2110.15300v1 [cond-mat.str-el] 28 Oct 2021

arxiv

Spectroscopy of Twisted Bilayer Graphene Correlated Insulators

Dumitru Calugaru,! Nicolas Regnault,! Myungchul Oh,! Kevin P. Nuckolls,! Dillon
Wong,! Ryan L. Lee,’ Ali Yazdani,! Oskar Vafek,?? and Andrei B. Bernevigh4°
! Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

2 National High Magnetic Field Laboratory, Tallahassee, Florida, 32310, USA
3 Department of Physics, Florida State University, Tallahassee, Florida 82306, USA

4 Donostia International Physics Center, P. Manuel de Lardizabal 4, 20018 Donostia-San Sebastian, Spain

SIKERBASQUE, Basque Foundation for Science, Bilbao, Spain

We calculate STM signatures of correlated ground-states at integer filling of the magic angle
twisted bilayer graphene narrow bands. First, we compute the fully-interacting TBG spectral func-
tion at +4 electrons/moiré unit cell and show that it can be used to experimentally validate the
strong-coupling approach. Although variation exists in the data, we find experimental evidence for
the strong-coupling regime. For all other integer fillings of the flat bands, we consider the spatial
features of the corresponding spectral functions of many states in the large degenerate ground-state
manifold, and assess the possibility of Kekulé distortion (KD) emerging at the graphene lattice
scale. Remarkably, we find that coupling the two opposite graphene valleys in the intervalley-
coherent (IVC) TBG insulators does not always result in KD. As an example, we show that the
K-IVC state and its nonchiral U (4) rotations do not exhibit any KD, while T-IVC does. We analyze
14 different many-body correlated states and show that their combined STM/Chern number signal
can be used to uniquely determine the nature of the many-body ground-state. Their STM signal

and features are obtained over a large range of energies and model parameters.

Introduction. Near the first magic angle [1-3|, twisted
bilayer graphene (TBG) features a wealth of supercon-
ducting and correlated insulating phases, as seen in both
transport [4-18] and spectroscopy [19-28] experiments,
sparking considerable theoretical effort towards their un-
derstanding [29-73]. Owing to nearly dispersionless ac-
tive bands, the physics of the system near an integer fill-
ing v was argued to be in the strong coupling regime i.e.
dictated by the interaction-only Hamiltonian projected
onto the almost-flat bands [42, 43, 58, 63, 68]. In strong
coupling, the enlarged continuous spin-valley symmetries
[U(4) and U (4) x U (4)] [42, 43, 58, 74] have rendered a
low-energy manifold of its many-body eigenstates exactly
solvable at integer fillings with —4 < v < 4 electrons per
moiré unit cell [42, 43, 58, 63, 68]. Following analytical
arguments [42, 58, 68, 74|, which were numerically val-
idated [55, 58, 69|, the resulting eigenstates of the pro-
jected TBG interaction Hamiltonian were shown to be
energetically-competitive candidates for the TBG ground
states, if not the actual ground states of the system, for
a large range of parameters. In addition, Refs. [63, 75]
have shown that the eract many-body excitations with
n additional particles on top of the integer-filled exact
eigenstates can be computed in the strong-coupling limit
as an (n — 1)-body problem.

The goal of this paper is to identify spectroscopic sig-
natures of the various competing states by building upon
the mentioned theoretical advances. With the many-
body electron and hole excitations at hand [63, 75], the
exact spectral functions for the various integer-filled TBG
insulators can be computed analytically for relatively
large system sizes (i.e. much larger than achievable with
exact diagonalization [30, 51, 69, 76]). The differential
conductance measured in scanning tunneling microscopy
(STM) experiments is in turn proportional to the spec-

tral function [77]. We find that the STM features of
the proposed correlated states — particularly the presence
or absence of a Kekulé distortion (KD) at the graphene
lattice scale (i.e. the modulation of the STM signal at
wavevectors connecting the two graphene valleys) — to-
gether with the knowledge of their Chern number, can
distinguish among the candidate many-body states. The
ability to use the STM to directly visualize broken sym-
metry states, including valley-polarized or Kekule order
due to many-body interactions in a low-density flat band
system, has recently been demonstrated in probing such
states forming in the zeroth Landau level of monolayer
graphene [78-80]. These findings and the techniques
developed for directly measuring the order parameters
of various phases using local phase-sensitive analysis of
Fourier-transformed STM conductance maps can also be
used to verify the nature of many-body ground states we
examine here for TBG.

The competing correlated states of TBG at an integer
filling v can be characterized by their Chern number C
and valley polarization, in that they can be valley polar-
ized (VP) or inter-valley coherent (IVC). Furthermore,
even for C' = 0, IVC states may either spontaneously
break time reversal symmetry (K-IVC) or preserve it (T-
IVC) [42, 43, 58, 74]. Some of these states can be stabi-
lized by magnetic field [12, 15, 17, 25, 26, 81]. In this pa-
per, we show, analytically and confirm numerically, that:
a) all VP states at any filling and C do not exhibit a KD;
b) v = —1, C =1 (a state with two occupied IVC bands
and one valley polarized Chern band), v = —2,0, C =0
K-IVC states, and v = —4, C = 0 (correlated band in-
sulator) do not exhibit a KD; ¢) v = =3, C = 1 IVC,
v=-2,C=0T-IVC, and v = -2, C = 2 IVC, exhibit
a KD. At positive fillings, the same conclusions apply,
by particle-hole symmetry [74]. Furthermore, we show



that the strong versus weak coupling nature of the sys-
tem can be uniquely inferred from the spectral function
at the band insulator filling v = +4: while the weak cou-
pling approach gives an almost symmetric peak structure,
the strong coupling approach, whose excitations [63, 75]
are strongly particle-hole asymmetric around fixed filling,
gives a markedly different peak structure, which, more-
over varies dramatically as the STM tip moves from the
AA to AB moiré region. While the experimental data ex-
periences large sample-to-sample and STM tip position
variation, some data sets are uniquely compatible with
strong coupling, which shows large variations in the local
density of states (LDOS) from the AA to AB regions of
the same sample. We furthermore provide analytic ex-
pressions for the LDOS, exactly and in different approxi-
mations, and analyze numerically the LDOS over a wide
range of parameter regimes of the Bistritzer-MacDonald
model [1] at both AA and AB regions.

Model. Near the first magic twist angle, the kinetic en-
ergy of the two active bands of TBG (per spin and per
valley) is quenched [1-3], and hence neglected in a strong-
coupling description. The physics of the system is domi-
nated by the repulsive Coulomb interaction Hamiltonian
projected in the almost-flat bands near charge neutral-
ity [42, 58, 74] (see Appendix [A 2])
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where QTpq is the area of the TBG sample, MBZ and
Qo respectively denote the moiré Brillouin zone (MBZ)
and reciprocal lattice, while
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are proportional to the flat-band-projected density op-
erators. In particular, éfmm,s is the electron creation
operator for the TBG conduction (n = +1) and va-
lence (n = —1) flat bands from valley = + and spin
s =1,J, while M]? (k,q+ G) are the TBG form fac-
tors. The Fourier-transformed screened Coulomb poten-
tial is V (q) = 2nU:£% (1 — e7%%4) / (&), where we take
Ue = 8meV and & = 30 nm (unless mentioned otherwise),
corresponding to the typical single-gate arrangement of
the TBG sample in an STM experiment [25].

At the single-particle level, the TBG Hamiltonian fea-
tures a series of discrete symmetries (see Appendix [A 1]):
the Cs,, Cs,, T, and Cy, commuting symmetries, as
well as an approximate unitary particle-hole P anti-
commuting symmetry [74, 82-85]. The latter enlarges
the valley-spin-charge U (2) x U (2) rotation symmetry
of Hy to the so-called nonchiral-flat U (4) symmetry [42,
43, 58, 74], henceforth denoted by Uy (4). Addition-
ally, when the inter-layer tunneling amplitude at the AA
stacking centers (wy) is neglected compared to the one

at AB stacking centers (w;) — in the so-called chiral limit
(wo/wy = 0) — the single-particle Hamiltonian enjoys an
additional anti-commuting chiral C' symmetry [74, 86],
which further enlarges the symmetry group of Hy to the
chiral-flat U (4) x U (4) group [58, 74]. Recombining the
active TBG bands into Chern-number ey bands with op-

erators dk ey = % (éLH,n,S + ieYélt,an,s)’ the 32

generators the chiral-flat U (4) x U (4) group correspond
to independent valley-spin rotations within each Chern
sector. Away from the chiral limit the U (4) x U (4) gen-
erators get combined into the 16 Uy (4) generators such
that Uy (4) intervalley (intravalley) rotations act on the
two Chern sectors in the same (opposite) way [74].

The presence of enlarged symmetries renders some of
the eigenstates of Hj exactly solvable at integer fillings
with v additional electrons per moiré unit cell (—4 < v <
+4). Both analytical and numerical works have shown
that, up to rotations U belonging to the symmetry group
of Hy, the TBG ground states are Slater determinants
obtained by populating the active TBG bands one Chern-
valley-spin sector (ey,,n;,s;) at a time [42, 55, 58, 68,
69, 74, 75]

UH H dk R |0) . (3)
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In the chiral limit, |¢) is an ezact eigenstate of Hy for
any choice of the filled Chern-valley-spin sectors and Ue
U (4) x U(4) [68]. Away from the chiral limit, only the
insulators from Eq. (3) with fully-filled or fully-empty
valley-spin flavors and U € Uy (4) are exact, with the
rest being perturbative eigenstates of H [68].

Spectral function. For a given state |p) from Eq. (3),
an STM experiment allows for the direct measurement of
its spectral function [77]
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where 1, (r) denotes the electron field annihilation op-
erator corresponding to spin s =7,], and a summation
is performed over all the many-body eigenstates |£) of
H; with energy E¢ (see Appendix [C]). The two con-
tributions to A (r,w) correspond respectively to electron
and hole excitations. Expressing the field operators in
the TBG energy-band basis 1 (r) = donm Vnknné;rc,n,n,s
(where the factors V; in, depend on the carbon p, or-
bitals and the TBG flat band wave-functions), we find
that
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In Eq. (5), we have introduced the spatial factor matrix
[B(t)yp ey = VeknnVylirnry (wWhich depends only on



the TBG single-particle Hamiltonian) and the spectral
function matrices (which depend on the state |p))
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where |A.) = |p) and we assumed no breaking of
the moiré translation symmetry. Since a 6Lnns op-
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erator acts in one single-layer graphene (SLG) valley,
[B(Y) ]y enrry i only modulated at the level of the SLG
and TBG lattices. In contrast, [B (r)]y,,; xn’(—y
an additional modulation corresponding to wave-vectors
linking the two Dirac points of the same graphene layer,
which manifests in real space as a KD of the SLG.

As shown in Egs. (5) and (6), computing the TBG
spectral function requires exact eigenstates of Hj con-
taining an extra electron/hole compared to |p) (i.e. the
charge-one excitations). Despite H; being a quartic
Hamiltonian, the exact charge-(+)one excitations on top
of |¢) can be computed as a zero-body problem using the
charge-one commutation relations (63, 75]. The electron
commutation relation reads as

Hy =N, el | 16 = 30 B ()
m
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where p denotes the chemical potential, N is the total
fermion number operator and the matrix R (k) depends
on v, the active TBG wave-functions and the Coulomb
repulsion potential (see Appendix [B]). A similar expres-
sion holds for the hole commutation relation. As such,
the éan,s and the ¢y 5, s Operators can be recombined
into exact electron and hole excitations, allowing for the
exact calculation of the spectral function of |¢) (see Ap-
pendix [D]).

Signatures of strong correlation. We first analyze the
spectral function of the v = —4 (v = +4) TBG insulator
from Eq. (3), for which the active TBG bands are fully-
empty (fully-filled). Because these states are invariant
under any U (4) x U (4) rotations, no ambiguity in the
choice of ground-state arises at these fillings. Moreover,
unlike at other integer fillings, at v = 44, the insula-
tors Eq. (3) are exact eigenstates of the full projected
TBG Hamiltonian including the kinetic energy term. As
shown in Fig. 1, the strong coupling and weak coupling
spectral functions at v = £4 are markedly different. This
difference stems from large interaction induced disper-
sion of single particle excitations in the strong coupling
regime[63, 75] (see the insets from Fig. 1 b and e) as
compared to a small (flat band) dispersion in the weak
coupling regime, as well as from different van-Hove sin-
gularities and Dirac points.

In what follows, we will discuss the v = —4 insulator
(shown in Fig. la-c), with the v = +4 insulator (de-
picted in Fig. 1d and e) following analogously from the
many-body charge-conjugation symmetry of TBG [74].

