)
The dispersive (doubly degenerate) passive bands,
for wg = w1 = /3, have a linear dispersion

E = +,/12/13k (45)

along 'y — Ky, with velocity 24/3/13 = 0.960769,
close to the Dirac velocity. This explains property
(2) in Fig. 1. Note that the velocity is equal to
2/(E9710(k = O,wo = 1/\/§,7JJ1 = 1/\/3)) or two
over the gap to the first excited state. This ap-
proximation is visually shown in Fig. 9.

Remarkably, the eigenstates along along the I'p; —
Ky line can also be obtained (See App. D). Along
this line, the eigenstates of all bands of the H¢ Pand
Hamiltonian approximation to the Hexagon model
are k, independent! (see App. D)

Along the T'y; — My line (k, = k,ky, = 0) the
characteristic polynomial becomes

T — My (k+ E)?(k* — 13kE + 13E%)* = 0. (46)

Hence the energies are: F = —Fk, a highly disper-
sive (doubly degenerate) hole branch passive band
of velocity —1; E = (1 + \/%)k: (= 0.916025k),
another highly dispersive doubly degenerate elec-
tron branch passive band. This explains prop-
erty (2) in Fig. 1.1 Notice that this velocity is

1 X .
11+ EQJO(k:o,wozl/x/ﬁ,wlzl/x/ﬁ))' The third dis-

persion is B = (1 — \/%)k (=~ 0.0839749k), a
weakly dispersive doubly degenerate active bands.
This explains the very weak, but nonzero disper-
sion of the bands on I'y; — My;. The eigenstates
along this line can also be obtained (See App. D).
The approximation is visually shown in Fig. 9.

Along the T'j; — M)y, the eigenstates of all bands
of the H®Pad Hamiltonian approximation to the
Hexagon model are k, independent! (see App. D)
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FIG. 9. Band structure of the 6-band approximation H% Pand
to the Hexagon model for the wo = w1 = 1/4/3 magic point.
(a) The 6 zero energy eigenstates at I'as marked by the red
circle are used to obtain a perturbative Hamiltonian for the 6
lowest bands across all the BZ. As the 6 bands are very well
separated from the other 6, we expect a good approximation
over a large part of the BZ. The active and passive bands
in the dashed square are almost doubly degenerate. In the
right panel, the 6 lowest bands of the hexagon model, for a
smaller energy range, are shown. Notice the passive bands
are undistinguishably 2-fold degenerate by eye (not an exact
degeneracy, they split close to Kar see left plot) Note the
Dirac feature of the passive bands. The active bands split at
K in the hexagon model, but the B1 shell addition makes
them degenerate. (b) The first order approximation to the
Hexagon model using the 6 zero energy bands at the I'5s point
gives exactly doubly degenerate bands over the whole BZ. It
gives the correct velocity of the Dirac Nodes, zero dispersion
of active bands on 'y — K s and a small dispersion of active
bands on 'y — My, with known velocities. Along these lines,
all eigenstates are k-independent.

e In the 6-band model, eigenstates are independent
of k on the manifold k, = k,.

8. Energies of the Hexagon Model at k = 0 Away From the
Isotropic Limit and the Second Magic Manifold.

In the isotropic limit (which coincides with the magic
angle of the Tripod model), wy = w; = 1/v/3, due to
the 6-fold degeneracy of the I'j; point, it is impossible to
obtain an approximate Hamiltonian that is less than a
6 x 6 matrix. Moving away from the isotropic limit, and
staying in the range of approximations wg,w; < %, the
Hexagon model is a good starting point for a perturbative
expansion. We now ask what values of wy, wy might have
a “simple” expression for their energies.

We see that if wy = Y 1;1087 the 6-fold degeneracy at
the I'j; point at zero energy for wy = 1/\/5 splits into a
2(enforced) +2(accidental) 4 2(enforced )-fold degeneracy.
There is an accidental 2-fold degeneracy of the active
bands at zero energy, and a gap to the passive bands
which have an symmetry enforced degeneracy. The 2-fold
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accidental degeneracy at zero energy along w; = ~—;

is the important property of this manifold in parameter
space. The eigenvalues of the Hexagon model in this case
are given in Tab. II.

’UJ2
Band|Energy at k = 0 at w1 = @ dege.
Eip 0 2
2 _ w2
Es4 \/10wo+12 Vwg+d 9
w2 +1— /w2
E5,6 7\/10 0+12 \/ O_‘—4 2
Frs B \/10w(2,+12+\/wg+4 9
E9710 \/10 0+12+\/ ot4 2
F11 —2\/1 + wg 1
FEio 2\/1 + wg 1

TABLE II. Eigenvalues of the Hexagon model in Eq. (40)
at 'y point (k = 0) at the Second Magic Manifold w; =
\/1+wg

2

. The notation dege. is short for degeneracy.

Although the perturbative addition of the B1 shell will
_ V/1+wd

split the I'ps point Bk = 0,wp,w; = Y—5—2) =
0 degeneracy, we find that this zero energy doublet
of the Hexagon model is particularly useful to calcu-
late a k - p perturbation theory of the active bands,
as many perturbative terms cancel. In particular, we
see that the gap between the active band zero energy
doublet and the passive bands (Fs4(k = 0,wp,w; =

\/1;7%)) of the Hexagon model becomes large in the chi-

ral limit (B3 4(k = 0,wp = 0,wy = YU — 1/9) =
—1/2). We note that this explains property (4) of Fig. 1:
from the Hexagon model, the gap between the active and
the passive bands is, in effect, proportional to w; — wg.
Since the bandwidth of the TBG model is known to be
smaller than this gap, we will use the I'j; point doublet

V1+wd

of states Ey 2(k = 0,wp, w1 = ¥—5—=) = 0 to perform a
perturbative expansion. We define this paramter mani-
fold as the “Second Magic Manifold”:

Second Magic Manifold: w; = ~ 1+w°7

wo < 1/v/3.

IV. Two-Band Approximations on The Magic
Manifolds

1. Differences between the First and Second Magic
Manifolds

We have defined two manifolds in parameter space
where the two active bands of the Hexagon model are
separated from the passive bands. Hence, we can do a
perturbative expansion in the inverse of the gap from the
passive to the active bands. We first briefly review the
differences between the two Magic Manifolds

First Magic Manifold: wy < w; = 1/v3:
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FIG. 10. Plots of the active bands band structure on the first
magic manifold, w1 = 1/v/3, wo < /3, for a large number of
shells. In the second row, the gap to the passive bands is
large and outside the range. The Dirac velocity is small for
all values of wo /w1 (it vanishes in the Tripod model, but has
a finite value once further shells are included), and the bands
are extremely flat. The ratio of active bands bandwidth to the
active-passive band gap decreases upon decreasing wo/ws.

e For these values of wg,w;, the Dirac velocity at
K s vanishes in the Tripod model, which is a good
approximation to the infinite cutoff model. Hence
the velocity at the K; point in the infinite model
should be small. The Dirac node is at £ = 0.

e One end of the first magic manifold, the isotropic
point wg = wy = 1/\/§ is also the end-point of the
second magic manifold, and exhibits the 6-fold de-
generacy at E = 0 at the I'j; point in the Hexagon
model.

e Away from the isotropic point, on the first magic
manifold, a gap opens everywhere between the 6
states of the Hexagon model. At the I'j; point, the
6-fold degenerate bands at the isotropic limit split
when going away from this limit, into a 2 (symme-
try enfroced) -1-1-2 (symmetry enforced) degener-
acy configuration. Hence the two active bands, in
the Hexagon model, split from each other in the
first magic manifold.

e The splitting of the active bands in the Hexagon
model in the first magic manifold is corrected
by the addition of the Bl shell as the term
HarprHih HYyy gy in Bq. 33,

e The active bands, when computed with the full
Hamiltonian without approximation, are very flat
on the first magic manifold (much flatter than on
the second magic manifold), and there is a full,
large gap to the passive bands (see Fig. 10).

\/ 1+w(2]

Second Magic Manifold: w; = 5—>, Wo

1/V3:

e The Hexagon model exhibits a doublet of zero en-
ergy active bands at I'j; along the entire second
magic manifold.

IN



e One end of the second magic manifold, the isotropic
point wy = wg = 1/\/3 is also the end-point of the
first magic manifold, and exhibits a 6-fold degen-
eracy at £ = 0 at the I'j; point in the Hexagon
model and a vanishing Dirac velocity in the Tripod
model.

e Away from the isotropic point, on this manifold,
the bands do not have a vanishing velocity at the
Dirac point.

e The eigenstates of the active bands are simple (sim-
pler than on the first magic manifold) on this man-
ifold, with simple matrix elements (as proved be-
low). A perturbation theory can be performed
away from the I'j; point and away from this mani-
fold to obtain a general Hamiltonian for k, wg, w;.
The B1 shell can then also be included perturba-
tively as the term HALBlHk_BllHIXLBl in Eq. 33.

e The active bands are not the flattest on this mani-
fold. They are much less flat than on the first magic
manifold, due to the fact that the Dirac velocity
does not vanish (is not small) at the K, point on
the second magic manifold.

A. Two-Band Approximation for the Active Bands
of the Hexagon Model on the Second Magic
Manifold

We now try to obtain a 2-band model on the manifold
wy = /1 +w/2, Ywy < 1/\/3, for which we use the
\/ 1+w(2)

I'p-point Hyex(k = 0, wg, w1 = ¥—5—2) as zeroth order
Hamiltonian and perform a k - p expansion away from
the I'p; point.

Fig. 10 shows that away from the isotropic limit, the
gap that opens at the I'j; point between the formerly
6-fold degenerate bands can be much larger than the
bandwidth of the active bands even for modest devia-
tions from the isotropic limit. We have explained this
from the behavior of the 6-band approximation to the
Hexagon model, and from knowing the analytic form of
the I'ps-point energy levels in the Hexagon model. We
have also obtained the eigenstates of all the I'j/-energy
levels in App. E 2. It is then sufficiently accurate to treat
the manifold of the two I'p;-point zero energy states at
wy; = 7”27”02,%1)0 < 1/\/§ as the bases of the perturba-
tion theory.