Details about the experimental measurements are pro-
vided in Appendix [F]. For v = —4, we focus on positive-
energy biases (w — p > 0), such that the electrons tunnel
from the STM tip into the fermion states corresponding
to the active TBG bands, which are combined into the
charge-one excitations computed according to Eq. (7).
The signal normalization based on tip height is explained
in Appendix [C|. The electron excitation energies (E}
for 1 < p < 8, see inset of Fig. 1 b) are comprised
of four sets of two-fold [spin SU (2)] degenerate bands,
which are further paired by the approximate Cs, P sym-
metry of Hy into two sets of almost four-fold degenerate
bands [63, 75, 82, 84]. For both the AA and AB regions
and small bias, the electrons start tunnelling into the re-
gions at the bottom of the excitation bands away from
any high-symmetry points (e.g. halfway between the I'j;
and M), points of the MBZ), giving rise to the peak
near w — =~ O0meV in the spectral function. Upon in-
creasing the bias to about w — pu ~ 20 meV, the electrons
tunnel into the almost-flat regions near the boundary of
the MBZ, giving rise to two close peaks in the theoretical
spectral function, which merge into one in the experimen-
tal STM signal. For larger biases, the spectral function
decreases as the electron tunnel in the strongly-dispersive
bands near I"y,.

The variation of the spatial factor [B(r)]y,,
across the MBZ at the AA and AB sites (depicted in
Fig. 1f) explains the change in the STM signal between
the two stacking centers: at the AA site, the spatial
factor has roughly the same magnitude in the MBZ for
the two almost-flat regions of the excitation bands, re-
sulting in similar magnitudes for the LDOS peaks at
w— =~ 0meV,20meV. At the AB site, the spatial fac-
tor has a larger amplitude on the boundary of the MBZ,
diminishing the intensity of the peak at w — p =~ 0meV
compared to the one at w — u ~ 20meV. A similar
decrease is also present in the experimental data from
Fig. 1a, while clearly absent in the weak-coupling LDOS
Fig. 1c, which is computed by neglecting the Coulomb
repulsion, and assuming only the single-particle TBG
Hamiltonian. Moreover, the width (Aw) of the spectral
function is much narrower in the non-interacting case
(Aw ~ 4meV, comparable the the active TBG band-
width) than in the experiment and the strong-coupling
prediction (Aw ~ 45meV comparable to Ug). While the
STM signal is sample dependent and may vary from dif-
ferent AA or AB sites (see Appendix [F]), this data set
indicates evidence of strong correlations governing the
physics of TBG near charge-neutrality.

Discriminating correlated insulating phases. We now
investigate the LDOS of the integer —4 < v < 4 corre-
lated insulator states of different Chern numbers and val-
ley polarization/coherence. We first consider the effects
of inter-valley coherence in the state |¢) on the spatial
variation of A (r,w). Intuitively, in an IVC state, cou-
pling the two valleys of a graphene layer should lead to
the appearence of KD in the STM signal. Mathemati-
cally, to obtain the electron (hole) excited states neces-
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FIG. 1. The TBG spectral function for the v = +4 insulator. For v = —4 (v = +4), we compare the experimentally-measured
STM signal in a) [d)] with the spectral function computed from the charge-one excitation of Hy in b) [e)]]. For reference, the
TBG spectral function at v = —4 derived from the single-particle TBG Hamiltonian is given in c¢). The signal at the center of
the AA (AB) site is shown in blue (orange). All signals are normalized by their maxima in the energy range at that particular
location. The theoretically-computed spectral function is averaged over three SLG unit cells. The inset in b) [e)] shows the
electron [hole| excitation dispersion EP (EP) computed from Eq. (7) (the red vertical lines are a guide for eye pointing the
minima of the dispersion). f) provides the spatial factor at the AA and AB sites along the high symmetry line. The red lines

indicate the position of dispersion minima. Note that we have used Us = 24 meV for b) and e).

sary for the evaluation of /\/li} from Eq. (6), the charge-
one excitation matrices from Eq. (7), must be diagonal-
ized in the subspace of empty (occupied) bands of |p).
Assuming that |¢) is IVC, the charge-one excitation oper-
ators must themselves be IVC. In turn, this implies from
Eq. (6) that Mi have non-vanishing valley off-diagonal
terms. As the valley-off-diagonal elements of the spatial
factor B (r) are modulated by wave-vectors connecting
the two Dirac points of a graphene layer, KD is expected
to appear in the STM signal of ).

Our detailed analytical calculations in Appendix [E]
show that breaking valley U (1) symmetry does not guar-
antee the emergence of KD in the STM patterns, as a re-
sult of discrete symmetries of TBG. For instance, Fig. 2
shows the simulated STM patterns for two fully IVC
TBG insulators at v = —2, the Kramers IVC (K-IVC)
state and the T-symmetric invervalley-coherent (T-IVC)
state [58, 68|
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The K-IVC (T-IVC) state is obtained by starting from a
fully-filled valley-spin flavor and rotating the two Chern
bands in the xz valley plane in opposite (identical) direc-
tions, as depicted by the valley Bloch spheres in Figs. 2¢)

and f). Remarkably, while the STM patterns of the T-
IVC state show clear signs of KD, no KD emerges for the
K-IVC state.

The counter-intuitive absence of KD in the v = —2
K-IVC state is part of a more general ezact result (see
Appendix [E 1]), relying on the Cs,, T, and P symmetries
of TBG: a VP even-v insulator with only fully-filled and
fully-empty valley-spin flavors and all its U, (4) rota-
tions have identical spectral functions, without exhibit-
ing KD. Note that these are precisely the theoretically-
proposed exact ground states of H; at even filling and
away from the chiral limit [42, 58, 68, 69]. Moreover,
even when the P symmetry is broken, we find that the
C5, and T symmetries of TBG are enough to guarantee
the ezact absence of KD in the K-IVC state, although
not necessarily in its general U, (4) rotations (see Ap-
pendix [E4]).

When |p) is not a Uy (4) rotation of an insulator
with only fully-filled or fully-empty valley-spin flavors,
intervalley-coherence can lead to the emergence of KD,
but fine-tuned counter examples do exist. While a com-
plete treatment of all states |¢) for general U (4) x U (4)
rotations is beyond the scope of this work, we can de-
rive simple rules for the maximally-spin polarized states
(see Appendix [E3b]): 1) Filling a single IVC Chern
band will give rise to KD; 2) An exact cancellation of
the KD signal occurs upon filling a pair of Chern bands
with opposite Chern numbers whose valley polarization
projections in the valley zy plane of the Bloch sphere



FIG. 2. Kekulé distortion and intervalley-coherence. (a) and
(b) [(d) and (e)] respectively illustrate the real-space spectral
function and its Fourier transform for the v = —2 K-IVC (T-
IVC) TBG insulator. The presence of KD in the K-IVC state
appears as three-fold enlargement of the SLG unit cell and as
a signal at the K and K’ points of the SLG Brillouin zone. In
the valley Bloch sphere from (c) [(f)] the valley polarizations
of the two Chern bands of the K-IVC (T-IVC) state shown in
red and blue have are rotated in opposite (identical) direction
in the zz plane by an angle ¢ = 7 /2.

are nonzero and cancel out (as shown for the K-IVC in
Fig. 2 ¢). In Fig. 3, we provide four additional examples
of insulators as an illustration of these rules for Chern
number states, which at odd filling are the theoretical
ground-states, while at even filling are the ground-states
in-field [12, 15, 17, 25, 26, 81]. The v = —2 valley polar-
ized C = 2 Chern insulator and the v = —1 fully valley
polarized C' = 3 Chern insulator trivially have no KD.
The v = —2 IVC C = 2 Chern insulator does exhibit KD
since the valley polarizations of the two bands projected
in the xy plane of the valley Bloch sphere do not cancel
out. Finally, the v = —1 partially valley-coherent C' =1
Chern insulator has one VP filled Chern band and a pair
of filled IVC Chern bands, satisfying rule 2 and therefore
it does not display any KD. Between states showing no
KD, further LDOS differences exist because the Chern
band operators JLSY’ n.s are primarily located on a single
SLG sublattice, depending on eyn = £1. In the v = -2,
C = 2 state, two Chern bands with ey = +1 are occu-
pied in the same valley n = + (and two spin sectors),

FIG. 3. Real-space spectral function, its Fourier transform
and the valley Bloch sphere for four TBG insulators. We use
the same conventions as in Fig. 2. a), b) and ¢) v = =2 VP
C = 2 Chern insulator. d), e) and f) v = =2 IVC C = 2
Chern insulator. g), h) and i) v = —1 fully VP C' = 3 Chern
insulator. j), k) and 1) v = —1 partially IVC C = 1 Chern
insulator.

leading to the appearance of a triangular lattice in the
STM signal from Fig. 3 a). To obtain the VP v = —1,
C =3 (IVC v = -1, C = 1) state, a Chern band with
n=—ey =+1 (n =+, ey = —1) is added, which
is polarized primarily on the other graphene sublattice.
Hence two inter-penetrating triangular lattices of weight
2 : 1 appear in the LDOS patterns from Fig. 3 g) and j).

Conclusion. In the current letter we analyzed the spec-
troscopic signal of a multitude of the predicted candi-
dates for the correlated insulators in TBG. We showed
that, surprisingly, the Chern zero celebrated KIVC state
at v = £2, along with other KIVC states at v = 0 do
not exhibit a KD pattern, while other IVC states, in-
cluding the TIVC and the Chern 2 state at v = 2
do exhibit K D. We analytically obtain the LDOS sig-
nal for a large number of correlated insulator states, and
show which IVC states do not/do have KD patterns.
We identify the LDOS signal from the correlated insu-
lators and show how it can be used to differentiate be-
tween the ground-states. Furthermore we show that at
band-insulator filling v = £4, where the ground-state
is known without ambiguity, the strong coupling LDOS
differs dramatically from the weak coupling one due to
the fundamentally different nature of the quasiparticle
dispersion. We identified several additional signatures of
strong coupling regime, including a specific variation of
the LDOS signal from AA to AB sites. Although exper-
imental data varies from sample to sample, we present
STM data which fits the overall aspects of the predicted
signal while being in contradiction with a weak-coupling
picture.
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Appendix A: Review of notation

This appendix provides a short review of the single-particle and interacting twisted bilayer graphene (TBG) Hamilto-
nians. We will follow the same conventions as those employed in Refs. [68, 69, 74, 75, 84, 87], to which the interested
reader is referred for more details. After briefly discussing the Bistritzer-MacDonald model of the single-particle
Hamiltonian [1], we outline the discrete symmetries of TBG, which were extensively discussed in Refs. [74, 82, 84-86],
as well as the gauge-fixing procedure used throughout this work [74]. We then review the TBG interaction Hamilto-
nian [42, 43, 58, 74] and its enlarged continuous symmetries arising under various limits [42, 43, 58, 63, 74]. These
will be used extensively in our analytical proofs of the LDOS signal.

1. Single-particle Hamiltonian
a. Fermion operators on the moiré lattice

TBG consists of two graphene layers rotated at an angle 0 relative to one another. We define Rg; to be the matrix
implementing the rotation transformation corresponding to the graphene layer | = &+ (where | = 4+ denotes the top

layer, while I = — denotes the bottom layer) relative to a reference (i.e. unrotated) coordinate system
cos —sin ge—
Ro = i (A1)
sm cos 5

Within layer [, we define dk .5 tO be the microscopic fermion operator creating an electron of spin s =1, | in the

unit cell indexed by R (but located at Ry ;R) and graphene sublattice « = A, B. R belongs to the reference single
layer graphene (SLG) lattice, i.e. R € Za; + Zay, where

RS (e

are the primitive SLG lattice vectors, with ag being the length of a carbon-carbon bond, as shown in Fig. 4. We also
define the displacement vectors for the two graphene sublattices relative to the SLG unit cell origin according to

t —ga +la t —la +ga (A3)
A= gt 3a, B = g1+ zas.

Using Egs. (A1) to (A3), we can write the Fourier transformation of the &k o5, Operators over the SLG Brillouin
Zone BZ; corresponding to layer [ as

~ —ip-Ro, (R+ty
I:{asl \/7 Z pasle PrRa (Rt ) (A4)
peBZ;

In Eq. (A4), Ny represents the number of unit cells in each graphene layer, and the momentum p is measured from
the T' point of BZ;. It is also useful to introduce the reciprocal lattices corresponding to the two graphene layers.
More precisely, we let G; = Zg; 1 + Zg; 2 be the reciprocal lattice corresponding to layer [, generated by the reciprocal
vectors g;; = Rg,8i, where the reference or unrotated reciprocal lattice vectors g; are given by

T
20 ez

Focusing on TBG, we define K; = % (g1.1 + &1,2) as the K point of the SLG Brillouin Zone BZ;. K and K_ differ
by a twist angle . We take K4 to be along the direction with an angle £6/2 to the % axis. Each graphene layer
contains two valleys K and K, labeled by 7 = + and located at momenta nK L, corresponding to the two (decoupled)
valleys of the moiré single-particle Hamiltonian.

Introducing the two-dimensional momenta

T T
V3 o1 V3 o1
q=(K;i-—K_)=k (071)T, q2 = C3.q1 = ke <—2,—2 ) a3 = C3.q1 = ko 573 ) (A6)

—
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Ty
o o

FIG. 4. The reference single layer graphene (SLG) lattice. The corresponding triangular lattice is generated by the lattice
vectors a; and az. Within each unit cell, we denote the carbon atoms belonging to the two sublattices A and B by orange and
blue circles, respectively. The nearest-neighbor distance between two carbon atoms is given by ao. Additionally, t4 and tp
respectively denote the displacements corresponding to sublattices A and B. The top (I = +1) and bottom (I = —1) graphene
layers of TBG are obtained by rotating the reference lattice by an angle 16/2.

where kg = |[K_ — K| = 2|K|sin(/2), we can define the moiré Brillouin Zone (MBZ) for the (triangular) TBG
moiré lattice Qyp = Zbys1 + Zbjso, which is generated by the reciprocal vectors

byi=aq3—ai, bre =q3 — qa. (A7)
Additionally, we introduce two shifted momentum lattices Q4 = q; + Qo and Q_ = —q; + Qp, which together form
a honeycomb lattice. This allows us to define the low-energy TBG fermion operators as
A _ ot
%k,Qmas = WK +k-Q,a,s,0 for Qe Qy, (A8)

with k € MBZ and k = 0 representing the I'j; point (i.e. the I' point of the MBZ).

b. Hamiltonian and the energy band basis

The Bistrizer-MacDonald model [1] for the single-particle TBG Hamiltonian reads as [74, 84, 87]

Hy = Z Z Z {hg?Q’ (k)}aﬁéL,Q,n,a,séka/v"ﬂ»S’ (A9)

keMBZ n,0,8,s Q,Q €Q+
where the first-quantized TBG Hamiltonian in valley n, hg?Q, (k), is independent on spin as a consequence of the
absence of spin-orbit coupling in SLG. In valley n = +, it takes the form

0 3
hgﬁg, (k) = ’UF(SQ7Q1 (k —-Q)-o— )\UF§CQ(SQ,QI (k - Q) X o+ ZTj(SQ,Q'iq;'? (AlO)

J=1

where vp is SLG Fermi velocity, 6 is the twist angle, o = (04, 0,), (q is the sublattice factor

+1 if Qe 9y
= All
and the T}’s represent the inter-layer tunneling matrices defined according to
2r(j—1 2r(j—1
T; = wooo + w1 [az cos %) + oy sin % , for j=1,2,3 (A12)

For small angles 6, the second term in Eq. (A10) is suppressed in magnitude with respect to the first one and is usually
neglected [82, 84]. We will investigate its effects through the parameter A = 0,1. For A = 0 the TBG Hamiltonian
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features a unitary particle-hole symmetry, which is only slightly broken in the case A = 1 [82, 84]. The tunneling
matrices T} (1 < j < 3) depend on two parameters, wg > 0 and w; > 0, which are the inter-layer hoppings at the
AA and AB stacking centers of the two graphene sheets, respectively. Generically, in realistic systems wy < w; due
to lattice relaxation and corrugation effects [84, 88-91|. For the numerical calculations in this paper, we will use

0 = 1.05°, w; = 110meV, vp = 5.944eV A, K| =1.703 Afl, and explore multiple values of the ratio wg/w; < 1.

Finally, we note that the first-quantized Hamiltonian in valley n = — is obtained through
hat &) = 0:h o (~k) os. (A13)

The TBG Hamiltonian in Eq. (A9) can be diagonalized as follows

Z Z €n 77 ck n,mn, sck 7,1,85 (A14)

keMBZ n,n,s
where
— AT
ck n,m,s Z UQuay; ”77 Ck,Q,n,a,s’ (A15)
Q€EQ+,a

are the energy band operators. We define uqa;ny (k) to be the eigenstate wave functions of energy band n of the first
quantized single-particle TBG Hamiltonian [74]

Z Z {hg,)Q/] af UQ’ g;nn (k) = €n,nUQa;nn (k) . (Alﬁ)
B QeQx

For each valley and spin, we will use the integer n > 0 to denote the n-th conduction band and use the integer n < 0
to label the |n|-th valence band. Throughout this paper, we will be concerned exclusively with the active TBG bands
(corresponding to n = +1). Finally, we note that the completeness of the TBG eigenstate wave functions allows us
to express the moiré lattice operators from Eq. (A8) in the energy band basis as

Ck ,Q,n,a,s Z U‘Qa 7”7 Ck n,n,s" (A17)

c. Discrete symmetries of TBG

We now briefly review the discrete symmetries of TBG which have been derived and extensively discussed in
Refs. [74, 82, 84-86]. Since graphene has zero spin-orbit coupling, we can define a set of spinless symmetry transfor-
mations for TBG: the spinless unitary discrete symmetries Cs,, Cs,, Cy;, and the spinless anti-unitary time-reversal
symmetry 7. In addition to the above symmetry operators which commute with the many-body projected Hamiltonian
of TBG (H), one can also define a unitary particle-hole transformation P [82, 84], as well as a chiral transformation
C' [86]. The particle-hole transformation is an anticommuting symmetry of the single-particle TBG Hamiltonian from
Eq. (A9) for A = 0, and remains an approximate symmetry of the model for A = 1 [82, 84]. In the first chiral
limit, when the inter-layer AA-hopping wg can be neglected (wy = 0), the chiral transformation C' also denotes an
anticommuting symmetry of H, [74, 86]. It is worth noting, that the first chiral limit always implies the presence of
particle-hole symmetry, as the second term in Eq. (A10) can be gauged away [86, 92].

We denote the action of any symmetry transformation operator g on the moiré lattice fermions to be

At 1 X
Iqnasd = D [D@lamsan s (A18)
Q.8

where D (g) is the representation matrix of the symmetry operator g in the space of indices {Q, 7, a} of the éL,Q,n,a,s
fermion operators. We denote gk to be the momentum obtained after acting the transformation g on momentum k.
In particular Tk = Pk = —k, while Ck = k. The representation matrices for the discrete symmetries of TBG are
given by [74, 82, 84]

[D (022)]Q’77’ﬂ7Q77a = 0q/,—-Q0ny,—n (Uw)ﬁa , (A19)
[D (CSz)]Q/n’ﬁ,Qna = 0Q/,C5.Q0n' (em%%)[ga ) (A20)



(D (Cox)lqrs,.qna = 0Q.02.Q0n 1 (02) 5o » (A21)
[D (T)]Q/nlﬁ,qm = 0Q',—Q0n’,—n98,a; (A22)
[D (P)]Q’W’B,Qna = 0q/,—-Q0y' ,n08,0(qQ, (A23)
[D (C)]an/ﬁ,Qy,a = 0Q/,Q0n' (UZ)/aa ) (A24)

where in Eq. (A23), we have employed the sublattice factor (g defined in Eq. (A11).

d. Gauge-fizing the single-particle spectrum

The symmetries presented in Appendix [A 1¢] yield certain relations between single-particle TBG eigenstates, which
will prove instrumental in deriving the properties of the TBG spectral function. Here, we briefly review the gauge-
fixing conditions for the TBG single-particle eigenstates defined in Eq. (A15) which were introduced in Refs. [74, 84].

For brevity, we will consider the wave function uqQa;ny (k) as a column vector u,,, (k) in the space of indices {Q, a}.
Furthermore, when a representation matrix D (g) of an operation g defined in Eq. (A18) acts on a wave function
Uy (k), we denote the resulting wave function in valley 7 for short as -, [D(g)],, uny (k), the components of
which are given by ZQ/Bn’ [D (g)]Qan,Q’ﬁn' uq gy (k). Namely, we suppress the indices {Q, a} of the representation
matrix D (g) to streamline notation.

When ¢ is a commuting (anticommuting) symmetry operator of the single-particle TBG Hamiltonian, if w,,, (k)
is an eigenstate wave function at momentum k, the wave function 3, [D (g)],, uny (k) (an additional complex
conjugation is needed if g is anti-unitary) must also be an eigenstate wave function at momentum gk at the same
(opposite) single-particle energy. This allows us to define a sewing matrix corresponding to the symmetry operator g
and the eigenstates (k)

(D (9)]yy oy () = D (B ()]0 iy (9K) - (A25)

m

In the energy band basis defined in Eq. (A15), a symmetry g acts as

géir(,n,n’,sg_l = Z [Bg (k)]mn,nn/ é;k,m,n,s' (A26)

m,n

The gauge-fixing of the TBG energy band operators was discussed at length in Refs. [74, 84]. We will first consider
the particle-hole symmetric case (A = 0). We will only summarize the results here and refer the reader to Refs. [74, 84]
for complete proofs. All sewing matrices are closed within the pair of bands n = +1. Therefore, for the bands with
band index n = +1, we will use (* and 7 (a = 0, z, vy, z) to denote the identity and Pauli matrices in the energy band
n = 1 and the valley spaces, respectively. For all the symmetries that leave k invariant, the following k-independent
gauge-fixings will be adopted in this paper

BT (10 = 0% B (k) = ¢, B () = ¢, (a27)

where the sewing matrix corresponding to the chiral symmetry operator C' is only applicable in the first chiral limit
(wo/wy = 0) [74, 86]. Additionally, we will further fix the relative gauge between wave functions at momenta k and
—k by fixing the sewing matrices of Cy, and P.

0 -x 0 -x Y2
-’ k =k, ¢’ k =k, i]CYT*? k =k,

where kjs,, denotes any one of the three equivalent M, points in the MBZ
1 1 1 1
kary, € {2bM1> 5Par2; g + 2bM2} . (A29)
The reason for the additional minus sign of the sewing matrix B (k) at k = kjy,, was explained in Ref. [74]. In

addition to the gauge-fixing conditions given in Eqs. (A27) and (A28), we fix the relative sign between the single-
particle wave functions uy , (k) and u_ , (k) imposing [87]

: f _
i fuh, (4 @)ty (1) = ', (k4 @) -y ()| = 0. (A30)
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By fixing the sewing matrix of the Cy,T transformation according to Eq. (A28), as well as the continuous gauge
condition from Eq. (A30), we can introduce the Chern band basis [74, 84, 93] within the two active bands in each
valley-spin flavor

A 1
f _ ot ot _ .t
dk,eY,n,s - ﬁ (ck#l,n,s + ZeYck,fl,n,S) - Z WeYv"Ck,n,n,S’ (A31)
n

where ey = £1 and the unitary matrix W is given by

W= % G _ZZ> (A32)

As proven in Refs. [74, 84], the operator CZLSY’”’S for k € MBZ and fixed ey, 1, and s corresponds to a Chern band
carrying Chern number ey. To numerically determine the gauge-fixed TBG wave functions, we follow the procedure
employed in Ref. [69].

In the case A = 1, P is no longer an exact symmetry of Hy in Eq. (A10), and a different approach is needed. We
start by diagonalizing the first-quantized TBG Hamiltonian from Eq. (A10) in valley n = +, fix the sewing matrix
of C5,.T according to Eq. (A27), and impose the continuous gauge condition from Eq. (A30). These conditions are
enough to guarantee the existence of the Chern band basis as defined in Eq. (A31) [84] for valley n = +. At the same
time, for each k, we are free to transform the wave functions according to

uny (k) = Z Unin (k) tm+ (k) (A33)
m==1

where the 2 x 2, momentum-dependent matrix U (k) obeys

Uk)=+1 if epry (k) # o1,y (k),

. . A34
U(k) €SO(?2) if eyry(k)=e_1,(k) (A34)
Ref. [84] showed that even when A = 1, one still has
2
1 |uf,, (~K) [D(P)],,, tnn (k)‘ < 0.04, (A35)

meaning that the particle-hole symmetry breaking is small even when A = 1. We choose U (k) in such a way as to
ensure that

H ID(P),, s (k) = [BY ()], ucng (K) H is minimized. (A36)

To find the wave functions in the n = — valley, we then use the Cs, symmetry of TBG and impose the corresponding
sewing matrix from Eq. (A28). By approzimately fixing the sewing matrix of the particle-hole transformation in the
A =1 case according to Eq. (A36), we ensure that this case is smoothly connected to the A = 0 one. At the same
time, Eq. (A36) guarantees that even when A = 1, Eq. (A26) still holds approzimately for g = P.

2. Interaction Hamiltonian
a. Form factor matrices

After discussing the single-particle wave functions of TBG, we now briefly review the Coulomb interaction Hamil-
tonian, which has been derived and discussed at length in Refs. [68, 74]. We let V(r) denote the interaction potential
between two electrons within the TBG sample, and define V(q) as its Fourier transformation. For the time be-
ing, we will keep V(r) generic and only require that it denotes a repulsive interaction (V(q) > 0). It was shown
in Ref. [42, 58, 74| that the interaction Hamiltonian projected in the active TBG bands is a positive semi-definite
operator and reads as

1
Hy = —q— A
A Tom— > Y 0-4-cOqic: (A37)
qeMBZ Ge Qg




16

where Q1pq is the area of the TBG sample, and we have introduced the operators

) . 1
Ogrc =Y. > VV(a+G)Ml, (kq+G) <CL+q,mmysck,n,n,s - 25q,05m,n> . (A38)

k,n,s n,m==%1

In Eq. (A38) we have employed the wave function overlap matrix (also known as the form factor matrix) which is
defined in terms of the active TBG wave functions as [74]

Mgmn (k7 q + G) = Z Z u*QfGa;mn (k + q) uQa;nn (k) N (A'?)g)
a Qe+

The symmetries of the single-particle TBG Hamiltonian impose a series of constraints on the form factors matri-
ces, through the gauge-fixing conditions from Appendix [A1d] [74]. Letting g be a symmetry of Hy as defined in
Appendix [A1¢], Eq. (A25) implies that

Z [Bg(k)}n’n’,nn [Bg(k + q)}:n’n’,mn Mﬁt’n’ (gk?gq + gG)

! !
n,n,m

= Z Z Z [Bg(k + q)}:n/n’,mn u;Q—gGa;m/n’ (gk + gq) [Bg (k)]n’n/ﬂz,n UgQa;n/n’ (gk)
nn',m’ a QEQL

=00 X (D@l g et )] (D] 0 )]

(03

n o QEQ4
= Z Z u*QfGa;mn (k + q) UQainn (k) ’ (A40)
a Qe+

with an additional complex conjugation when g is anti-unitary. Written in matrix form, Eq. (A40) reads as
B (k+aq)M™ (gk,gq+ gG) B (k) = M (k,q+ G), (A41)

where (*) denotes an additional complex conjugation when ¢ is anti-unitary. Additionally, the form factor matrix
obeys the following Hermiticity condition

which can be readily checked from its definition from Eq. (A39).