To perform a 2-band model approximation to the
Hexagon model, we take the unperturbed Hamiltonian
to be Hyex(k = 0,wp, w1 = /1 + w3/2) (the Hexagon
model on the second magic manifold) in Eq. 40. For this
Hamiltonian we are able to obtain all the eigenstates an-
alytically in App. E2. The perturbation Hamiltonian, on
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the second magic maifold is

1+w?
Hperturb(kvwo) = HHex(ka Wo, W1 = Two) -

— Hyex(k = 0, wp, wy = %wg) = Isxe @ k- 7.(47)

The manifold of states which are kept as “important” are
the two zero energy eigenstates of Hyex(k = 0, wg, w1 =
1+ wt/2), given in Eq. E7. This manifold will be de-
noted as ¢ with a band index m € {1,2}. The manifold
of “excited” states, that will be integrated out, is made
up of the eigenstates Eqs. E8, E9, E10 and E11, each
doubly degenerate and Eqgs. E12 and E13, each nonde-
generate. This manifold will be denoted as v with a band
index [ € {3,4,---,12}. We now give the expressions for
the perturbation theory up to the fifth order. We here
give only the final results, for the expression of the matrix
elements computed in perturbation theory, see App. F 2.

We first note that the first order (linear in k) perturba-
tion term is Hr(rb)n, (k, wo) = (Y |Hperturn (K, wo) |rm) =
0. This is a particular feature of the second magic man-
ifold and renders the perturbation theory simple. Fur-
thermore, it implies that, on the second magic manifold,
the active bands of the Hexagon model have a quadratic
touching at the I'j; point, as confirmed numerically. Due
to the vanishing of these matrix elements, one can per-
form quite a large order perturbative expansion.

It can be shown that the n-th order perturbation is pro-
portional to 1/(3w? — 1)"~!, with symmetry-preserving
functions of k (see App. F2). Up to the 5-th order, the
full 2-band approximation to the Hexagon Hamiltonian
can be expressed as:

V14 wg)
2
= do(k, wo)og + di (k, wo)(c, + V30,),

Hex
H2band(k’ Wo, W1 =

where

4'U}0 . |: (’(1)(2) . 3) .

9y/wZ + 1 (1 — 3wd)

6 4 2

4 (29w§ 22312002 ?;57% 9) (2 + £2) } ko (K2 — 382),
9(1—3wd)” (w3 +1)

dO(ka ’(1)0) -

(48)
and
dy (k, wp) = At
3v/wg +1(3uwg 1)
§ [_ |, 2035w + 68uf +9) (2 + kg)] (24 52).
9(wZ +1) (3u2 — 1)

(49)

while the Pauli matrices o; here are in the basis defined in
App. E2a (rather than the basis of graphene sublattice).
In particular, we note that the eigenstates of the k - p

2
model HE | (k, wo, wy = Y-320) are independent of k
up to the fifth order perturbation within the hexagon
model.




B. Away from the Second Magic Manifold:
2-Band Active Bands Approximation of the
Hexagon Model

We now want to perform calculations away from the
second magic manifold, and possibly connect the pertur-
bation theory with the first magic manifold. There are
two ways of doing this, while still using the I'j;-point
wave-functions as a basis (we cannot solve the Hexagon
model exactly at any other k-point). One way is to solve
for the wave-functions at the I"p;-point for all wg, wy, and
use these states to build a perturbation theory that way.
However, away from the special first and second magic-
manifolds, the expression of the ground-states is compli-
cated. The second way, is to use the eigenstates already

RV 1+'w(2)

obtained for the second magic manifold w; = 5
and obtain a perturbation away from the second magic
manifold. In this section we choose the latter.

We take the unperturbed Hamiltonian to be Hyex(k =
0, wo, w1 = /14 w/2) (the Hexagon model on the sec-
ond magic manifold) in Eq. 40. For this Hamiltonian
we are able to obtain all the eigenstates analytically in
App. E2. The perturbation Hamiltonian, away the sec-
ond magic manifold is

Hperturb(k> Wo, wl) = HHex(k; wo, wl) -

\/1+w§) _

2

- HHex(k = O7w07w1 =

= Ioxo @k G + Hygex(k = 0,0,w; — Y78 (50)

We now give the expressions for the perturbation theory
up to the fourth order. We here give only the final results,
for the expression of the matrix elements computed in
perturbation theory, see Apps. F2 and F 3.

We first note that the first order Hamiltonian is

2

O, w,w1) = (V5L ) (o, +VBo) (51)
Hence we find there is now a linear order term in the
Hamiltonian - as it should since the two states degener-
ate at I'j; on the second magic manifold are no longer
degenerate away from it. Because of this, many other
terms in the further degree perturbation theory become
nonzero, and the perturbation theory has a more compli-
cated form. We present all details in App. F' 3 and here
show only the final result, up to fourth order. We can
label the two band Hamiltonian as:

Hg:)e;nd(k7w0awl) = do(k’ Wo, W1)0g

+d1(k,’£U0,’LU1)(O'y+\/§O'x) s (52)

where the expressions of do(k,wo,w;) and d; (k, wo, wy)
are given in Egs. (F35) and (F36) in App. F3. The
perturbation is made on the zero energy eigenstates of

/ 2 / 2
%) il , then the

Hyex(k = 0, wg, w1 = Ifw, = Y=

expressions reduce to our previous Hamiltonian Eq. F20.
Notice that so far, remarkably the eigenstates are not k-
dependent, they are just the eigenstates of (o, + v/305).
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C. 2-active Bands Approximation of the n =1 Shell
Model Happroxi(k) on the Second Magic
Manifold

In Sec. IV A we have obtained an effective model for
the two active bands of the Hexagon model on the second

magic manifold w; = 7”2“’02, Ywy < 1/v/3 using the

T ar-point Hyex(k = 0, wg, wy = 7”12%) as zeroth order
Hamiltonian. We expect this to be valid around the I'j,
point. We know that a good approximation of the TBG
involves at least n = 1 shells: the Al sub-shell, which is
the Hexagon model, and the B1 sub-shell, which is taken
into account perturbatively in Happrox1 (k) of Eq. 33. Af-
ter detailed calculations given in App. F 4, we find the
first order perturbation Hamiltonian given by

1
[lizi 231k = 26i?[k + 2q:]?
X Z C’illz(k7 ’U)()7U)1)O'u y

p=0,2,y,

H(Bl)(ka wval) =
(53)

where d,(k, wo, w1) are given in Egs. (F39)-(F42) of
App. F 4. This represents the first order Happrox1 (k) pro-
jected into the zero energy bands of the Hexagon model
on the second magic manifold. We note that the Bl
shell perturbation expressions can only be obtained to
first order. Second and higher orders are particularly te-
dious and not illuminating. Note that, to first order in
perturbation theory on the second magic manifold, only
the term HALBlHl;}_élHLl,Bl contributes to the approx-
imate 2-band Hamiltonian. Also we obtained the per-
turbation of HALBlH,;BllHLl’Bl for generic wg,w; pro-
jected into the second magic manifold I'y; point bands of
the Hexagon model.

D. 2-Band Approximation for the Active Bands of
the n =1 Shell Model Happroxi(k) in Eq. 33 for

any wo,w; < %

We are now in a position to describe the 2 active bands
of the approximate Hamiltonain of the 1-shell model in
Eq. 33, Happrox1 = Hra1 +Ha1,41— HA1,B1H;;311HL,31
by adding H BV (k, wg, w1) of Eq. 53 to HEex (k, wo, w1)
of Eq. 52. We note that this is still perturbation theory
performed by using the T'ps-point Hyex(k = 0, wp, w; =

1/ 1+w%)
2

Haband (k, wo, w1) = Hyos 4 (k, wo, wi)+HPY (k, wo, wy)
(54)
We now find some of the predictions of this Hamiltonian.

as zeroth order Hamiltonian:

1. T'm point energetics of the two band model

The energies of the two bands of the Eq. 54 at T'j,
point are
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FIG. 11. Plots of the ratio of the bandwidth of the active

bands for the large number of shells to the analytic band-
width A in Eq. 56, for different values of wo,w:, including
the two magic manifolds. In the regime of validity of our ap-
proximations, we can see that this ratio is substantially above
90%.

—4\/w3 + 1wy + w3 + w? + 2
2y/wi +1

By (wo, w1) = +( ) (55)

over the full range of wg,w; < 1/ V3. Remarkably, we
find an amazing agreement between the energy of the
bands at I'j); point and the numerics. We find that the
bandwidth of the flat band at I'j; point is

A(wo,wl) :2|Ei(w0,w1)\ (56)

This matches incredibly well with the actual values. In
Fig. 11 we plot the ratio of actual active bandwidth at
T'p; point from the large number of shell model to A
in Eq. 56, for values wo < 1/v3, wo < wy < 1/4/3.
Note that even though we are sometimes going far from
the second magic manifold values wo,w; = /1 + w3 /2
where the perturbation theory is valid, the ratio holds
up well, and is actually never smaller than 0.8 or larger
than 1. We are using wy < w; because the perturbation
theory is around the manifold wg, w1 = /1 4+ wg/2 < %
for which wy < w;. For w; < wp the approximation
becomes worse, but is outside of the validity regime.