Under the gauge-fixing conditions outlined in Appendix [A1d] and as a consequence of Eq. (A41), the Cy, T
symmetry imposes a reality condition for both the A = 0 and A = 1 cases [74]. As such, the form factor matrix can
be generically parameterized as

M (k,q+ G) =¢"%aq (k,q + G) + ("7 a1 (k,q + G) +i¢*m a2 (k,q + G) + *m7as (k.q + G)
+C7%ay (k,q + G) + "5 (k,q + G) + i as (k,q + G) + ¢*%ar (k,q + G). (A43)

When A\ = 0, the presence of the anti-commuting Cs, P symmetry enforces «; (k,q+ G) =0 for all 4 < i < 7, leading
to the following parameterization in the band and valley subspaces [74]

M (k,q+ G) = ("m%ag (k,q + G) + (*r*a1 (k,q + G) + ¢! az (k,q + G) + *r7as (k. g + G). (A44)

It is worth noting that, because the P anti-commuting symmetry (and hence the Co, P anti-commuting symmetry) is
only slightly broken even in the A = 1 case [84], we generically find that in Eq. (A43)

lo; (k,q+ G)| < |aj (k,q+ G)|, for 0<i<3 and 4<j<7, (A45)
provided that Eq. (A36) is imposed. Finally, we note that in the first chiral limit (wo = 0), the single-particle wave
functions at a given momentum are additionally constrained by the chiral symmetry operator C'. As shown in Ref. [74],

this implies that the form factors are further restricted to the parameterization

M (k,q+ G) = ("7%ap (k,q + G) + i1 as (k,q + G). (A46)
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STM tip

z
$p Z

TBG

gate

FIG. 5. Schematic of the typical experimental setup considered. The TBG sample is is located in between a gate plate and
the scanning tunneling microscopy (STM) tip, with & denoting the distance between the gate and the sample and z, being the
height of the STM tip. The two graphene monolayers are located at heights z; (I = %) with the inter-layer TBG separation
obeying |z4 — 2| < &.

b. Coulomb interaction potential

With the general form of the projected interaction TBG Hamiltonian at hand, we now turn to the electron-electron
repulsion potential. We consider the experimental setup shown schematically in Fig. 5, corresponding to a single-gate
arrangement for scanning tunneling microscopy (STM) experiments. The potential between two electrons separated
by r in the plane of the TBG sample includes a contribution from the image charge formed on the gate located at a

distance £ below the sample
2 (1 1
Vi(r)= ‘< ( — ) . (A47)

Using the identity

2 —ag+iqr 1 1
/ R (Ad8)
2m)? ¢ 21 \/r? + a2
we find that the Fourier transformation of the single-gate potential reads
2me? 1 — e~ %4 1 — e 2¢a
Viq) = — =27U:£? A49
(@)= T € (419)

In Eq. (A49), e represents the electron charge, € is the dielectric constant, ¢ = |q|, and Us = €2/ (e€). In this work
and unless stated otherwise, we use Ug = 8meV and ¢ = 30nm.

c. Continuous symmetries of the projected interaction Hamiltonian

Throughout this paper, we will work exclusively in the flat limit, as defined by Refs. [68, 74], implying that
the TBG Hamiltonian H is given solely by the projected interaction Hamiltonian from Eq. (A37), i.e. H = Hj.
Refs. [68, 69] have found that owing to its enlarged continuous symmetries (which will be discussed below), Hj
features a large manifold of degenerate ground states. This degeneracy is broken by the finite dispersion of the single-
particle Hamiltonian which acts perturbatively within the ground state manifold [68, 69]. Instead of focusing on a
single ground state at each integer filling as predicted by perturbation theory [58, 68], we will instead explore the
properties of the degenerate manifold in an effort to identify the experimentally-relevant ground state.

We will now briefly review the symmetries of the interaction Hamiltonian H;, which were derived and extensively
discussed in Refs. [42, 43, 58, 74]. Following the notation of Ref. [74], we shall use (%, 7%, and s® to denote the identity
matrix (a = 0), and Pauli matrices (a = x,y, z) in the band (n = £1), valley (n = %), and spin (s =1, ]) subspaces,
respectively.
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e U (2)xU (2) symmetry in the non-particle-hole-symmetric case (A = 1). Due to the absence of spin-orbit coupling
in TBG, as well as the suppression of intervalley scattering processes in Eq. (A37), Hy, enjoys a U (2) x U (2)
rotation symmetry corresponding to independent spin-charge rotation within each valley. The corresponding
generators are given by

Sab = Z Z [Sab] nns,n'n’s’ é]t’n’n’sék,n’,n/,s’y for a=0,2 b=0,z, Y, %, (A50)
k

n,n,s
’ ’ ’
n.,n,s

where the matrices s read as
§% = (07060 57t = (Or7sh, (A51)

e U (4) symmetry in the particle-hole-symmetric case (A = 0). The presence of the anticommuting particle-hole
symmetry restricts the parameterization of the form factors, as shown in Eq. (A44). In turn, this enlarges the
U (2) x U (2) symmetry of Hy to the U (4) group [42, 43, 58, 74| (corresponding to the so-called nonchiral-flat
limit, as defined by Ref. [74]). In what follows, we will always denote the nonchiral-flat U (4) group as Uy (4)
to distinguish it from other U (4) groups. The generators of Uy (4) read as

ab __ ab AT A —
S = Z Z [S ]nns,n’n’s’ Ck7n7n7sck,n/,n’,s/7 for a, b= Oa T, Y, %, (A52)
k

n,n,s
’ ’ ’
n',n',s

with the matrices s?® being given by
§9 = (07060 70 = (¥rTsh, sV = (Vr¥st, 7 = (0770, (A53)

For future reference, we also define the set

Nu,oa) = S st ¢ e, =0, (A54)

a,b€{0,x,y,2}

which contains all eight-dimensional matrices which can be expressed as a linear combinations of the generators
5% from Eq. (A53) for a,b € {0,z,y, 2z} and ab # 0. For any M € Nu,.(a)» [M, s“b] € Ny, (1), implying that
the set Ny, (4) is closed under any Uy (4) group transformation.

e U(4) x U(4) symmetry in the first chiral limit. Finally, in the first chiral limit (wo = 0) [74, 86], the anti-
commuting C' symmetry further restricts the parameterization of the form factors, given in Eq. (A46). As a
consequence, the projected interaction Hamiltonian enjoys a large U (4) x U (4) symmetry [58, 74| (corresponding
to the chiral-flat limit, as defined in Ref. [74]) which is generated by the 32 operators

ab __ ab AT ~ _
S = g g [Si]nns,n'n’s/ Chen s ko 787 for a,b=0,z,v, z, (A55)
ks
’ ’/ !’
n' s

with the matrices s4° being given by
1
s =5 (¢ ) " (A56)
In analogy with Eq. (A54), we also introduce the set
Nu@yxuy = Z (055> + ¢2057%) | 940 € C, 9P = ¢% =0 o, (A57)
a,be{0,z,y,2}

which is closed under any U (4) x U (4) transformation.

The Uy (4) group in the nonchiral-flat limit is a subgroup of the U (4) x U (4) group in the chiral-flat limit, but is
not one of the tensor-producted U (4) subgroups of the later [74]. To better understand the group-subgroup relation
between the two groups, is is instructive to recast the generators from Eqs. (A52) and (A55) in the Chern band basis
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defined in Eq. (A31). In the Chern band basis, the chiral-flat generators from Eq. (A55) correspond to independent
U (4) charge-valley-spin rotations within each Chern sector

Sib = Z Z [Tasb] ns,;m's’ CzLi17n7sdAk,:l:1,n’,s’v for a, b= 07 T, Y, 2. (A58)

k n,s,n',s

When the chiral anticommuting symmetry is broken, the generators of the U (4) x U (4) group get combined into the
generators of the Uy (4) group from Eq. (A52)
S = 5P +52, if a=02z for a,b=0,z,y,2 (A59)
S\ Se st i a=ay’ e

As such, we find that away from the chiral limit, the fermions belonging to the two Chern sectors can no longer be
rotated independently in the charge-valley-spin space. Instead, the Uy, (4) rotations which do not mix the two valleys
rotate the two Chern sectors in the same directions, while the generators corresponding to valley rotations in the xz
and yz planes rotate the two Chern sectors in in opposite directions.

Appendix B: Charge-one excitations at integer fillings

The spectral function of the TBG insulators which is measured by STM experiments depends on the eigenstates of
the TBG Hamiltonian obtained by adding or removing one electron from the ground state — the charge-one excitations.
The latter constitute the main focus of this appendix. We start with a brief review of the method devised by Ref. [75] for
obtaining the charge-one excitations above the ground states of TBG obtained in Ref. [68]: the charge-one excitation
can be found by diagonalizing the so-called charge-one excitation matrices. We then investigate the consequences of
the various discrete symmetries of TBG from Appendix [A 1c¢| on the charge-one excitation matrices and obtain their
parameterizations under different limits. Finally, by focusing on a specific state from the approximately degenerate
ground state manifold of TBG derived in Ref. [68], we explicitly work out the charge-one excitation spectrum.

1. Charge-one excitation matrices

Ref. [75] has shown that for the different ground states of the TBG Hamiltonian at integer fillings derived in
Ref. [68], the charge-one excitations can be computed directly as a zero-body problem. Here, we will briefly review
the procedure introduced in Ref. [75] for obtaining them.

Let |¢) be one of the exact eigenstates of Hy at filling v introduced in Ref. [68] (which will be specified in de-
tail below). The energies and wave functions of the charge-one excitations can be determined using the following
commutation relations [75]

|:HI - ILLN7 éI{,n,"],S] |S0> = Z RZ”L (k) éL,m,r],S |90> ’ (Bl)
|:HI - ,uN7 ék,n,"?,S:I |§0> = Z R?nn (k) ék77”7n7s |<‘O> ’ (B2)

where p denotes the chemical potential and N is the total fermion number operator

Z é;r(,n,n,sékanﬂ%s' (BS)

k,n,n,s

N

The charge-one excitation matrices R, (k) and R, (k) depend only on the filling v of the ground state |¢) and are
given in terms of the form factors introduced in Eq. (A39)

1 %
RY, (k) = > Y V(a+G)M;, (k.q+G) M, (kq+G)
20rBG GeQy | \qeMBZ,m’

+2A—G Vv Vv (G)Mr?m (k7 G)} - ,U(Smna (B4)
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- 1 *
R?nn (k) = 2Q Z Z |4 (q + G) M:;]@’m (k7 q + G) Mm?Zn (k7 q + G)
TBG e, | \qeMBZ,m’
“2A4_g/V (G)M (k, G)} + i, (B5)

with the factor Ag depending on the filling v according to [75]

Ae=VV(G) Y %Mgn<k,c;): Vi) Y %Tr[M(k,G)}. (B6)

The charge-one excitation matrices defined in Eq. (B4) are valid for any gauge choice. Under the gauge-fixing
conditions defined in Appendix [A 1d], the form factors are real, so the complex-conjugation can be dropped.

Refs. [63, 75] derived the charge-one commutation relations from Egs. (B1) and (B2) in the particle-hole symmetric
case (A = 0), for |p) being one of the ground states ! of H; derived in Ref. [68]. Away from the first chiral limit
(wg # 0), Egs. (B1) and (B2) are valid provided |p) is one of ground states |¥,) of Hy at even filling v defined by [68]

(v+4)/2
W) =TI TI éhiim e 1. | 100, for =042 44, (B7)
k j=1

as well as any U, (4) rotation thereof given by the generators from Eq. (A52). In Eq. (B7), {n;,s,;} denote the
occupied valley-spin flavors of |¥,) and the “vacuum state” |0) corresponds to filling v = —4 (i.e. unoccupied TBG
active bands). The states |¥,) and their U, (4) rotations carry zero Chern number.