For the two magic manifolds, also shown in Figs. 11
and 12, the agreement is very good. We point out sev-
eral consistency checks. First, remarkably, the set of ap-
proximations that led us to finding a 2-band Hamiltonian
becomes ezxact at some points

e The I'j; point Bandwidth at wy = w; = 1/4/3 van-
ishes A(%, %) = 0. This degeneracy reproduces
the exact result, in the 1-shell model (See n = 1
in Fig. 14, the 6-fold degeneracy at the I'y; point).
The approximate model of the 1-shell, Happrox1 of
Eqg. 33 also has an exact 6-fold degeneracy at the
Iy point at wy = w1 = 1/v/3 (the two bands
here being part of the 6-fold manifold). It is re-
markable that our 2-band projection perturbation
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FIG. 12. I'ay point bandwidth of the active bands (large
number of shells) on the manifold A(wo,w1) = 0 (w1 =
2¢/1+ wZ — /2 + 3w?) of zero analytic bandwidth (Eq. 56)
divided by the bandwidth of the active bands in the chiral
limit ((wo,w1) = (0, %) Note that this number is extremely
small away from wo = w1 = %7 showing that our analytic
manifold of smallest bandwidth (A(wp,w;) = 0) also exhibits
small bandwidth in the large cell number. Inset: the curve
wy = 2\/1 +wd — \/2—|—3w§ for which A(wo,w1) = 0 for

0 <wy < % Note that w; changes extremely little 1%

(stays within 1% of %) during the entire sweeping of wp.

approximation reproduces this degeneracy exactly,
especially since it is supposed not to work close to
wy = wyp = 1/\[ - where the gap to the active
bands is 0 and the I'j; point becomes 6-fold degen-
erate.

o At wy = wy = 0, the bandwidth at T'ps is A(0,0) =
2. This is again, an exact result for the infinite
shell model. Indeed, at the I'j; point, the BM
Hamiltonian with zero interlayer coupling has a gap

e We now ask: what is the wg,w; manifold, under
this approximation, for which the I'j; point band-
width is zero? This is easily solved to give:

2-band model with zero bandwidth at I'y; :

1
wy = 2\/w3—|-1 — \/3w8+2, wo € [0, %]

(57)

Fig. 12 plots the ratio of the bandwidth of the full
BM model on this manifold to the bandwidth at at
the chiral limit wy = 0,w; = % (which is already
really smalll). We can see that, for most of the wy €
(0,1/4/3) this ratio is below 0.1, showing us that
we have identified an extremely small bandwidth
manifold.

e What are the values of w; on this manifold?
Remarkably, as can be seen in Fig. 12, w; =



2y/w3 +1 — /3w + 2 is an almost fully constant
over the interval wy € (0,1/+/3): it changes by
around 1% only. Moreover, its values (0.578-586)
are very close to 1/\/§ =~ 0.57735. Hence our ap-
proximation explains the flatness of the bands over
the emph first magic manifold, 0 < wy < %, wy) =

%: This manifold is almost the same with the

one for which our analytical approximate calcula-
tion gives zero gap. Hence property (6) of Fig. 1 is
answered.

e At wy =0, one has wy; = 2y/w? +1— /3w +2 =
2—+/2in Eq. (57), for which the bandwidth is 0 in
our perturbative model. As we show in App. F5,
this value of w; coincides with the exact value for
which the I'j; bandwidth is zero in the approxima-
tion Hamiltonian Happrox1 of Eq. 33. Furthermore,
at wg = 0, the value w; = 2 — V2 also coincides
with the exact value of zero I'); bandwidth in the
no-approximation Hamiltonian of the n = 1 shell
Hamiltonian (of A1, B1 subshells) (see App. F5).

e Atwy = 0, the value w; = 2y/wZ + 1—+/3w3 +2 =
2—1/2 for which the bandwidth of our approximate
2-band model is projected to be zero is numerically
very close to the value of 0.586 quoted for the first
magic angle in the chiral limit [37]. In fact, at wy =
0,w; =2 — v/2 the bandwidth of the active bands
is half of that at w; = 0.586.

E. Region of Validity of the 2-Band Model and
Further Fine-Tuning

The 2-band approximation to the n = 1 Shell Model
has a radius of convergence in k space in the first MBZ.
This radius of convergence is easily estimated from the
following argument. In Tab. II, the (maximum) gap, at
the I'p; point, between the active and the passive bands
in the Hexagon model (and in the region wy < 1/v/3)
is at wo = 0 and equals 1/2. The distance, in the MBZ
between I'j; and K, points equals to 1. Hence we expect
that our 2-band model will work for |k| < 1/2, as our
numerical results confirm. The form factor matrices can
be computed for this range of k analytically, by using
the full Hexagon Hamiltonian in Eq. 52 plus the Bl
shell perturbation in Eq. 53. They will be presented in
a future publication.

The k = K point is outside the range of validity of
the 2-band model, and hence this does not capture the
gapless Dirac point for all values of wg,w;. However,
with some physical intuition, we can obtain a 2-band
model that has a gap closing at the Kj; point. In Fig.
9 we see that the Hexagon model does not have a gap
closing between the active bands at the K s point. How-
ever, in Figs. 18, 19, 20 we see that Happroxi(k) in Eq.
33 has a gap closing close to, or almost at the Kj/-point.
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FIG. 13. Comparison between (a) the active bands of the

BM model at the wo = 0, w1 ~ 0.588 point and (b)the bands
of the 2-band first order approximation to Happrox1 (k) in Eq.
33. Notice that the bandwith at the I'js point is virtually
identical, that the bands are flat, and that they close gap at
the K point.

This means that one of the main roles of the B1 shell is
to close the K s gap, leading to the Dirac point.

Hence we can use the 2-band model of the first or-
der approximation to the Hexagon model, Eq. 51,

2
H,(,:,)n/(k,wo,wﬂ = (¥ w2”+1 — wi)(oy + V30,) along
with the 2-band model first order approximation for
the Bj-shell H(Bl)(k, wp,w1) to obtain a first order
2 — band approximation Hamiltonian: H® (k,wg,w;) +
H®BY (k,wy, wy). Note that H™ (k, wp, w,), the 2-band
first order approximation to the Hexagon model, has two
flat k independent bands. We now impose the condition:
HM(k = Ky, wo, wy) + HBY (k = Ky, wo,wp) = 0 to
find the manifold (wq,wp) on which this condition hap-
pens. Notice that, a-priori, there is no guarantee that the
result of this condition will give a manifold that is any-
where near the values of wy, wq considered in this paper,
for which our set of approximations is valid (i.e. wg,w;

not much larger than 1/+/3). We find:

H(l)(k = KM,wo,w1) + H(Bl)(k = KM,wo,w1) =0
=
2-band model degenerate at K, : (58)

w =L (63\/wg 1 /2977w + 1953) (59)

Remarkably, we note that as wg is tuned from 1/v/3
to 0, w; only changes from (1/v/3 = 0.57735 and
3—32 (21 — \/ﬁ) = 0.587726!. Hence the isotropic point is
included in this manifold, and w; changes by only about
2% as wyq is tuned from the isotropic point to the chiral
limit. We hence propose this model as a first, heuristic
k-p model for the active bands on the w (wg) manifold in
Eq. 58. Importantly, this model will have (A) flat bands
with small bandwidth; (B) identical gap between the ac-
tive bands at the I'j); point with the TBG BM model;
(C) gap closing at the Kj; point.



V. Conclusions

In this paper we presented a series of analytically jus-
tified approximations to the physics of the BM model
[1]. These approximations allow for an analytic explana-
tion of several properties of the BM model such as (1)
the difficulty to stabilize the gap, in the isotropic limit
from active to passive bands over a wide range of an-
gles smaller than the first magic angle. (2) The almost
double degeneracy of the passive bands in the isotropic
limit, even away from the I"j;-point, where no symmetry
forces them to be. (3) The determination of the high
group velocities of the passive bands. (4) The flatness of
the active bands even away from the Dirac point, around
the magic angle which has w; = 1/v/3. (5) The large
gap, away from the isotropic limit, (with w; = 1/v/3),
between the active and passive bands, which increases
immediately with decreasing wg, while the bandwidth of
the active bands does not increase. (6) The flatness of
bands over the wide range of wy € [0,1/+/3], from chiral
to the isotropic limit. Also, we provided a 2 X 2 k- p
Hamiltonian for the active bands, which allowed for an
analytic manifold on which the bandwidth is extremely
small: wy = 2y/wg +1— /3w +2, wo €0, %]

However, the most important feature uncovered in this
paper is the development of an analytic perturbation the-
ory which justifies neglecting most of the matrix elements
(form factors/overlap matrices, see Eq. 19), which will
appear in the Coulomb interaction [108]. The exponen-
tial decay of these matrix elements with momentum will
justify the use of the “flat metric condition” in Eq. 20 and
allow for the determination of exact Coulomb interaction
ground-states and excitations [108-111].
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Future research in the BM model is likely to uncover
many surprises. Despite the apparent complexity of the
model and the need for numerical diagonalization, one
cannot help but think that there is a 2 x 2 k-p model valid
over the whole area of the MBZ, for all wg, w; around the
first magic angle. Our 2-band model is valid around the
T"ps point - for a large interval but not for the entire MBZ,
although we can fine tune to render the qualitative as-
pects valid at the K, point also. A future goal is to find
an approximate summation, based on our perturbative
expansion, where outer shells can be taken into account
more carefully and possibly summed together in a closed-
form series, thereby leading to a much more accurate k-p
model. We leave this for future research.
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A. Matrix Elements of the I');-Centered Model

We introduce the shells in the I'ps-centered model. The An; sites of the n’th A shell (see Fig. 4a) are situated at

Qan, =n =11 —q@2) +(G—1)(g2—¢q3)+q1, j=1...n

Qan,.; =C6Qan, =(n—1)(q1 —qz3)+ (G —1)(@2—q1) —gq3, j=1...n
Qangs; =C3Quan, =(n =gz — @)+ (G —(gs—q1) +q2, j=1...n
Qangps; =C8Quan, =(n =Dz —q)+ (G —(gs—q2) —q1, j=1...n
Qansn; =C6Qan, =(n—1D(gs—q)+ (G — 1)1 —q2)+4q3, j=1...n
QAn5n+j = CgQAnj = (TL - 1)(‘]3 - Q2) + (j - 1)(q1 - Q3) —q, j=1...n (Al)
There are 6n A sites in the n’th shell. The Bn; sites of the n’th B shell (see Fig. 4a) are situated at
Qan = QAn] + q17 QBnn+]' = QAnn+j - q37 QBn2n+j = QAn2n+j + q27
QBn3n+j = QAn3n+j — 4, QBn4n+j = QAn4n+j + g2, QBn5n+j = QAnsn_H' —q2, j=1l...n (A2)
There are 6n B sites in the n’th shell. The basis we take for the BM Hamiltonian in Eq. 3 is then
(A1,B1,A2,B2,... AN, BN)
= (Aly, Aly, Als, Aly, Als, Alg, Bly, Bls, Bls, Bly, Bls, Blg, A2, A25,...) (A3)

where N is the cutoff in the number of shells that we take. Each shell n has 6n A sites and 6n B sites.