In the first chiral limit (wo = 0), Egs. (B1) and (B2) are valid for any of the Chern number C ground states ‘WZ*’V’>
of Hy at integer filling v defined by [68]

vy v_
|\IJZ+7V7> = H H dir(7+1777j1 5851 H dL,—lvnjz 5Sjo |0> 9 fOr - 4 S v S 4 (BS)
k \ji=1 J2=1

and any of their U (4) x U (4) rotations generated by the operators from Eq. (A55). In Eq. (B8), the occupancies of
the two Chern sectors are given by
v+44+C v+4—-C

vp=——p— and v_ = — (B9)

with {n;,,s;,} and {n;,,s;,} denoting the (arbitrarily chosen) occupied valley-spin flavors of the two Chern sectors.
Additionally, the charge-one commutation relations from Egs. (B1) and (B2) are also valid in the A = 1 case for
any of the ground states of H; from Eq. (B7), along with any U (2) x U (2) rotation thereof. In what follows, we will
assume the charge-one commutation relations to hold for any U (4) x U (4) rotation of the integer filling states from
Eq. (B8), even away from the first chiral limit (wg # 0) and in the absence of exact particle-hole symmetry (A = 1).
To see why this approximation is justified, we first note that in moving away from the chiral limit (wo = 0 and A = 0)
to the nonchiral, but particle-hole symmetric case (wg # 0 and A = 0), the states of the form in Eq. (B8) are still
perturbatively the ground states of the TBG Hamiltonian, even at odd integer fillings [68, 69]. Moreover, through a
renormalization group approach, Ref. [63] has shown that by successively integrating the remote TBG bands in the
nonchiral case (wg # 0), the system flows towards the chiral limit, thus approaching the U (4) x U (4)-symmetric case.
It is therefore justified to use the same charge-one commutation relation away from the chiral limit for U (4) x U (4)
rotations of the states in Eq. (B8). Finally, moving away from the case with ezact particle-hole symmetry can be
justified by noting that even in the A = 1 case, particle-hole is still and excellent approzimate symmetry [84].

2. Symmetry properties of the charge-one excitation matrices

Under the gauge-fixing conditions outlined in Appendix [A 1d|, the symmetries of the single-particle TBG Hamil-
tonian impose a series of constraints on the charge-one excitation matrices. This appendix aims to derive these

L Strictly speaking, Ref. [68] showed that in the nonchiral- and chiral-flat cases, respectively, the states from Eq. (B7) and Eq. (B8) are
eigenstates of Hy. Additionally, they were shown to be the ground states of Hy only for v = 0, or for v # 0 assuming that the flat
metric condition holds [68, 87]. However, Ref. [69] proved the validity of the flat metric approximation by offering compelling numerical
evidence that the states from Eq. (B7) and Eq. (B8) are indeed the ground states of H; in the corresponding limits.



21

constraints with the goal of parameterizing the R (k) and R (k) matrices within the band and valley subspaces. This
will then used for analytic approximations of the LDOS. Part of this parametrization was first derived in [67].

Let g be one of the symmetries of the single-particle TBG Hamiltonian from Appendix [A 1¢c]|. Using the symmetry
properties of the form factor matrix from Eq. (A41), Eq. (B6) implies that

Ac =V (G) Y %Tr[M(k,G)]: VG Y %Tr [B9(k)M (gk, gG) BY (k)]
keMBZ keMBZ

=VV(G) Y JTrM (gk9@)] = Ay, (B10)

kceMBZ

where we have used the reality of the form factor matrix, the invariance of the interaction potential under two-
dimensional spatial rotations, as well as the unitarity of the sewing matrices. Applying Eqgs. (A41) and (B10) in the
definition from Eq. (B4), we find that

1 .
R}, (k) = > > Viga+gG)[BY(k+q)M (sk.gq+gG)B(k)],
GeQp qeMBZ,m/’

x [BY(k +a)M (gk,9q+ ¢G) B? (k)] )

m'n

+24_,6V/V (4G) [BI(0)M (gk,gG) BIW)]",, | = dun

1 %
= 50— O > V(a+G)[BYk+aqM(gk.q+G)BIK)]
TBG GeQo qeMBZ,m’

x [BY(k+a)M (gk,a+ G) BK)],, ) +24-6V/V(G) [BYM)M (gk,G) BK)], | = n. (BI1)

mn

We now proceed to simplify the first term in Eq. (B11),

> [B(k+q)M (gk,q+ G)BI(k)]." [BY(k+q)M (gk,q+ G)B?(k)]’

'm m’'n

=Y D BUK e B+ @y oy Mo, (9k a + G)

m/ 11,1,M1

7N2,n2,M2
X (B (K], B K+ @)y g Mo, (9K a4+ G)
= Z [Bg (k)]:blﬂl;m’f] M'::ﬂlnl (gk7 q + G) [Bg (k)]’ﬂzﬂz,?’m M’glggng (gk7 q + G) 5m1 m2 5?717]2
2 ms
= Z [Bg(k)]:;ln/,mn M’::Zznl (gk7 q + G) [Bg (k)]ngn’,nn M’IZL’RQ (gk’ q + G) . (B12)
n',m’
ni,n2

Finally, combining Eqgs. (B11) and (B12), it is straightforward to show that

R, (k)= > [BUK)] 0y B O] n By (9K) (B13)

n’,n1,m2

or alternatively, in matrix notation
R (k) = B"(k)R (gk) B?(k). (B14)

Note that the Co, T symmetry of TBG, through the gauge-fixing conditions from Appendix [A 1d], imposes a reality
condition on the form-factor matrix, and consequently on the matrix R (k). As such, we have not included a complex
conjugation when ¢ is anti-unitary. Strictly speaking, for a different gauge choice (i.e. when the charge-excitation
matrices are not real), an additional complex conjugation could be required in Eq. (B14) when g is anti-unitary.

Obtaining the symmetry transformation of the R (k) matrix proceeds analogously with the derivation of Eq. (B14),
as R (k) and R (k) only differ by the sign of the second term and of the chemical potential

R (k) = BT9(k)R (gk) B*9(k). (B15)
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Under the gauge-fixing conditions from Appendix [A1d], all sewing matrices are real, Eqs. (B14) and (B15) can be
written equivalently as

=
=
]

B™(K)R (gk) BY (k), (B16)
R (k) = B (k)R (gk) BI(k). (B17)
Finally, we note that the charge-one excitation matrices are Hermitian
R (k) = R (k) (B18)
R' (k) = R (k) (B19)

We will prove this for R (k) using the definition from Eq. (B14), as well as the Hermiticity of the form factor matrix
from Eq. (A42)

1 *
Ry, (k) = > > V(a+G)M), (ka+G)M (kq+G)
20186 GeQo | \aEMBZ,m/

124% 6 /V (GIM;, (K, G)| = 16

1 *
=70 Z Z Va+G)M,) (k,ag+G)M', (k.q+G)
TBG Geg, | \aeMBZ,m’

1246V (GYM (K, —G)} — by
=R" (k), (B20)

with the Hermiticity of R (k) following analogously.

3. Parameterization of the charge-one excitation matrices

With the transformation properties of the charge-one excitation matrices at hand, we now analyze the consequence
of each discrete symmetry of TBG from Appendix [A 2c]|.

Firstly, as shown in Appendix [B 2|, the charge-one excitation matrices are Hermitian and diagonal in valley space.
Moreover, as a consequence of the C5,T symmetry, they are real, and hence symmetric. In the most general case,
they can be parameterized as

R (k) = ("t7dy (k) + °7%3 (k) + (" 77d3 (k) + (" 70y (k) + (*77ds (k) + (*r0dg (k) (B21)
R(k) = (°r%dy (k) + (s (k) + ("7d3 (k) + (704 (k) + Crds (k) + Cr0ds (k) (B22)
where d; (k) and d; (k) (1 < i < 6) are real functions of the crystalline momentum k. Moreover, as a consequence of

Egs. (B16) and (B17) for g = Cs., we find that the parity of d; (k) and d; (k) (1 < i < 6) with respect to k is given
by the parity of 4, i.e.

di (k) = (=1)d; (k),  di(~k) = (-1)'d; (k), for 1<i<B6. (B23)

No additional restrictions are imposed by the time-reversal symmetry T'.
In the particle-hole symmetric case (A = 0), we find that the particle-hole transformation P additionally imposes

d; (—k) = d; (k) if 1<i<2 Ji (k) = d; (k) if 1<i<?2 B2
' —di(k) if 3<i<6’ Cd0 i 3<i<6’

which together with Eq. (B23) requires that d; (k) = d; (k) = 0 for i = 1,4,6. In the particle-hole symmetric case

(A = 0), the parameterization of the charge-one excitation matrices reads as

R (k) = (°7%; (k) + (*7°d3 (k) + (*r7ds (k) , (B25)
R (k) = (°7%ds (k) + (*r7ds (k) + (P77 ds (k) (B26)
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where the momentum parity of the functions d; (k) and d; (k) for i = 2,3,5 is given by Eq. (B23).

In the A = 1 case, although not exact, the particle-hole transformation P is an an excellent approzrimate symme-
try [84]. Provided the gauge-fixing condition from Eq. (A36) is imposed, we find that the parameterization of the
charge-one excitation matrices from Egs. (B21) and (B22) obeys

|di (k)| < |d; (k)| and

d; (k)‘ < ]cij (k)

, fori=1,4,6 and j =2,3,5, (B27)

meaning that Eqgs. (B25) and (B26) still hold approzimately. Nevertheless, in the absence of exact particle-hole sym-
metry, we will employ the exact parameterizations from Eqs. (B21) and (B22) and only then explore the consequences
of Eq. (B27).

Finally, in the first chiral limit (wg = 0), the presence of the anti-commuting C' symmetry implies that the charge-one
excitation matrices are diagonal

R (k) = ("%, (k), (B28)
R (k) = ¢"7%; (k), (B29)

where the real functions dy (k) and d (k) are even with respect to momentum inversion.

4. Charge-one excitation above specific ground states

As written in Egs. (B1) and (B2), the charge-one commutation relations are cumbersome to apply for any choice of
TBG ground states apart from the states | ¥, ) defined in Eq. (B7). This is because for a generic U (4) x U (4) rotation of

the state |¥,""" ) introduced in Eq. (B8) and for a given momentum k, the states ck s | T2 (Ciema,s [ U0777))
are not necessarily linearly independent, and therefore provide a redundant basis for the electron (hole) excitations

above the ground state. As a simple example, consider the v = —3 valley-polarized ground state with C = 1
N 1
_ _ N ot
= H d;+1,+,¢ 0) = H NG (Ck,+1,+,T + ZCk,f1,+,¢) ) (B30)
Kk k

With only one occupied Chern band, the state |¢) admits a single hole excitation with momentum k. On the other
hand, both éx 41,41 |p) and éx,_1,++ |¢) are non-vanishing. The solution to this apparent contradiction is that
Gk +1,+.1|¢) = ék,—1 4,1 |¢), meaning that the two hole excitations are in fact one and the same. The situation
becomes even worse when considering generic rotations of the state |¢), where a coherent superposition of potentially
all the TBG active bands is filled: despite having only one filled band and hence a single hole excitation for a given
momentum, acting with any of the energy band operators ¢y, s leads to a non-vanishing state.

Since the states |\IIV+ v > from Eq. (B8) are obtained by filling Chern bands of different valley-spin flavors, we
will find it useful perform a basis change and recast Egs. (B1) and (B2) in terms of the Chern band operators frorn
Eq. (A31) as

1= N df ] e =S R e (B31)
8y2

H1 = 1, iy, s 1) = 30 RE cy) (€) dicer,ns |9) (B32)
€y,

where the charge-one excitation matrices expressed in the Chern-band basis are given by

} 7
€y2€y1 ey ,m €Y1, Rmn (k)’

~ (B33)
€y2 eyl Z WGYZ ey nR?rm (k) .

Here and in what follows, we will use the same symbol to represent a matrix or a vector in both the Chern (ey = £1)
and energy band (n = +1) bases. To avoid confusion, we will employ a “prime” (') symbol to denote that a matrix or
vector is expressed in the Chern band basis, rather than the energy band basis. For generic U (4) x U (4) rotations of
the states |\IIZ+’V’ >, we will also define rotated Chern and energy band fermion operators. By doing so, we avoid the
problems associated with redundant bases for the charge-one excitations.
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a. Rotated fermion operators

Consider a specific U (4) x U (4) rotation (henceforth denoted by U) of the state from Eq. (BS8)
) = U [wy+7-). (B34)

We employ pey ns = 0,1 to explicitly show which Chern-valley-spin flavors are occupied in the unrotated state
|\I/Z+’V’ >, such that

(B35)

_J1, if the Chern-valley-spin flavor {ey,7, s} band is occupied in [¥;""")
Pey s 0, if the Chern-valley-spin flavor {ey,7, s} band is empty in ‘WZ*’V’>

We are interested in explicitly deriving the charge-one excitation states above |p), by particularizing Eqs. (B1)
and (B2). To find a non-redundant basis for the charge-one excitations, we define the rotated Chern band basis

of _ it It it
gk7€Y77173 - UdkveyanasUT - Z Uéynsveg/n/sldkxeg/vn,asl’ (B36)

ot gl
€y NS

as well as the rotated energy band basis

flt n,m,s = UéI(,n,n,sUT = Z U”US»n,ﬂ/S/éI(,n’,n/,s" (B37)
n/7/r}/7s/
In Eq. (B36) and Eq. (B37), U/, . vy and Unysnys respectively denote eight-dimensional unitary matrices im-
oy s el

plementing the rotation U within the original Chern band (cﬁ

k,ey,n,s

) and energy band (éLnns) bases. The rotated
Chern band operator Qlt ey .5 Creates a fermion with a Chern number ey = +1, as the U (4) x U (4) rotations gener-

ated by Eq. (A55) do not mix the different Chern sectors. On the other hand, QLEY’W’S generally denotes a coherent
superposition of fermions at momentum k from all valley and spin sectors, with the indices n and s merely indicating
that QLE is obtained from d

Y 1,8 k,ey,n,s
fli s> the band (n), valley (n), and spin (s) indices are simply an indication that it was obtained by rotating the

original energy band fermion éLn’n’S according to the transformation U.

The main benefit of using the rotated Chern basis from Eq. (B36) is that the ground state |¢) of Eq. (B34) has a
particularly simple expression

by acting with the transformation U. For the rotated energy band fermion

=TI I @leys!l0. (B38)

k ey ,1,S
Pey ,n,szl

where the product runs over those values {ey, 7, s} for which pc, , s = 1. When written in this form, it becomes clear
that a non-redundant basis for the electron excitations above |¢) with a definite momentum k is given by the 4 — v
operators gf(,ey’w for which pey 5 s = 0. Similarly, a linearly-independent basis for the hole excitations is given by
the 4 4+ v operators gi,e, n,s for which p., , s = 0. We illustrate this schematically for a generic U (4) x U (4) rotation

of the state ‘\Ill_f> in Fig. 6.

b. Rotated charge-one excitation matrices
As discussed in Appendix [B4a] and shown schematically in Fig. 6, the Chern band operators dAL ey s TeDreEsent
coherent superpositions of the occupied bands in |p). As such, we will rewrite Egs. (B31) and (B32) in terms of the
rotated Chern band basis defined in Eq. (B36)

Hi =N, 0oy ] 9= Y [R7 1) ooy moea €0 08 pey s =0, (B39)

e S2,€ S
eyy 12,52 Yo 71282,€y7 M151

PeY2 ,M2,82 =0
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Czlt(,+1,+,¢ gl];,+1,+,¢ | RY (k) = J/ &11,57 Eli
JI(,—l,+,¢ gl];,—l,+,¢ \\\ i /// ﬁltAv Eﬁ
Cilt<,+1,+,T 911,+1,+,¢ ) """""""""" ( &11,37 Eli’
JL,—l,Jr,T §1T<,71,+,¢ ’711,27 By
ﬂ(,+1,—,¢ gf{ﬁl,ai RO T _____ ) ’AYlT(,pEllc
d\{(,*l,*»i ng(,—l,—,¢ Y E . e 9k73, Ei(i
CZ;[(,+1,7,T ng(,—s-l,—,T "" """""""""" ’:"“ ék,% Eﬁ
JL_L—,T QL,_l,—,T ék,b Ey

FIG. 6. Defining a non-redundant basis for the charge-one excitations. We consider the state |p) = U |\I/1_f>, where U denotes a
U (4) x U (4) rotation. For generic rotations U the three occupied bands of |¢) represent coherent superpositions of the original
TBG Chern bands, implying that the operators dj (dk,ey ,n,s) acting on the state |p) constitute a redundant basis for

the electron (hole) excitations. By defining a rotatlt?de Ydﬁérn band basis according to Eq. (B36), the state |¢) can be rewritten
simply as ], (gliﬁ1}7’757;“’%@;71’7&) |0). The rotated operators g;ew,s (gx,ey ,n,s) corresponding to the empty (filled)
bands in |¢) provide a linearly independent basis for all the electron (hole) excitations on top of |¢). The rotated charge-one
excitation matrices R’V (k) and R’ u (k) defined in Egs. (B41) and (B42) are then diagonalized in the space of empty and filled

bands of |¢), respectively. For a given momentum k, the rotated operators gl’ey’ms (gx,ey ,n,s) corresponding to the empty
(filled) bands in |¢) can be recombined into the operators ’yl’p for 1 <p<4—v (A, for 1 < p < 4+ v), which create an
electron (hole) excitation above |p) with energy E (EP).

(1= 0N ey | I9) = > [RY )] ecry s 190, 8 peyps =1 (Bd0)

; ey, 1252,y 151
€Yy 12,52 271282,6v1 7

Peyy massg =1

where we have also introduced the rotated charge-one excitation matrices given by

U *

|:R/ (k):| ey, 252,€v, M1 81 = . Z . Uéyl17151783/37]383Rng476y3 (k) 57]377458354 Uel,y277282,ey47]4s4’ (B41)

evanass

~ 0 . « ~

|:R/ (k)] ey, N282,ey, N181 o Z UéY1”15176Y377333R/enY3475Y3 (k) 6"377455354 UéY2"2S2’eY477454’ (B42)

e s

or equivalently, in matrix form, by

R,U (k) _ U/* (R/ (k) ® SO) UIT, (B43)
RY (k) =U' (1?2' (k) ® s°) Ut (B44)

Note that in the electron (hole) commutation relation, we have restricted to only those operators glt eyms (Gkey n,s)

which create (destroy) fermions belonging to the empty (filled) rotated Chern bands of |p). In the chiral limit (wo = 0),
Eqgs. (B28) and (B29) imply that the charge-one excitation matrices R (k) and R (k), and hence the rotated charge-one
excitation matrices are proportional to identity. As such, they do not include any off-diagonal elements between the
fermions belonging to the empty and filled rotated Chern bands in |p). Away from the chiral limit (wg # 0), without

exact particle-hole symmetry (A = 1), and for general U (4) x U (4) rotations, the R’ o (k) and R’ o (k) matrices will
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generically contain non-vanishing off-diagonal elements between the fermions belonging to the empty and filled bands
of ). This is a consequence of |p) being a perturbative rather than exact eigenstate of Hj.

The charge commutation relations from Eqgs. (B39) and (B40) written in the rotated Chern band basis allow us to
find the electron and hole excitation states above the ground state |¢). To see this, we first note that R’V (k) and
R'Y (k) are Hermitian, being related by a unitary transformations to the Hermitian matrices R (k)®s° and R (k) ® s°
respectively. Therefore, their restrictions into the filled or empty rotated Chern bands from Eqgs. (B39) and (B40)
are Hermitian and can be diagonalized. We define the electron (Eigeym for 1 <p <4 —v) and hole (éﬁeyns for
1 < p <4+ v) excitation wave functions in the rotated Chern basis from Eq. (B36) (where p indexes the excitation),
with support only on the empty and occupied rotated Chern bands, respectively, i.e.

ZD eyne =0, i pey =1, (B45)
ZD eyne =0, i pey =0 (B46)

The charge excitation wave functions diagonalize the restriction of R’V (k) [R' v (k)] in the empty (occupied) rotated
Chern bands

U =/p _ p=/p _ ; _
E {R (k)L o Ty ms = B Bk ey, msa for 1 <p<4d—v, if pey, nys, =0 (B47)
ey, 1,51 Yo 71252,€y7 M151
Peyy n1,s1 =0
~/U &/p _ '”p&lp . .
E {R (k)} ) Ekeyms = Ek‘_‘k,SYQngsz’ for 1 <p<d+wv, if pey, mpso = 1, (B48)
ey, 11,51 €y, M252,€y; M151

Pey, 01,51 =

2. respectively. Assuming that |¢) is a ground

where E} and Eﬁ denote the electron and hole excitation energies
state of the TBG interaction Hamiltonian, the excitation energies must be positive E}, Ef > 0 [75]. Defining the

charge-one excitation operators

- =/ T —

’yk,p - Z “lfeynsgk ey,n,s Z “k nnsfknns’ for 1 <p < 471/ (B49)
€y ,1,8 n,n,s

ékip = Z ngynsgk €y ,1,5 Z él’;,nnsfk’n,ﬂﬁ’ for 1 S p S 4+ v, (B50)
ey ,n,s n,n,s

corresponding respectively to the electron and hole excitations above the |¢) state, we find that
11— uN AL o) = BYAL, e) s for 1< p<d—w, (B51)
{HI — uN, ékﬁp} lp) = EN‘ﬁék’p lp), for 1 <p <4+, (B52)

implying that ’yf;p lo) (ék@ |©)) is an electron (hole) excited eigenstate of H; above the ground state |¢) with eigenvalue

E,+ EP 4 p (E, + EP — ), where E,, is the energy of |¢), i.e. Hy|p) = E,|¢). In Egs. (B49) and (B50), we have
also introduced the charge-one excitation wave functions in the rotated energy band basis

=P — =P
“k,nns Z WeYa"“‘k,Eyns (B53)

—= =/
:i,nns Z ey,n "“’lgeyns (B54)

Having obtained the charge-one excitation operators from Eqs. (B49) and (B50), we now perform one last basis
transformation to express the corresponding wave functions in the original TBG fermion basis. Defining

Z Ué yn's’ eynsH/p Ln! for 1 §P§4*V, (B55)

k eyna - ke s

’
ey-n’,s

2 The excitation energies are defined with respect to the grand canonical Hamiltonian Hj — uN,
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Z Ul =P forl<p<4+v, (B56)

k eyns - yn's’,eyns—Tk,el n's"?

el ,m’,s’

we can rewrite the charge-one excitation operators as

LS - g P AT
Txp = Z Zkeyns k,ey,n,s Zanns Ckyn,s forl<p<4-wv, (B57)
€y ,n,S n,1n,s
O p = Z leczfeynsdk,eym,s = Z Zﬁ,nnsék,nm,sv for 1 <p<4+v, (B58)
ey,n,s n,1m,s
where we have also defined the charge-one excitation wave functions Z} s and Zf(’ s in the TBG energy band basis.

Finally, we can define two projector matrices which project in the empty and occupled Chern bands of the unrotated
state "I/ v >, whose components in the Chern band basis read as

/ _

Heyl N151,ev,M252 56Y1,6Y2 67717772 651,82 - p€y1 ;11,81 peYQ,m,Szv (B59)
!

HeYl M181,€y5 7252 peYl »711,51 p€Y27772752’ (B60)

respectively. Eqs. (B59) and (B60) can be employed to obtain a set of important relations which relate the U (4) x U (4)

transformation U, the occupied bands of the unrotated state ‘\I/V+’ > the charge-one excitation matrices from
Egs. (B1) and (B2), and the charge-one excitation spectra for |p)

4—v _ R

Y ERE s = TR () Lms s = (R e UM, (B61)
p=1

44+v ~ N ~ B ~ ~

Z BLEL o Eidye = [TRY (0T . = [ (R o) U] et (B62)
4—v _ .

S Bz, 2 = |UTRY (k) HU] =t (R@es) U], (B63)
P L nns,n’'n’s

44v _ R N B ~ ~

S BB iy = [UTIRT (k) TIU | = vt (Rk) @ s°) UTTU | . (B64)
=1 ’ ’ L nns,n’'n’s’ nns,n’'n’s’

In Appendix [E], we will employ these relations in order to provide an analytical understanding of the symmetry
properties of the spectral function of the TBG ground states.

Appendix C: Spectral function

An STM experiment allows for the indirect determination of the spectral function A (r,w) of a certain quantum
system. This appendix is dedicated to defining and then deriving the spectral function for a TBG sample. We
show that the TBG spectral function can be written as a contraction between two (gauge-dependent) tensors: the
spectral function matrix (which depends on the specific ground state that we consider and on the many-body TBG
Hamiltonian), and the spatial factor (which depends on the active band TBG wave functions). We then investigate
the properties of the spatial factor arising from the single-particle symmetries of the single-particle TBG Hamiltonian
outlined in Appendix [A 1¢]|, as well as on the gauge-fixing conditions from Appendix [A 1d]. Finally, we will provide
an approximation to the spatial factor and compute it at key momenta within the SLG Brillouin zone.

1. Derivation
a. Fermionic field operators

We start by introducing the fermionic field operator 0, (r) which annihilates an electron of spin s at position

r. Letting ¢ (r) denote the carbon p, orbital wave function, we can obtain the following anti-commutation relation

between the field operator 0, (r) and the microscopic fermion operators &; .5 introduced in Appendix [A1a)

{0.(0) a0} = (010, (1) i 01 0) = 0 — Ry (R4 ta) — 2], ()
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o & C; N;

1{0.9807(0.2824(1.100
211.4436|0.5470|2.891
312.6005|0.2320(12.59
416.5100/0.0103|124.9

TABLE I. Parameters of the valence electron wave function of the carbon atom p, orbital from Eq. (C2). These parameters
were tabulated by Ref. [94], and were obtained by a series expansion in the basis set of atomic Slater orbitals.

with z; = 22, where z; is the height of the layer [ (see Fig. 5). Note that &L’a’s’l creates an electron of spin s in a
carbon p, orbital located at position Ry ; (R + t,). Throughout this work, we take the p, orbital wave function to
be given by an analytic approximation of the carbon atom p, orbital [94, 95]

o(r) = 752201'1\71‘67“7;7 (C2)

where r = zX + yy + 2%, ap is the Bohr radius, and the dimensionless parameters C;, N; and & (for 1 < i < 4)
were defined and tabulated by Ref. [94] and are also provided in Table I. In what follows, we will assume p, orbitals
belonging to different carbon atoms to be orthogonal and thus

{&L,a,s,zvdw,ﬁ,scl'} = OR,R/ 00,305,501,/ - (C3)

Strictly speaking, this is not true, as we are assuming atomic orbitals as opposed to Wannier ones. Nevertheless,
for visualizing STM patterns, Eq. (C2) provides a good enough approximation [95]. Using the anti-commutation
relations from Egs. (C1) and (C3) we can express the fermionic field operator at the STM tip position in terms of the
microscopic graphene orbitals as

(r+zp) = ZZ¢ r+z,— Ro; (R+t,)— l]&;7a7s7l+..., (C4)

where z, = 2,2, with z, being the height of the STM tip (see Fig. 5). The dots at the end imply that Eq. (C4) does
not provide a full expansion of the fermionic field, as the p, Carbon atoms of the TBG sample do not form a complete
basis set. For Eq. (C4) to be complete, one would need to include the all the (infinitely many) orbitals orthogonal
to the ones created by the set of operators d;{,a,s,l' As they are not relevant for the physics of TBG near charge
neutrality, we leave them unspecified in the expansion from Eq. (C4) and omit them completely henceforth.