The separation of shell n = 1...00 into A and B is necessary in the I'j;-centered model is necessary due to the
structure of the matrix elements. Unlike in the Kj;-centered model, where different shells hop from one to another
but not within a given shell, in the I'j;-centered model, the A-shells hop between themselves too. Explicitly, the
nonzero matrix elements within the n’th A shell are called Hap, an:

HAn,An =
Ang, & Anpiq o5 Angy, < Angpyr 2 Th; Ang, < Angpe T3
A?’l4n <~ An4n+1 : TQ; An5n <~ An5n+1 : TI; An6n <~ An6n+1 213 (A4)

In the B shell, there are no matrix elements between different B sites, but there are matrix elements between the
A and B sites in the same shell n. They are called H 4, g, and the nonzero elements are:

Hpn pn =
Anj <> Bnj 1 Th; Anpyj <> Bnpg; 0 13; Anopyj <> Bnopg; : 1b;
Angnyj <> Bngpgj t 11y Angngj <> Bngpgj 1 135 Anspij <> Bnspg; @ 1b;
j=1l...n, n=1...00 (A5)
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Last set of couplings are between the n — 1'th B shelll Bn — 1 and the n’th shell An are Hp,_1, 4, with nonzero
matrix elements given by:

HBn—l,An:
Bn—1;<An;: Ty, j=1...n—1;, Bn—1,_1 < An;: T3, j=2...n
Bn—1,4j < Anpyj:Th, j=1...n—=1; Bn—1,4 1< Anpyj:To, j=2...7n;

Bn—12n+j (_>An2n+j :Tg, j=1...n—1; Bn—12n+j,1 <—>An2n+j ZT1, _722
Bn—13n+j<—>An3n+j Ty, j=1...n—1; Bn—13n+j,1 <—>An3n+j 2Ty, 7=2...
Bn714n+j<—>An4n+j ITl, ]:177171, Bn714n+j_1<—>An4n+j ZTQ, j:2

S 8 8=

Bn — 15n+j (—>A7’l5n+j IT3, ]Z 1...n— 1; Bn — 15n+j—1 A4 An5n+j IT1, j: 2...

(A6)

The diagonal matrix elements are (k— Q)odg,o- where the ), Q’s are given by the shell distance: We call these Hy 4,
or Hyp, depending on whether the () is on the A or B shell. Note that the Hamiltonian within the B shell is Hgpg.,
while the Hamiltonian within the A shell is Hyap + Han, An. We now have defined all the nonzero matrix elements of
the Hamiltonian. In block-matrix form, it takes the expression

Hypar +Har, a1 Hapr 0 0 0
HLl,Bl Hyp: Hpi, 42 0 0
0 H;LAQ Hyao + Haz a2 Haz g2 0

= 0 0 HIXQ,B2 Hypo Hpo a3

0 0 0 HJTB2,A3 Hias+ Hpz a3 -+

B. Numerical Confirmation of the Perturbative Framework

What our discussion in Secs. IID and ITE shows is that (1) For the first magic angle, we can neglect all shells
greater than 2, while having a good approximation numerically. (2) For the next, smaller, magic angle, we need to
keep more shells in order to obtain a good approximation. We have tested that machine precision convergence can
be obtained for the active bands by choosing a cutoff of 5-6 shells. We test this next, along with other conclusions of
Secs. IID and ITE In particular:

e We first confirm our analytic conclusion that shells above n > 2 do not change the spectrum for the first magic
angle (and for larger angles than the first magic angle). Figs. 14,15 and 16 show the spectrum for several values
of wp,w; around (or larger than) the first magic angle characterized by wg = 1/v/3 for the Kj;-centered model
and by wg = w1 = 1/\/§ for the T"p/-centered model model in Sec. IIT). For the Kj;-centered model, the magic
angle does not depend on w; but for the I'j/-centered model it does, see Sec. III. For either wgy or w; < 1/\/3,
we see that the spectrum looks completely unchanged from n = 2 to n = 4 shells. From n = 2 to n = 4 shells,
the largest change is smaller than 1%, and invisible to the naked eye. Above n = 4 shells, the spectrum is
numerically the same within machine precision. We confirm our first conclusion: To obtain a faithful model for
TBG around the first magic angle, we can safely neglect all shells above n = 2. Keeping the n = 2 shells gives
us a Hamiltonian which contains the A1, B1, A2, B2 shells in Fig. 4a, giving a Hamiltonian that is a 72 x 72
matrix, too large for analytic tackling. Hence further approximations are necessary as per Secs. IID and ITE,
which we further numerically confirm.

e We confirmed our perturbation theory predictions of Secs. IID and IIE for angles smaller than the first magic
angle. In Fig. 17 we confirm the analytic prediction that at angle 1/n times the first magic angle, we can neglect
all the shells above n + 1.

e We confirmed our perturbation theory predictions Secs. IID and IT E that - for the first magic angle and below,
(wp,wy <1/ \/§) - keeping only the first shell induces only a 20% error in the band structure. We have already
established that keeping up to n = 2 shells at the first magic angle gives the correct band structure within less
than 5%. Figs. 14,15 and 16 also contain the n = 1 shells band structure for a range of angles around and above
the first magic angle wg,w; > 1/v/3. We see that the band structures differ little to very little, while keeping
the main characteristics, from n = 1 to n = 2. In particular, in the chiral limit of wy = 0 and for w; = 1/2
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FIG. 14. Plots of the band structure for different parameters around the first magic angle, and for different ranges of the
y-axis. Notice no change from n = 2 to n = 4, in agreement with the theoretical discussions
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FIG. 15. Plots of the band structure for different parameters around the first magic angle, and for different ranges of the
y-axis. Notice no change from n = 2 to n = 4, in agreement with the theoretical discussions

(along what we call the Second Magic Manifold, see Sec. IV) the band structures do not visibly differ at all
(see Fig .15, lowest row) from n = 1 to n = 2. Hence for the first magic angle, to make analytic progress, we
will consider only the n = 1 shell, to a good approrimation. This gives a 24 x 24 Hamiltonian, which is still
analytically unsolvable. Hence further approximations are necessary, such as Happrox1(k) in Eq. 33.

e We test the prediction that Happroxi (k) in Eq. 33 approximates well the band structure of TBG around (and
for angles larger than) the magic angle for a series of values of wg,w; < 1/v/3. Figs. 18,19 and 20. We see
remarkable agreement between Happrox1 (k) and the n = 1 Hamiltonian. We also see good agreement with the
large shell limit. For values of the parameters wg = 0,w; = % in the Second Magic Manifold, (see Sec. IV), the
Happroxi (k) and the n = 1,2,3... shells give rise to bands undistinguishable by eye(see Figl9, last row). We
will hence use Happroxi(k) as our TBG hamiltonian. This is a 12 x 12 Hamiltonian that cannot be solved

analytically. Hence further analytic approximations are necessary.
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C. Eigenstates of the Hexagon Model at the I'); point

We provide the explicit expressions for the six band model approximation for the Hexagon model at wy =
1/ V3. The basis we choose is made of simultaneous eigenstates of Cs, and H for the states [ (k = 0,wo

\%)):1/)]5]. j=1...61in Eq. 41:
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FIG. 17. Plots of the band structure for different parameters far away from the first magic angle: at half, a third and a fourth
of the first magic angle. Notice that for and angle 1/n times the magic angle, we can neglect all shells above n + 1, which
confirms our perturbation theory result. For the first magic angle, above n = 2 shells the band structure goes not change. For
half the magic angle, the band structure above n = 3 shells does not change (but the band structure at n = 2 shells is changed
compared to the n = 3 band structure). For a third of the magic angle, the band structure above n = 4 shells does not change
(but the band structure at n = 2,3 shells is changed compared to the n = 4 band structure. For a quarter of the magic angle,
the band structure above n = 5 shells does not change (but the band structure at n = 2, 3,4 shells is changed — dramatically —
compared to the n = 6 band structure.
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the approximate Happrox1 is a remarkably good approximation of the n = 1 Hamiltonian, and a good approximation to the
thermodynamic limit. The Dirac point is slightly moved away from the K point.

where ki = k, £ ik, 02 is the 2 by 2 zero matrix, and

2v/13-13 6vV13+22—1
A = 134/5—/13 13(V13+5)
35 (VI3 =13) VV13+5 (/55 (VI3 +4) — 13(%%)
2\/ﬁ 13 _ 1 13—-1 1
AL g (V1) VIS -
Ay = /6134221 /1 (\/17—1—4
13(V/I3+5) % HRYAE W+5
1 2v13-51/6v13+22+1/78/13+286+2
_ V13 5213
Az = 2v/13-5\/6V1312241/78vIB 128642 2(VI3+8)—V/6V13+22+/78V13+286
52v/3 26(v/13+2)

We note that ¢g,, ¥, also serves as the Gamma point basis of the 2-band approximation at w; = /14 w?/2 in
Sec. 1V.

D. Eigenstates of Along the I'y; — Ky line k; = 0 and on the I'yy — M)y line £y =0

1. Eigenstates of HS " (k = (0,k,),wo = w1 =

S
w
B

On the T'y;y — Ky line, the energies (already mentioned in the main text) are
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1 /3 /3 /3 /3
FEg bana(k = (0, ky)»wo =wy = %) = (-2 ﬁkyv -2 Ekyﬂ Tgky»Q ﬁky,(),()) (D1)

The energies have eigenstates (not orthonormalized yet)

wl;ﬁ—band(k = (O,k’y),’LUQ = wp = %) =

1 /1 . . . 191760161iv/3+166713618v/13—59265370i1/39—527508405
( 200\/ = (5570051iv/3 — 153112v/13 4 1077176iv/39 + 17078669), OOV ATy TS 45094) ,

—2437915i/34+6984301/13+569554i1/39 —3303424 23i(26i—1222v/3+86iv/134221/39) ,0,1)
’ 100v/22570(49v/13—156) 1300+/370

Y2:6-band (k = (0, ky), wo = w1 = %) =

705768v/13—8i,/39(886369537—160909896+/13 )+4606081
(505 (— 23)\/221 (37641iv/3 + 808v/13 — 2136iv/3 —91159),100\/ ol . )t

26962 ’
23(—8817191f+56(—687+3704zf)f+52881) 104(775—596iv/3)+529i(25v/3+23i)v/13 10
’ 600+/22570(49+/13—156) 2600+/370 1,0)

Y3:6-band (k = (0, ky), wo = w1 = %) =

1 /1 . _ : —1917601613v/34+-166713618+/13 — 592653702f+527508405
(200\/ 57 (55700514v/3 + 8 (19139 — 134647iv/3) v/13 + 17078669), SoOVETA{ 14T A5 45094)

2437915iv/3+-698430+/ 1345695541 /3943303424 23(—1222iv/3486v13-221iv/39-26) 0,1)
) 100/22570(49+/13+156) ’ 1300+/370 )

w4;6—band(k = (O, k‘y),wo = wp = %) =

—705768v/13+8i4/39(160909896+/13+886369537 ) +4606081
(22030\/ i (911590 4 37641v/3 + 808iv/13 + 21361/39), 100\/ Vool e ) :
23i(52881i+881719v/3+561/13(3704v/3+687:))  104(775—-596iv/3)+529(23—25i1/3)V/13 10
’ 600/22570(49v/13+156) ’ 26001/370 ,1,0)
wS;G—band( (O k ) = \}g)
(5351/ & (710 = 19iV/3) , 5551/ 157 (—2732 4 659iv/3) , %\/% 2483 + 5763iv/3), 0, 35 (47 — 19iv/3) , 1)
qZ)G;G—band(k (0 k ) = w1 = \/g)
. 31—46iv/3
(51/58 (5V3 +11i) , 451/ 1oz (=57 — 71iV/3) (zsir) 1,0,0) (D2)

Fundamentally, what we notice is that the bands are &, independent!

2. Eigenstates of Hf " (k = (ks,0),wo = w; = %)

On the T'y; — My line, the energies (already mentioned in the main text) are

Egbana(k = (kz,0), w0 = wy = == )=
(—kay =k, 25 (3VI3 +13) kyy & (3VIB+ 13) by, — (3 W = 13) ks, — 35 (313 = 13) kz) (D3)



The energies have eigenstates (not orthonormalized yet)

wl;G—band(k = (k;,O),’U)o = w1 = %) =

(_219\/§+115i 1609-63iv/3 3(1253+41iv3) 69(—5-3iV/3) 0,1)
52v34 7 5242074 ° 52422570 524370

77[}2;6—band(k = (kx,()),wo =w; = %) =
(69 & 69(9—iv3)  23i(VB-151i) 977_112i\/3 1.0)

34

26 7 5242074 524/22570 °  26+/370
1
3:6-band (k = (kz,0), wo = wy = 75) =

( 7(—10569iv/3+17434/13—2949iv/39+62876)  481425i\/34-307265+/184145119iv/39+ 1454167

V34(3v3—1i)(323v/13-65) ’ 4+/2074(323v/13—65) ’

94(10385i+105261/3+4333iv/13+736v/39)  69(169i/3+8V/13—45i/39+26)

;0,1)

) 2+/22570(61v/13—247) ’ 52/370(8v/13-29)

_ _ _ 1y _
¢4;6—l)and(k - (kra 0)711)0 = w1 = ﬁ) -
69(—16792’\/5—&-5303\/13—457i\/39+19129) 69(6479i\/§+3374\/13+1939i\/39+12004)

( 2v/34(3+/3—1)(323v13-65) ) 2v/2074(323v/13-65) )

23i(16877i+3295v/3+4843iv13+2705v39)  _36205i1/3—14941+/13+10699i1/394+64675 1,0)
) )

) 4/22570(61+/13—247)

) 104v/370(8v/13—29)

_ _ _ 1y _
wS;G—banda{ - (kazao)7w0 = w1 = %) -
69(—1679i1/3+5303v/13—457iv/39+19129)  69(6479iv/3+3374v/13+1939i1/39+12004)

( 2/34(3+/3-4)(323v13-65) ’ 2v/2074(323v/13-65) ’

234(16877i+3295v/3+4843iv/13+2705v/39)  _36905i+/3—14941+/13+10699i+/39--64675 1,0)
b

) 4+/22570(61v/13—247)

) 104+/370(8v13—29)

Voi6-band (k = (kz,0), w0 = w1 = =) =
69(1679iv/3+5303v/13—457iv/39—19129)  69(—6479iv/3+3374/13+1939i1/39—12004)

( 2v/34(3+/3—1)(323V13+65) ) 2+/2074(323/13+65) )

23(—3295iv/3—4843/13+2705iv/39+16877) i(64675i+36205+/3+149415/13+10699+/39)

,1,0)

) 4+/22570(61v/13+247)

’ 104v/370(8v/13+29)

Fundamentally, what we notice is that the bands are k, independent!

E. Solutions of Eigenstates for the Hexagon Model

We now solve the eigenvalue equation

HHex(k7 U)(),U)1)L/) = E1/’

for the Hexagon model in Eq. 40 in the basis ¢(k, wo, w1) = (Ya1,, VA1, VA1, VA1, Ya1s, Yae) (K, wo,w1) where
each 141, (k, wp,w1) is a 2-component spinor of Fig. 8, for different values of k, wg, w;.

1. Eigenstate solution at k = 0 for Arbitrary wo, w;

35

(D4)

(E1)

The eigenvalue equation cannot be solved for general k,wg,w; and we hence concentrate on several cases. First,
we only can solve only the k = 0 point. Using |; - &| = 1, we find:

Ve
(N
{0
(E+gqs-0)(E*=1) = E(T5 + T7) — Toqa
(E+gq-0)(E* = 1) = BE(T{ + T§) — Thgs
(E+q-0)(E* = 1) = B(T§ + TF) — Togs

= BL80 (Typs + Tyehn)
= EL00 (Taaps + Toifs)
= B8 (Tyihy + Thaps)
0Ty —Thqe - oTh|s = To(E + q1 - 0)T30%3 + T (E + q2 -
~oTy —T3q1 - oTs]s = TV (E + q3 - 0)Totp1 + T5(E + ¢ -
0Ty —Tsqy - 0T3)01 = To(E + q3 - 0)Thtps + T3(E + g2 -

O')T3’¢1
o)Tzys
o)T1s (E2)
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where shorthand notation T; = T;(wg, w1), ¥; = a1, (k = 0,wp,wy). Using the expressions of T; from Eq. 4, we
re-write the last 3 equations above as:

[E(E? —1)og + g3 - 0(E? — 14+ w2 + 2w?) — E(2(w3 + w})og + wow: (0, + V30,) |5

2
= {Bl(wf — )00 — wowioy + 24 wloz] + (wf —wi)ar - o}y
2
+{E[(w§ — 300 + wowr 3 (00 — V30y) — fo:]+ (wh — wi)gz - o}y,
[E(E? —1)og + q2 - 0(E? — 1 + w3 + 2w?) — E(Q(wo + w?)og + wow (0, — V30,)3

’l,U2 1
= {E[(w} — )00 + wowr 3 (00 + VBay) + 3wdo.] + (wd — wd)gs - o}

2 _ wi iv3 2 2
+{E[(w§ — 500 — wowio, — “Pwio.] + (wg — w?)gr - o},
[E(E? —1)og + q1 - 0(E? — 1 + w3 + 2w?}) — E2(wi + w?)og — 2wow0,]11
2
~ (Bl = Fyen + oo+ Vi) = Pt + (uf = ey}

+ {E[(w3 — 7)00 + wown 2(035 \fay 2 w%az} + (wg — w?)qo - o })s. (E3)

Plugging in the expressions for the energy E., we can obtain the relations between ;. However, these are messy, and
we choose to find the eigenstates on several, simpler, manifolds in the wg,w; parameter space.

2. Eigenstate solution at k = 0 for on the second magic manifold w; = /1 + wS/Q

We first solve for the two zero eigenstates E1 2(k = 0, wp, w1 = 7”1;“)%) = 0 of Tab. I. Eq. E2 become:

w2 —
(Bwg —1)gz - 095 = w(fh co3 + qz - oY1)
w2 —
(Bwg —1)g2 - op3 = w(% co1 + q1 - oYs)
w2 —
(Bwg —1)qr - otpy = w(% oYz + q2 - 0Ps) (E4)

We now have two cases

a. Zero Energy eigenstate solution at k = 0 for on the second magic manifold wi = /1 +w2/2, wo # 1/v/3
In this case 3w — 1 # 0 and Eq. E4 become:
1 1
43'0¢5=§(Q1'0¢3+Q2'0¢1); Q2‘U¢3=§(Q3'0¢1+Q1'0¢5)' 101 = (QB o3 + g2 - o) (E5)

with solutions (for the two zero energy eigenstates)

Y1 = (g3 0)(q2 - 0)3;
7%1 *(Q2'0)(Q3 o)Ys;

thy = o(T3 +T2(q2 - 0)(q3 - 0))1s;
o = —qs - 0(T1 +T5(q3 - 0)(q2 - 0))3;
e = —q2-0(T5(q3 - 0)(q2 - 0) + Ti(q2 - 0)(q3 - 0))3; (E6)

The two independent zero energy eigenstates on the second magic manifold can be obtained by taking 3 = (1,0)

and 13 = (0, 1), respectively. However, they are not orthonormal and a further Gram-Schmidt must be performed to
orthogonalize them. We obtain:

V1+w?
YE,=o(k = 0, wo, w1 = %) =
) I R LTI AL I I
26/ wi+1’ 7 V6 VB /w21’ f\/wg+1’ ’ V6 7 VB wil) 2v6 /w1’ VBT By /wi+l
w2
Yp,—o(k = 0,wp,w; = 1; ¢) =
i(V3+iJwo i(VBHi) o (~1)*/ Y=Twe 1 Y1 wy (V39