We assume the height of the STM tip to remain constant throughout an experiment 3. As such, we will employ
a convention in which r denotes a strictly two-dimensional vectors in the plane of the TBG sample, and use the
shorthand notation where

Ol (r) = Vi (r +2,) (C5)
denotes the Fermionic field operator corresponding to the STM tip position and
h(r)=¢(r+z,—2). (C6)

is the orbital wave function for a p, orbital located at the origin, within layer [.
Using the notation in Egs. (C5) and (C6), Eq. (C4) becomes

L) =" "¢i[r— Roy (R+ta)]ah 0 (C7)
a,l R

We will now relate the Fermion field operator to the TBG energy band operators introduced in Eq. (A15). We start
by introducing the two-dimensional Fourier transformation of the p, orbital wave function over the SLG Brillouin
Zone BZ;

1 .
- - G —i(p+G)r
¢1 (r) NoQorg E d(p+G)e ; (C8)
pEBZ;
Geg;

3 For the theoretically predicted STM signal, we assume the height of the STM tip to remain constant, whereas for experiments, its
height changes so as to keep the tunneling current constant. As such, we normalize the experimentally-measured STM signals and the
theoretically-predicted spectral functions in Fig. 1 according to their maxima.
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where G; is the reciprocal lattice of the graphene layer [, as defined in the text surrounding Eq. (A5), Qgsrg denotes
the surface area of the SLG unit cell, and Ny denotes the number of SLG unit cells. The total area of the TBG sample
is thus given by Qrpe = Noflspg. Owing to the rotational symmetry of the p, orbital around the z axis, we have
that

o(p+G)=d(p+G| (C9)
and ¢; (p + G) is also real, i.e.
nP+G)=¢ (P+G). (C10)

Employing the Fourier transformations introduced in Eqgs. (A4) and (C8), we can express the Fermionic field operators
¥l (r) in terms of the moiré lattice low-energy operators defined in Eq. (A8)

~ 1 ) . )
CTSTRE  h L S ST R
NoQsravNo ‘R p1,p2€BZ; ’
Geg;
1 ) )
_ le (p + G) CALT o ezG-Rthaefz(erG)T
QsLavNo az,lpEZBZL sl
Geg,
1 ) .
=5 Z Z o) (77Kl +k— Q + G) eZG'RMtae_l(nKlJrk_Q—i_G).réL Q,n,a,s° (Cll)
Qsra v No ol,n kEMBZ,
Qe
Geg
Using Eq. (A17), we can also write Eq. (C11) in the energy band basis as
DEE) =D Veronllnns (C12)
nn
where we have defined
1 ) .
Vekny = ——=—= & (MK +k — Q+ G) e'GFottaeiBitk=QiGmy, (k). (C13)
! QSLGVNOaZ,lQém e
Geg,

b. The TBG spectral function

As mentioned previously, the key quantity which is measured in an STM experiment is the real-space spectral
function A (r,w) which can be written as [77, 96, 97]

A =T3P [€

A€

P 5w Be+ B+ (e @) @B -ED|, 01

where |A) and |€) denote the exact many-body eigenstates of TBG, with the corresponding energies being given by
E¢ and E), respectively. In Eq. (C14) Py represents the thermodynamic probability of the system being in state A.
In what follows, we will focus on low-temperature measurements, and so we will assume that Py = 1 if |)\) is one of
the ground-states of TBG, and zero otherwise [42, 58, 68]. In Eq. (C14), the state ] (r)|\) (¢bs (r) |A)) is formed
by creating (destroying) an electron from the TBG many-body ground state, and thus represents a superposition
of charge-one excitations [75]. It follows that the only states |£) which give a non-zero contribution to the spectral
function in Eq. (C14) are the charge-one excitations above the many-body ground states of TBG, whose properties
were analytically derived in Ref. [75] and summarized and extended in Appendix [B].

As discussed in Appendix [B], Ref. [75] has shown that the low-energy charge-one excitation above a given TBG
ground state at integer fillings —4 < v < 4 [68] are obtained by acting with the energy band operators from Eq. (A15)
with n = %1, or alternatively, with the Chern band basis operators from Eq. (A31) on the many-body ground states
of TBG. As such, we can employ Eq. (C12) to write the real-space spectral function in terms of the energy-band
operators as

A (I‘, (.U) = Z Z { [MJr (W)] knn,k'n'n’ ‘/I‘,knn‘/:k’n’n/ + [Mi (LU)] knn,k'n'n’ VYIHk’f”I‘/rfk’n’n’} =

k' keMBZ 71
'’
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= z : § : [M-‘r (UJ) + M_ (UJ)] knn,k'n'n’ [B (r)]knn,k/n/n’ (015)
k’,keMBZ ™1,
n,n

where here, and in what follows, all summations over the TBG energy bands will be restricted to the active TBG
bands (i.e. n,n’ = £1). Eq. (C15) represents the central result of this appendix: the spectral function of TBG is the
tensor contraction between the spectral function matrices [M* (@)]xp /ey Which depend on the particular TBG
ground state that we consider and whose elements are given by

(M (@) semr = D0 D Pr (Al r[€) < el s > §us8 (0 — Be + Ey), (C16)
A s,8!

[Mf ( knn k/n'n’ ZZPA< Cknns > <§|ék’7n'777'»5/|>‘> 6875/6(w+E5 7E>\)7 (017)
A€ s,8!

respectively for the so called “electron” and “hole” contributions, and the spatial factor matrix B (r) whose elements
are given by [B (r)]knn’k/n,n/ = V' xnry Ve kny, or more precisely by
Y > b Ky, +k— Qi+ G1) ¢, (WK, +K — Qa2 + Go)

ar,ly QiEQq, Gi1€G;,
az,la QQGQn/l2 G26912

i(Gl'Re,zltal —G2~Re,12ta2)

B (X sepy sermry = m

XUQ, aymn (K) UQuaniny (K) € e Ao Qur G )i K Qe Ga) (1)

It is important to note that neither the spectral function matrix elements, nor the spatial factor are separately gauge-
invariant quantities. By fixing the gauge according to Appendix [A1d|, we can however discuss their properties
individually. We also note that provided that the moiré translation symmetry is not broken by the TBG ground state
(which will always assume to be the case in this work), the spectral function matrix is diagonal in momentum space

[M*E (w)] =0, if kK #k (C19)

knn,k/'n’n’

Finally, the spectral function matrix elements can be used to determine the density of states p (w) by tracing over all
degrees of freedom

Z Z [M+ (w) + M (OJ)] knn,knn (C20)
keMBZ n,n

Alternatively, one can also adopt a momentum-space description and define the Fourier transformation of the
spectral function and spatial factor

d? - d? -
A(r,w) = / q2A (qw)e’?r, B(r)= / qQB (q) e, (C21)
(2m) (2m)
By analogy with Eq. (C15) A (q,w) can also be expressed in terms of the spectral function matrix elements as
A (q,w) = Z Z [M-‘r (w) +M™ (w)]knn,k/n’n’ [B (q)]knn,k’n’n’ ’ (022)
K’ keMBZ .1,
n.,n

where the Fourier-transformed spatial factor is given explicitly by

(27)?
QrpaflsLa

Z SN 6n 0Ky, +k - Qi+ Gr) o, Ky, +K — Qa + Go)

1,01 Q1€Qn, G1EGy
O‘27l2 Q2€9 nlg GzegLQ

XUQ, ay iy (K) UQaasinsy (K') ¢H(GrRotytar =Ga Rotas) 5 (K, +k — Q1 + Gi — 'Ky, — k' + Qo — Ga +q) . (C23)

From a computational standpoint, we evaluate and store the Fourier-transformed spatial factor. After contracting it
with the spectral function matrix elements for a given insulator ground state, we employ the FINUFFT package [98, 99|
for the efficient inverse (nonuniform) Fourier transformation back to real space. For the evaluation of the spectral
function matrix elements, we approximate the d-functions from Egs. (C16) and (C17) by Lorentzians according to

1 e
w) > —————
W) =
where the broadening width ¢ is chosen adaptively throughout the MBZ, depending on the local gradient of the
charge-one excitation dispersion [100].

[B (q)]knn,k’n’

(C24)
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2. Symmetries and the spatial factor

The discrete spatial symmetries of the single-particle TBG Hamiltonian summarized in Appendix [A 1c¢| impose
several constraints on the spatial factor, as a consequence of the gauge-fixing conventions from Appendix [A1d]. In
this section, we discuss the consequences of the Co.T" and T' symmetries of single-particle TBG Hamiltonian on the
spatial factor. The discussion of the particle-hole symmetry of Hy (in the A = 0 case), which does not impose any
further constraints on the spatial factor will be relegated to Appendix [C3D].

a. Cu,T symmetry

Due to the Cs,T symmetry implemented by Egs. (A19) and (A22), as well as the gauge-fixing from Eq. (A27), we
find that the single-particle TBG wave functions obey

UQa;nn (k) = u*Q(fa);nn (k) ’ (C25)
where —a = B, A for a = A, B. Additionally, from Eq. (A3), we have that
e G Rotte — (iGRott-o  for G g, (C26)

where t,, is the sublattice displacement vector for the graphene sublattice a. Using also the reality of the Fourier-
transformed p, orbital wave functions from Eq. (C10), one can show from Eq. (C23) that

" 2m)
[B (q)]knr,,k’n’n (2(79 Z Z Z ¢l1 77Kl1 +k— Ql + Gl) ¢l2 (77 Klz + k' — Q2 + GQ)
TBGESSLG 0 QieQy, Gied,
O427l2 QQGQn/lz G2€Qz2
Xqual;nn (k) U*QQQQ;"LIT]/ (k/) —i(Gl-RS,lltal_GQ-RQ,thaz)(S (77Kl1 1+ k— Ql + Gl _ "7IKl2 _ k/ + QQ _ G.'2 + q)
2m)
- D D D o0k k- Qut Gy, (1K, +K - Qe+ Go)
TBGESLG 1,01 Q1€Qn, G1€G,
az,lz Q2€Q,/,, G2€G,
Xual—al;nn (k) UQy—azin'n’ (k/) i(Gl-Re,llt—a1*G2~R9‘12t702)5 (77Kl1 +k— Ql + Gl o 77/Kl2 B k/ + Q2 N G2 + q)
(27T
mz Z Z o, (MK, +k— Q1+ Gy) ¢, (MK, + kK — Qa2 + Go)

aili Q1€Qy, Gi1€Gy,
0‘2»l2 Q2€Q,/,, G260,

Xualm;rm (k) UQaaz;n'n’ (k,) ei(GyRe,thal—G2<R9,tha2)6 (77Kl1 +k— Ql + Gy — T]/Klz -k’ + Q2 —Ga+ q) .
(C27)

Otherwise stated, the spatial factor has a real Fourier transformation
B(r)=B"(-r), B(q) =B (q), (C28)

which greatly simplifies all numerical computations, by halving the memory usage and required processing power.

b. T symmetry

Another important property can be obtained by considering the T symmetry of TBG. Under the gauge-fixing
conditions from Eq. (A27), Eq. (A22) implies that the single-particle TBG wave functions obey

u*—Qa;n(—n) (k) = [BT (k)]m]yn,n UQar,nn (k) = (_1)k UQa;nn (k), (C29)

where we have introduced the factor

_ 1 k 7é kMM
(—mk_{l A (C30)
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with ks, denoting any one of the three equivalent My, points in the MBZ from Eq. (A29).
Additionally, using the rotational invariance, as well as the reality of the p, orbital wave functions from Egs. (C9)
and (C10), respectively, one can show from Eq. (C23) that

S>> 6 (—uK, +k— Qi+ G dr, (—n'Ky, + K — Qa4+ Go)

1l QLEQ iy, G1EGY,
O¢2;l2 Q€0 _ Ggeglz

(B (=@lien(—n) rn(—n) = QTBGQSLG

n'lo

XUQy oy ;n(—n) (k) anaTn,(i ,) (k’) e*i(Gl.Re,zltal*Gz.Re,LQtuz)a (77Kl1 —k+Q -Gy — 77/K12 +K — Q.+ Gy + q)

Z S b (—nKy, +k+ Qi - G) ¢, (—0'Ky, + K + Qa2 — Gy)

QTBGQSLG 1l QiE€Qn, Gi1€G;,
a2712 QQGQn/lz GQGgl2
X (_1)k(_1)k,u61a1mn (_k) UQaaz;n'n’ (_k/) €i(G1'R9'llta1 —G2-R9,12ta2)
X0 (nKj, —k—Q1+G1 —7'Kj, + k' + Q2 — G2+ q) .
(C31)
This implies using the definition from Eq. (C23) that
[B (_q)h*(n(fn),k’n/(fn’) = (_1)k(_1)k [B (q)]fknn,fk’n’n’ : (032)

Additionally, the spectral function matrix obeys the trivial property

*

[B (_q)]knn,k/n’n/ = [B (q)]k’n’n’,knn ) (C33)

which can be readily verified using the definition from Eq. (C23). Combining Eqgs. (C32) and (C33), we obtain

[B (q)}k’n/(—n’),kn(—n) = (71)1((71)](/ [B (q)]—knn,—k’n’n/ . (034)

Eq. (C34) can be simplified for the case without translation symmetry breaking (for which the condition k = k' is
imposed from the spectral function matrix elements)

[B (r)]kn’n/,knn = [B (r)]fkn(fn),fkn/(fn’) ’ [B <q)]kn’n’,knn = [B (q)]fkn(fn),fkn’(fn/) : (C35)

Eq. (C35) will prove instrumental in providing a general understanding of the TBG spectral function. In anticipation of
the results from Appendix [E], we briefly mention that because of Eq. (C35), the spectral function can be alternatively
computed as

Algw) =) M (@) + M5 ()] 1B (@i s (C36)

keMBZ
n,nn'n’

where we have introduced the symmetrized spectral function matrices

[Mii (w)] knn,kn’n’ = % ([Mi <w)} knn,kn'n’ + [Mi (CU):I 7kn’777’,7kn7n> ' (C37)

Eq. (C36) implies that any components of M¥ (w) which are anti-symmetric with respect to the transformation
[knn, kn'n'] — [—kn'(—n'), —kn(—n)] will necessarily vanish upon contracting with the spatial factor.