(2\/6\/1113—&-1’ 26 T By Rl VB wg 1’ vl VB w2+1" VB /wi+1’ 2v6 ’0’7\/6\/1113+1) (E7)
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b. Non-zero Energy Eigenstate solutions at k = 0 for on the second magic manifold w1 = /1 + wi/2, wo # 1/\/§

We can adopt the same strategy to build the other, non-zero energy orthonormal eigenstates. It is tedious (analytic
diagonalization programs such as Mathematica fail to provide a result, hence the algebra must be performed by hand)
to write the details, but the final answer is, for the eigenstates of energies on the first magic manifold given in Tab. II:

Vs o, > ) 4v/6, /(w3 +4) (1003 +1)

% (V34 30) (VBuf +iy/10uf + 4Tuf + 1) (V3+30) (-20/T00f +1 4w/ 1),
— (V3= 31) (2/wf + 1+ vBuo/w] 4 — iwoy/10wd +1) , ~2i (V3y/af + 1/l +4+ 6wy ), 1203,0,
= (vB48) (28 14 VB /uf 44+ i /T00F 1), (VB =) (VBV/uf + T/l 54— 6uo)
(VB = 3i) (VBug —iy/T0uf + 11 §4) 213 (2y/100F +1 —iwo/uf +1) , ~12u0/uf 54, 12 (VB + 1) up)
V1+w?

wE;;(k:Oawval = 2 ):

1
46, /(w3 +4) (10w3+1)

x (= (V3+1) (2v/T00F + 1+ dwoy/wf +1), = (V3+1) (3vBud +iy/T0uf + 4Twf + 1),
2 (Ve 5ug 4= 6vBun ) (V3 =) (=2l 51+ 3VBuo/uf +4 — iwo /100 +1)

A1)/ (29/T00F + 1+ itwgy/wf + 1), 4y/T00f + 4Twf + 4,1 (V3 + ) v/uof + 50F 4 6 (V3 - 30) w,
(V3 +1) (2008 + 1+ 3v/Bui/wf 4+ iwo/T0wg + 1) , ~2wg/wf 1+ 4iy/T0wf + 1,

— (V3 =) (3v3ud — iy/10ud + 4Tuf +4) ,2 (1+ iV3) \/uwf + 5uf + 4, —dwoy/T0uf + 1+ 8i/wf +1) (ES)

) k:(), ’ _ \/1+wg _ 1
Vi, ( wo, W1 ) NG/ Ty ey

% ((V3+30) (V3uh +iy/T0uf + ATwg + 1), (V3 +3) (2¢/T00F + 1 + iwor/wf +1),

(VB = 3i) (~2V/F T 4 VB a4 — o /T0uF +1) 21 (VBV/F +TV/uf 44— 6o 12030,
(V34 31) (20/0f + 1+ v/Buigy/wf 4+ iwoy /1003 +1) ,i (V3 +30) v/uf + 1v/wf +4—6 (V3 — ) w,
(V3 = 30) (VBud — i/100] + 4Tug +4) ,2V/3 (2y/10uf + 1 + iwoy/wf + 1), 12w0y/wf +4,~12 (V3 + ) wo)
m

Vs 1o, 7 ) 4\/6\/(u13+4)(101ug+1)

x (29T (2(/10uf + 1~ iwo/uf +1) ,— (V3 +3) (38v3uh + i/100f + 41wg +4),
=2 (Vg 5w+ A+ 6vBuo ), — (V3 — i) (2v/uf + 1+ 3vBuoy/wd 4 — iwo/T0wg 1),
,—4(—1)3/6 (2 10wZ + 1 — iwg /w2 + 1) J4y/10wd + ATwZ + 4, (1 — iv/3) /wl + 5wZ + 4 — 6 (V3 — 3i) wo,
— (VB +0) (~2v/0f 1+ 3vBug/wf + 4+ iwo/T0wF 1), ~2wo/wf + 1 - 4iy/T0uf + 1,
= (VB =) (3vBuf — i/ T0uf +ATug 1), =20 (V3 =) v #50f + 1 4o/ T06E 1+ 8i/uf 1) (89)
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Vs 100, 01 7 ) 4\/6\/(w§+4)(10w8+1)

x (V3 + 3i) (\/ﬁwg —i/T0wd + 41w2 +4) (V3 + 3i) (QJWHW\/W) :
— (V3= 30) (2V/0f + 1+ VBuoy/wf + 4+ iwe/100F 1), =2 (VBy/wf + 1y/uf +4 + 6w ) , 123, 0,
— (V3+30) (—2v/ud + 1+ VBuwo/wf + 4 — iwo/T0ug +1) , (V3 =) (V3y/wf + Tv/wf +4—6uy) .
(V3 = 30) (VBud +i/10w] + 41wg +4) ,2V/3 (2y/10uf + 1 + iwo/wf + 1), —12u0y/wf + 4,12 (V3 + i) wo)
Vitwd

wEg(k:03w07w1: D) ):

1
46, /(w3 +4) (10w3+1)

x (= (V3+1) (zm —iwoy/w + 1), (V3 +3) (38v3uf — i/T0wf + 41ug +4),
=2 (Ve F5wF - 6vBuo) (VB =) (2l 1+ 3VBun/wf + 4+ o /10aF +11)
~2(V3 - i) (2v/100F + 1 — dwov/wf +1) ,4y/100f + 4Tuf +4, (1~ iv/3) Vwd + 5wf + 4+ 6 (V3 - 30) w,
— (V3+1) (20w + 1+ 3v/3uwo/wf + 4 — iwoy/T0w] 1) , 2o /uf + 1+ 4i/T03 + 1,
(V3 - i) (3\/§w8 +iy/10wd + 41w2 + 4) ,—2i (V3 — i) \Jwg + 5wd + 4, —4wo\/10w3 + 1 — 8iy/w? + 1) (E10)
m

wEg(kZOaw(%wl - P} ):

1
4V6, /(w3 +4) (10w3+1)

x (V3 + 3i) (\/§wg — iy/T0wd + 41w} +4) ,— (V3 +3i) (m/w%ﬁ—mo\/m) :
(V3= 30) (=20/wf + 1+ VBuo/uf + 4+ iwoy/T00f + 1), 20 (V3y/wf + Ly/wf +4 - 6wy ) ,12u3,0,
(V3 +30) (2/wf + 1+ VBuoy/wf +4 - iwoy/T0ug + 1), — (V3 i) (VBy/uf + 1y/wf + 4+ 6u)

(V3 - 3i) (\/§w3+i\/10w§+41w§+4) 2\f(2\/10w0 1 — dwor/w2 + ) 12wg /w2 + 4, —12 (V3 + i) w)
N

¢E10(k = 07w07w1 - 2 ) -

1
46, /(w3 +4) (10w3+1)

$ (VB+i) (2v/T0F + T + g uf 1), (V3 +9) (39/3ug — i/ T0uf + 11uf +1)
, (me) (V3= 1) (2v/f + T+ 3vBuo/uf +4 4w/ 100§ 1)
YT (wor/wd 4T = 2iy/T00F + 1) ,4y/T00f + 41wg + 4,7 (V3 + ) /ud + 50F + 4+ 6 (V3 = 33) wp,
(V3 >( 2\/wf 1+ 3v/Bwo /w4 — iwg/T0w3 + 1), 2w /wf + 1 — 4iy/T0wg + 1,

3+
(V3 —1) 3\/§w§+i\/10w3+41w8+4),2(1+i\/§) Vwg +5wE + 4, 4we/10w2 + 1 — 8iy/wg +1) (E11)

vV 1+w3) _
Y0y =

wEu(k = 0,wo, w1 =
((\/5 3i) (wo+i) L (=3 +3i), —-L Y T(woti) (VB+3i)(woti)
’ 12

wi+1 2V3' 2vB w1’ 12wl T 2V3’
1 _ oy (V3-8i)(wotd) woti 1 1 , woti
15 (V3 =30), 12211 23y Juitl’ 12 (V3 =30), 75 (V3+3i), 2\/5\/@) (E12)

V1+w?
’(/)E12(k = OawO)wl = %) =

V3-3i)(wo—i) | . 1 (VB+3i)(wo—i) (VB+3i)(wo—i) 1
2D L (V3 + 3i) L
124/w2+1 12

"2v3 12\/wi+l T 12/ w4l 2V
. V/3—3i) (wo—1) wo—1 . wo—1
oy (VB i), PRI e (VB = 0) (VB i) ) (E13)
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c. Zero Energy eigenstate solution at k = 0 for on the second magic manifold w1 = /1 + w3/2 = wo = 1/\/3

There are 6 zero Energies in Tab. I at this point w; = /1 + w2/2 = wg = 1/+/3. They have already been given in
App. C.

F. Perturbation Theory for HD ,(k,wo) =0, En, =0 manifold

mm/’

1. Review Of Perturbation Theory

We review the perturbation theory being performed in the main text. This formalism was first presented in
Ref. [123], but we go to higher order in current perturbation theory. We have a Hamiltonian H° whose eigenstates we
know, and is hence purely diagonal in its eigenstate basis. We also have a perturbation Hamiltonian H’, with both
diagonal and off-diagonal elements. Amongst the eigenstates of H? we have a set of eigenstates separated by a large
gap from the others, which cannot be closed by the addition of H’, and they represent the manifold we want to project
in. These states are indexed by m,m’,m”,m'”,... while the rest of the eigenstates are indexed by I,1’,1"”,1",
These two form separate subspaces. We now want to find a Hamiltonian H,,,,» which incorporates the effects of H' up
to any desired order. We separate H' into a diagonal part H; plus an off-diagonal part Hs between these manifolds:

H' = H, + H,
(H1)mm' = m| H' e ); (H)w = (Ol H' [Yr); (Hz)mi = QmH'[Y01); (Ha)mm = (H2)iwr = (H1)m = 0 (F1)

We also have

H|¢m> = EmW’m% H|¢z> = El|1/)l> (FQ)
We look for a unitary transformation:
H=e5(H®+ H')eS (F3)

where S(= —ST) has only matrix elements that are off-diagonal between the subspaces, i.e. Sy = 0. The unitary
transformation is chosen such that the off-diagonal part of H is zero to the desired order (H,,; = 0). Since we know
S, Hy are off diagonal and H; is diagonal, we find that S can be obtained from the condition

(oo}

~ 1

H off-diagonar” = E W[HO—FH , S E j) [Ha, S]% =0 (F4)
i=0

(the off-diagonal Hamiltonian is zero). Once S is found, the diagonal Hamiltonian is:

. =1 B b e 1 2j+1
Hegiagonal” = z_: m[H + Hy, S} J 4+ Z_: W[H% S] I+ (F5)
=0 Jj=0
where [A, B)Y = [[[[[4, B], B], B], . . ], B] where the number of B’s is equal to j.We then parametrize S = S; + So +
S3 + ..., where S,, is order n in perturbation theory, i.e. in H’ (or equivalently, in Hy or Hs.
The terms up to order 4 are derived in Winkler’s book [123], and for our simplified problem, they are presented
in the main text. We have numerically checked their correctness. We here also present the fifth order term: this
term is tedious, but we use a particularly nice property of our eigenstate space that (Hy)mm: = (Um|H'|Ym/) = 0,

E,, =0 for m = 1,2 property is true only for H' = Igx¢ ® k - 0 and for the zero energy eigenstates 1,,, m = 1,2 of
Hoy=Hpyex(k = 0,wp,w; = y/1+w3/2). To the desired order, we find:

’ /
(S1)mi = B2t (S1)im = — i
H'
(SQ)TILZ — Zl/ E;/E‘ /L/ bl (SQ)Z'HL Zl/ %IZEL/
H ,H H,
(S5)mt = Sy T er L5 HYy Hy H ’l(EZE + Elz,lEz)

H/,, H H
( ) = Zl’ A7 ”;Elgll//;i‘l/l/”m +3 El’m’ lm’ mtr Hirm, (EzE , + E?}E,) (F6)
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Due to our property (Hi)mm = (Ym|H'|t)m/) = 0, E,, = 0 on the second magic manifold, we find that the fourth
order Sy is not needed in order to obtain the 5’th order diagonal Hamiltonian, as terms in the expression of the

Hamiltonian that contain it cancel. We find that the 5’th order Hamiltonian is:

A, ponarr = —S2HOS3 — S3HOSy — S1H1 S5 — S3H1 Sy — SaH>S:
— L(S1H"8,5,8, + S1H'Sy5? + S1H'S2S, + Sy HOS? + Sy H1.5%
+ 81558 HOS, + SoS2HOS, + S2S, HOS, + S3HOS, + S3H,S))
+ L(H8552 + Hy 2S5 + Hy81 555, + 3(S1S2 HySy + 5251 HySy + S2H,S5)

— (S28%Hy + S2SoHy + 515251 Ha) — 3(S1H3S1S2 + S1H252S1 + SaHa5%))
The matrix elements of these terms give:

%(HQSQS% + H35%285 + H3S515251 — (S252Hy + S2S2Ha + 515251 H2) )y

_ 1 (H oy Hyyo Hyt s Hor1 000 Hyst s+ Ho 10 Hyrt 10 Hopy 0y Hypy Hygn 1 1 1
- 6 Zl,l/,l” ZTTL” BBy By (El + By + El”)

%(3(5152[{251 + 5551 H5S1 + SIQHQSQ) — 3(S1H25152 + S1H25:51 + S2H2512))mm/

_ 1 (H oy Hyyo Hyt s Ho 11100 Hyst s+ Ho 10 Hyrt 10 Hopy0y0 Hyp Hin 1 1 1
- 2 Zl,l/,l” ZTTL” BBy By (El + By + El”)

— L(S,H0S,858 + S1H'S,82 + Sy HOS3S, + Sy HOSY + Sy Hy S5 +
+ 515231]‘[051 + SQS%HO;Sl + SngHosl + S%HOSQ + SleSl)

_ l Z Z (H;anL/L’Hl”m”H:n”l”Hl/”m’+H;n’l”Hl’”m”H;n”l’Hl/’lHllm (L +
6 L1l Lam E By By E;

1 1
Ell + El”

)

(—52H053 — S3HOSQ — 51H153 — 53H151 — SQHQSz)mm/ =

Hfl‘rLlHl/l/Hl/’l”Hl”l”/Hl/”m/

LT LBy By By

Hence
I’“{(S) — Z Hv’nLHl/l’HII’L’/Hl”I,'”Hl”'m,’
“diagonal” LU, E By By By
1 (H;anl/l/Hl"m”H7n”l”Hl”7n’+Hm’l”Hl”7n”Hwn”l’Hl’lHlmr 1 1 1
2 Zl,l/,l” Zm” ElEl’El” (E + El’ + El”)

2. Calculations of the Hamiltonian Matrix Elements When First Order Vanishes

(F7)

(F8)

(F9)

(F10)

(F11)

Here we calculate explicitly the perturbations of Hperturb(k, wo) = Isxe @ k- & in Eq. (47) up to the fifth order.

a. First order

The first order perturbation can be easily seen to be zero:

Hr(nlzn’(ka wO) = <wm|Hperturb(ka w0)|wm’> =0.

b. Second Order

H»,(jr)n' (k, wO) = - 21:3“,12 %l<wm|Hperturb(ka w0)|wl> <wl |Hperturb (k7 wO)Iwm’>

| w2k e
3ywZ+1(3uwg —1) ° ’

(F12)

(F13)
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c. Third Order

(k, wO) Zl 1’=3...12 ELE/ <7//m ‘Hperturb(k wO)‘¢l><¢l|Hperturb (k w0)|wl’><¢l’ |Hperturb (k w0)|¢m/>

_ 4k, wo (wo ) (k: — 3k >00 (F14)

9(173w0) wi +1

g®

mm/’

d. Fourth Order

For the fourth order, there are two terms:

First,
Hyo) (k wo) =
- Zl)l/7l//:3,,,12 ﬁ <¢77L|Hperturb (k7 wO) |¢l> Wz |Hperturb(k7 wo |1/)l’> <¢l/ |Hperturb (k7 wO) |wl”> <¢l” |Hperturb(k7 U]o) |¢m’>
w2 (wi + 16wz — 9) (k2 + k2)*
= — Lo ;)/2 ) 3y) (o + V302) (F15)
27 (w2 + 1)*% (3u2 — 1)

Second,

H2) (k,wo) =

m m/’

Zl7l’:3...12 Em”:l,2

mEy (5 + 7)) (Yml Hperturs (&, w0) [900) (1| Hpervurb (K, wo) [Ym) (G| Hperturs (K, wo) [1h0r) (v [ Hperturb (K, wo) [ )

| 16w (173 +9) (k§+k§)2(0 Vi) (F16)
— , .

27/w? + 1 (3wg — 1)

Notice that so far, the eigenstates are not k-dependent, they are just the eigenstates of (o, + V30,).

e. Fifth Order

The fifth order perturbation theory is not available in any book. Hence we derived it in App. F, for the special case
for which the manifold m of states we project in has the first order Hamiltonian H. T(;,)n, (k,wp) = 0 and for which its
energies are F,, = 0.

The fifth order also has two terms, just like the 4-th order (See App. F). We find:

Z H”LlHll’Hl/l”Hl’/l/”Hl/”m/
Ly BBy By Epn

32k, (w2 — 3)° (2w? — 1 k2 — 3k2) (k2 + k2
_ (wO ) ( Wo 32;}0( x 4y) ( zt y) %o (F17)
81 (wg +1)”7 (3w3 — 1)

and
1 (H H”/Hll'rn,//H'rn.”l”Hl”"L/+H"L/l,/Hl”7n”HrrL”l,Hl/lHlWl 1 1 1
- 5 Zl,l',l” Zm” ElEz/El” (E + El’ + El”)
16k, (11w — 94w?2 — 9) wp (k2 — 3k2) (k2 + k2
0 0 0
[ 1o )wo (K2 —3K3) (K2 +3) -

27 (Ve +1 (3ui - 1)*)
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We can clearly see the structure of the order n Hamiltonian, as a perturbation in 1/(3w2 — 1)"~1, with symmetry-
preserving functions of k. The full 2-band approximation to the Hexagon Hamiltonian is, up to 5-th order, is

ox /1+w? Aw? 2(35wy+68wj+9) (k2 +k2
Hyihalk, wo, wy = 3=5=2) = 3\/w§+1(03w3—1) o 9(;)05-&-1)((]31113(—1)2 | (ks +ky) (o + V302)
4w 9 oy A(29w§—223wi—35Twi—9) o o 2 o2
+ —Qm(ffgwg)z, [(wg —3) ETOHO T (k2 + k2)]ky (k2 — 3k2) 00 (F19)
better expressed as:
ox 1+ w?
HE L (k, wo, w; = TO) = do(k, wo)oo + dy (k, wo) (0, + V305) (F20)
where
4 4 (29w§ — 223wg — 357Twg — 9
do(k, wy) = il [(wd —3) — (296 Yo~ T ) (K2 + k2)Jk, (K2 — 3K2)  (F21)
9v/wi +1(1—3w?) 9(1—3wd)” (wi+1) ' ‘
and
V1+w? 4w 2(35wg + 68w3 + 9) (k2 + k2)
di(k, wo) = —; 0y = 0 —1+ . | (k2 K (F22)
3yvwi +1(3ws —1) 9(wi+1)(Bwg —1)

3. Calculations of the Hamiltonian Matrix Elements When First Order Does Not Vanish

We take the unperturbed Hamiltonian to be Hpex(k = 0,wp, w1 = /1 + w?/2) (the Hexagon model on the second
magic manifold) in Eq. 40. For this Hamiltonian we are able to obtain all the eigenstates analytically in App. E2.
The perturbation Hamiltonian, away the second magic manifold is

Hpcrturb(ka wo, wl) -

Hyex(k, wo, w1) — Hyex(k = 0, wo, w; = 12“”3) = Isx6 k- 0+ Huex(k = 0,0, w; — %wg) (F23)

a. First Order

VwE 41
Hr(ri)n’(k7 w07w1) = <¢m|Hperturb(k7 w07w1)|wm’> = (+ - wl)(gy + \/gaz) (F24)

Hence there is now a linear term in the Hamiltonian. Because of this, many other terms in the further degree
perturbation theory become nonzero.

b. Second Order

Hr(r?n’ (kv wo, wl) = - Zl:S,,,lQ Eil<wm|Hperturb (ka w(])|¢l><wl|Hperturb(k7 w())|/(/)m/>
4 2 k2 + k‘2
| dwb (ks + k) (0 + V30,) (F25)

3vws +1(3wg —1)

The second order perturbation theory is unchanged!
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c. Third Order

There are now two third order terms, as the first order perturbation terms do not vanish. First:

anin)’ (kv Wo, wl) = Zulzgmlg #El/ <wm|Hpcrturb (k, wO) |wl> <wl |Hpcrturb(k7 U)o) |1/J1/><7J11/ |Hpcrturb(ka wO) |wm’>

dhgwo (ud — 3) (k2 — 3k2)  Swd (k2 +k2) (Vg +1-2u)

x y
= oo — (0, +V30,) (F26)
9(1—3w2)® Vug +1 9(1 - 3uwd)’ Y ’
Second:
Hy(rmz, (k, wp, wy) = _% Zl 5 19 S Lo (ﬂ’m|Hpem;rb(k,wo,w1)|wl><¢z\Hperturb(k,on,;ul)\wmu(zpmu\Hpem,rb(k,wo,wl)W,m,>+h,a

1

2(17w? 9 k2 k2 Vw2+1—2w
R CEARCA CT R VAR (F2)
0]

- 9(1-3w2)”

(where h.c. is the Hermitian conjugate)
The total third order Hamiltonian then reads:

thowo (w? —3) (k2 — 3k2) 2 (Twd+3) (82 + k2) (Vg +1 - 2uw)
5 “~op — 5 (0, +V30,) (F28)
9(1—3w?)” Jws +1 3(1—3wd)

d. Fourth Order

For the fourth order, there are now four terms:

First,
Hff:rz,(k,wo,wl) =
= Y wr=s.a2 TEy Ty (Om Hpervar (K, wo, w1) 1) (V1| Hperturb (k, wo) [1hv)
X (Y | Hpervurb (K, wo, w1 ) |11 ) (Y1 | Hperturb (K, wo, w1)|¥ms)
Suwo (Twd +3) ky (K2 = 3k2) (201 — VuF +1)
N 27 (3w — 1)° 70
dwd (K2 + £2) <2 (i +16uf — 0) (k2 + 2) + (wd +1) (5uf —7) (200 — V/af 71 2)
i 27 (w2 + 1)*? (3w2 — 1)° (o % V302) | (F29)

Second,

(42) 2 (k,wo) =
= Zl,l’:S...u Zm”:l,Q
s (7 (i lpersart (. 0, 00 [0 0 Flpertarts (K, 60) [h)
X <¢m” |Hperturb(k7 Wo, wl) |wl’><wl’ |Hperturb (k; wo, wl) W]m’> ==

16w2 (17w2 + 9) (k2 + k2)°
= 6 (17w +9) ( ;’) (0, + V30.) (F30)
27/wg +1 (3w? — 1)

Third, we have, adopting the notation (1., |Hperturb (K, wo)|w;) =

ml, etc:

H,'(—'f:;zl (k, 'LUO, wl) 2 Zl m'’ m'"’ E3 (H’;nm”H’ll”n”m’”Hm'”lHlm/ + H/ Hll7n”H’;n”m”'H7/n”’m’)
2
suf (35wd + 23) (K2 + k2) (Vo +1 - 2w ) 5
=|- (oy +V30y) (F31)
27/wZ +1 (3w — 1)° Y ’
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(44) _1 1 1 1 ’ e / ’ ! oIy
Hmm’ (k7 w07w1) -2 Zl,l’,m” EE, \E, + E; (HmlHll’Hl’m”Hm”m’ + Hmm”Hm”lHll’Hl/m’)

82k, wo (wh — 15) (K2 = 3k2) (/g +1 - 2wy )

27 (3w — 1)°
2
4 (25w + 28w + 27) (k2 + k2) (\/wg Fi- 2w1)
+ 3 (0y + V30,) (F32)
27(1 = 3wd)” yJwg +1
The full 4’th order Hamiltonian reads
Sk (wd + 21) (K2 - 3k2) (V/wf +1 - 2w )
9 (3w — 1)

2
4 (2 + 12) <zwg (350 -+ 68uf +0) (K2 + £2) — 0 (wd + 1) (10w +9ug +3) (2u; — y/u 11 >
(o + V34EBB

~

27 (w2 + 1)*? 3wz — 1)

Ifw, =~ 1:10(2]7 then the expressions reduce to our previous Hamiltonian. We can label the two band Hamiltonian
as:
HE (k, wo, wi) = do(k, wo, wi)ag + di (k, wo, wi) (g + V30,) (F34)
where
Akzwo (wg — 3) (k2 — 3k5) 8kzwo (wi +21) (k2 — 3k§) (\/w%i—k - 2w1)
do(k, wo, w1) = 3 == 3 oo (F35)
9(1—3wd)” Jwi +1 9 (3wg — 1)
and
w2 + 1 dwd (k2 + k2) 2 (Twg + 3) (k2 4+ k2) (\/m - 2w1>
dy (k, wo,wr) = (T —wp) — > 5 — — +
3vwg +1(3w2 — 1) 3(1 — 3w?)

2
4 (2 + 12) <zwg (3508 + 68 +9) (K2 + K2) — 0 (uf + 1) (10w + 9w + ) (21 — Juf +1) )

_ (F36)

27 (w2 + 1)*? (3w2 — 1)

a2
where the perturbation is made on the zero energy eigenstates of Hyex(k = 0,wp, w; = 7”1;%)

Notice that so far, remarkably the eigenstates are not k-dependent, they are just the eigenstates of (o, + V30,).
We did not obtain the fifth order for this Hamiltonian: due to the fact that the first order Hamiltonian does not
cancel, this is not easy to do.

4. Calculations of the B1 shell first order perturbation

We now compute the shell B1 perturbation Hamiltonian:
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- HALBlHl;élHLLm (k, wo, w1) =
Tl(k72q1)~0'T1 O O O

|k—2q1 0 0
0 DaliaZn) o1 0 0 0 0
- 0 0 LZel o 0 0 0 (F37)
0 0 0 Dit=Zoloh 0 0
0 0 0 0 TaleTn) oy 0
0 0 0 0 0 Lzl o

We now compute the perturbation Hamiltonian:

HE (k, wo,w1) = (| — Hav,pr Hipy Hhy gy (w0, w1) )

- Hi:1.2 3 |k*12ql'|2|k7+21h|2 (E[O(ka w07 wl)UO + C,ia:(k7 wO) wl)gw + C,Zy(k7 wO) 'LUl)Uy + C,iz(l(7 'LUO, wl)az) (FSS)

where
~ aky (K2 —3Kk2) (k2 +k2+4) ((k2+k2)% —4(k2+52)+16 ) wo (/w +1+wi+1) (/wd+1+wi —1
do(k, wo, w1) = : ) (4 \/M%H I )(Veh ) (F39)
~ 64k ky (K2 —3Kk2) (3k2 —k2 )wo ((w/w8+lw1+w5)2+w3>
dz(ka w07w1) = (w8+1)3/2 (F40)
dz (k, wo, w1) =
16 (Vw3 1 (— (ky (382 —K2)) "+ (e (2 —342)) +64) (wgfwf)72k1ky(k§73k3)(3kifk§)(,/w%+1w%+2w§w1+q/w§+1w§))p41)
- wngl -
CFiy(k7 wval) =
16(y/wd 1 (—k2(3k2 - k2) *+k2 (k2 —3k2 ) +64) (wd—w} ) +2vBha b, (362 —k2) (k2 —3k2) (y/wi+ 1w} +2wdwi +1/wi+1wd ) ) (F42)
- wngl

This gives the first order term of Happrox1(k) projected into the zero energy bands in the Hexagon model on the
second magic manifold.

5. Exact eigenvalues of the 1 shell model at I'); point

At wg = 0, we find the I'ps point eigenenergies of the Hamiltonian Happroxi = Hra1 +Ha1,41 — HALBlH,;élHL B1
in Eq. 33 to be the following;:

(7wf+4w172) (w%74w1+2) (7wf+2w172) (7wf+2w172) (wff2w1+2) (w572w1+2)

2 ) 2 ’ 2 ) 2 ) 2 ) 2 )
(—w?—le—Q) (—wf—2w1—2) (wf+2w1+2) (wf+2w1+2) (—wf—4w1—2) (wf+4w1+2)
2 ’ 2 ’ 2 ’ 2 ’ 2 ’ 2 (F43)

One sees the I'y; point has zero bandwidth at w; = 2 — /2, the same as that of the zero-bandwidth manifold
wy = 2y/w +1— /3w +2=2—+/2in Eq. (57) for the two band model at wg = 0.

Furthermore, in the chiral limit wy = 0, the value wy = 2y/w3 + 1 — \/3w3 + 2 = 2 — v/2 for which the bandwidth
is 0 in our two band model is in fact ezact for the no-approximation Hamiltonian of the n = 1 shell Hamiltonian (of
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Al, B1 subshells). We find its eigenvalues at I'y; to be

(—v/EuT—smH9-wi—1) (—/Eui—GmTo- wl,) (- m+w1+1) (—v/5uwf—6wi+9+wi+1)
@W—wlﬂ) km w1+1) (—/5u? +6w1+9+w1*7) (- 5w%+26w1+9+w1:1)

(_\/m_m_l) (_ 8w1_12w1+9+2w1+1) (\/m_mil) ( 8w;12w1+9+2u:1+1)
(_@_zwlu)i (- Sw%+1221+9+2w1—1): (\/@—ml“):( 8”%12‘”;9*2“’1‘1)’, (F44)

Therefore, we see that the active bands have zero bandwidth at wg = 0,w; = 2 — v/2 in the n = 1 shell model.
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