3. Approximations of the spatial factor

The goal of this section is to formulate a series of approximations to the spatial factor matrix for the purpose of
obtaining some analytical intuition on the STM patterns. After deriving a general approximation to the spatial factor,
we briefly review the consequences of the anti-commuting particle-hole symmetry of Hy on the approximations of the
spatial factor. Finally, we compute the approximate spatial factor at key momenta at the SLG graphene scale.
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a. General approximations

In deriving approximations to the spatial factor matrix, we will assume that the translation symmetry (at the level
of the moiré lattice) is not broken and focus on the properties of [B(q)] The generalization to the case when
translation symmetry is broken is straightforward.

First, we note that k € MBZ and therefore k| < [9K;+ G| for any n = +, I = £, and G € G;. The Fourier
transformations of p, orbital wave functions do not change significantly on the scale of the MBZ, justifying the
approximation ¢ (NK; +k—Q+ G) =~ ¢, (nK; —Q+ G) for any | = £+, Q € Q4, k € MBZ, and G € G;. Thus a
first simplification of the spatial factor matrix reads

knn,kn’n’"

B9 (a) S S S 6, 1Ky - Qu+ G éf, (7K, — Qo + Ga)

ar,lt Q1€Qy, G1€G,
@2712 Q2€9 n'ly G26912

Xualal;nn (k) UQoaz;n'n’ (k/) ei(Gl.Re’lltal _GTRS’Qtaz)(S (nKll - Ql + G — anlz + Q2 - Ga + q) . (038)

] knn,kn’n’ QTBGQSLG

Additionally, the TBG wave functions uqa;ny (k) decay exponentially in magnitude for large values of Q as shown
in Ref. [87]. As such, there is a natural cutoff Qunax for the magnitude of the vectors in Q1. More precisely, one has
Q| < Qmax for any Q € Q4. Crucially, Ref. [87] found that Qmax < 2kg, implying that |Q| < [nK; + G| for any
n=4,l=4, Q€ Qi+, and G € G;. As the p, orbital wave functions do not change significantly on the scale kg, we
can approximate ¢; (NK; — Q + G) = ¢, (nK; + G) for any [ = +, Q € O, G € G;. Thus, we can construct a second

approximation to the spatial factor matrix

B (a)] 22 3 ou (K £ G6 (7K, + Ga)

1,01 QlEinl Glegll
042712 Q2€Q,1, G260,

Xualm;nn (k) UQqaz;n'n’ (k/) ei(GlhRQ'lltal 7G2‘R9’12t02)5 Ky, — Q1+ Gy — W'Kzz +Q2—Gz2+q). (C39)

ki kn'n’ QTBGQSLG

Although the p, orbital wave functions are roughly constant at the MBZ scale, they do decay significantly at the
graphene reciprocal lattice scale. In fact, it can be checked numerically that

& (nK; + G)

‘ <0.03, for any n = + and G € G; with [nK; + G| # [nK;|. (C40)
o1 (nKy)
This implies that in Eq. (C39), the only G; and Go vectors that contribute significantly to [82 (q)]km] Jnryy A€
Gi1€6;,, and Gy € Gy, , where we have defined

Gy =10,—ng11,—ngu2} - (C41)

Moreover, [nK; + G| = [nK;| for any G € G ;, and as a consequence of Eq. (C9), we have that ¢, (nK; + G) = ¢ (K4)
forany l =4, n==+, and G € g;;’l. Therefore, we can write a third approximation for the spatial factor matrix as

Z oD o (Ky)ep, (Ky)

1l QLEQn, G1€Gy,
9‘2’l2 QzEQ"/l2 GQEQZZ

XUG, oy (K) UQaaninsy (K') ¢!(GrRo oy =G Roztes) § (1K), — Qi + G1 — 'Ky, + Qo — G + ). (C42)

B9 (q)]

ki kn'n’ QTBGQSLG

Finally, the bottom layer | = — is about twice as far away from the STM tip than the top layer | = + is (z,—2z1 ~ 3 A
and z, —z_ ~ 6A). Mathematically, this implies that

- q)’ <
< 0.01, (C43)
¢+ (a)

allowing us to further neglect the bottom layer contribution in Eq. (C42), and write a fourth approximation to the
spatial factor matrix

2
@ __ B kP : k vy (K
[B (q)} knn.kn/n’ QTBGQSLG|¢+( +l Z Z UQuainn (K) UQuazm ()

1,02 Q€9
G1,G2€0] Q,c0,
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xei(Gl'Re,lltal7G2'R8,l2ta2)5 [(77 _ 77’) K+ —Q1+Q2+G; — Gy + q] . (044)
Defining the two order-three complex non-real roots of unity w, with a = A, B and
wa=eF and wp=e 1T, (C45)

one can rewrite the fourth approximation from Eq. (C44) as

2
5 (q)] — o P Y Y e () tquy ()

knnkn'n'  QrecflsLa e o
0<j1.j2<3 Q,€Q,,

xwl J2w s [Céin/m —CIinKy — Qo+ Qi — q} : (C46)

where C5, denotes a three-fold rotation around the z axis. It is important to note that all the approximations to
the spatial factor matrix obey the properties derived in Appendix [C2]. Specifically, as a consequence of the Co,T
symmetry of the TBG single-particle Hamiltonian, the approximated spatial factor matrix has a real Fourier trans-
formation, meaning that B (q) (for 1 < i < 4) is real. Additionally, because of the T symmetry, the approximated
spatial factor matrices obey

B (a)]

Finally, we note that the fourth approximation from Eq. (C44) agrees with the unappoximated spatial factor to a
relative error smaller than 5%.

_ [Bu) (q)} for 1<i<d4. (C47)

kn’—n’ kn—n —knn,—kn’n’ ’

b. The particle-hole symmetry and the spatial factor

In Appendix [C2|, we have argued that the anti-commuting P symmetry of Hy in the A = 0 does not provide any
additional constraints on the spatial factors. Here, we show that the particle-hole symmetry allows us to relate the
spatial factor in the fourth approximation to the TBG form factors defined in Eq. (A39). Under the gauge-fixing
conditions from Eq. (A27), Eq. (A23) implies that the single-particle TBG wave functions obey

U—_Qa,—nn (_k) = _Can(_l)kuQa,nn (k) ’ (048)

where the factor (—1)% was defined in Eq. (C30). We now consider the fourth approximation of the spatial factor
from Eq. (C46), where as a consequence of Eq. (C48), we have

B (a)] B0 o P Y Y g (K Umquan (K

—k—nn,—k—n'y  QrpefsLa arc:  Qico
0<j1,52<3 Q2€Q777],

X wZ;ﬁw;ﬁjl‘s [Cgin/K-i- ~CInKy + Qo — Qi — Q}

(277)2 2 "
o Q Q ‘¢+ (KJF)‘ 7’]7’]/’]’”1/ Z Z U’Q1Ot1;’rl77 (k) quag;n’n' (k)
TG sLa de:  qreo.,
0=51,J2<3 Q,€Q_
X Wl 16 [CRI K — CInKy + Qa — Qi —al (C49)

In the neighborhood of q ~ G € Qq, Eq. (C49) is dominated by q = G, leading to *
3(27)2 6,0y .
(59 (q)] =380 s KPS ey (00 uquasn ()

e 0 Q
e TBGYSLG o Q.o ,

—k—nn,—k—n'n’

4 Strictly speaking, the Fourier-transformed spatial factor matrix is not a function, but rather a distribution. Because of the Dirac
o-function located at q = G, ‘[8(4) (G)]
Dirac d-function at q = G.

= 4o00. We therefore use the notation in Eq. (C50) to specify the amplitude of the

knn,kn’n’
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x0(Q2—Q1—q)

3(27)% 8,0y -
— 22 T K nn Uy (K) U wnn (K)6(q—G). C50
QTBGQSLG |¢+ ( +)| za: QQXQ:, Qa;nn ( ) Q+Ga;n’n ( ) (q ) ( )

At the same time, using the approximation from Eq. (C46) directly for q = G

(5 (q) =P D KRS Y gy (9 tuay (09

knn kn'n’ | o ~ QreaQsia o Qi.Q.c0,
x6(-Q2+ Q1 —q)
3(27)% 6,0y 2
_ 2\ Oy (K W o (K) uqain (K) 8 (G — q) - C51
QreaQsia o+ (K4 )| ngZQ Q+Ga; n( ) uQainy (k)6 ( q) ( )

Combining Eqs. (C50) and (C51) with the definition of the TBG form factors from Eq. (A39), we find that

*

nn' [BY ()] +[B9 (@)] _ M (@) 2O O
—k—n'n,—k—nn’ knn,kn'n’ nn/ \"

o tler (K (a—G). (C52)
a~G TBG?{SLG

c. Computing the spectral function at key momenta in the SLG BZ

As discussed in Appendix [C3al], the active TBG wave functions uqa;ns, (k) decay exponentially in magnitude for
large values of Q [87]. As such, there is a natural cutoff Qnax for the magnitude of the vectors in Q. More precisely,
one has |Q| < Qmax S 2kg for any Q € Q4 [87], implying that |Q| < |K| for any Q € Q4. Considering the fourth
approximation from Eq. (C46), we find that the contributions to the spatial factor matrix are clustered around four
types of momenta q:

al~0, lal~[Kil ol ~ 2Kl o] ~ lgeal: (C53)

For each of the four types of clusters, we will chose one relevant momentum q and explicitly work out the spatial
factor matrix within the fourth approximation from Eq. (C46). It is also important to note that any non-vanishing
amplitude of the spectral function with momenta |q| ~ [K | or |q| ~ 2|K, | signals the presence of so-called v/3 x v/3
ordering at the level of the SLG. Without v/3 x /3 ordering, the STM patterns of TBG display an apparent periodicity
corresponding to the usual SLG lattice up to an additional modulation at the moiré scale. In the presence of v/3 x /3
ordering, the apparent periodicity of the graphene mono-layer lattice is broken, with the SLG unit cell becoming
enlarged from two to six carbon atoms per unit cell [78, 101, 102].

In fact, inspecting the (unapproximated) spatial factor from Eq. (C23) and remembering that |Q| < |K4| for any
Q € Q. as a consequence of the exponential decay of the TBG wave functions uqa,ny (k) with |Q| [87], we see that
the contributions to the spatial factor [B (q)] , cluster around three types of momenta, depending on the valley
indices n and 7’:

knn,k/n'n

[B(@))xpnyxrmy 70 if and only if q=Aq+ G,

B (q)]knn,k'n’(fn) #0 ifand only if q=Aq+ 27K, + G, (C54)
where G € G, and |Aq| ~ kg < |K,|. One important consequence of the second line in Eq. (C54) is that v/3 x v/3
ordering arises from the valley-off-diagonal elements of the spatial factor, a fact upon which we will rely heavily in
Appendix [E] for understanding the real-space STM patterns of the various TBG insulators.
We will now consider each of the four types of momenta from Eq. (C53) individually and compute the spatial factor
using the fourth approximation:

1. B(q) for |q| =~ 0.
For the contributions with |g| & 0, we choose to compute the spatial factor matrix at q = 0, where we must
have that C327/K; — C3inK 1 — Q2+ Q1 = 0 in Eq. (C46). Since |Qu|, |Qa| < |K|, this is only true if j; = jo,
Q1 = Q3 and n =17’. As such, we find that

5 i

I Vel el

|¢+ (K+)|2 Z Z uaalgnn (k) UQaz;n'n (k) wzgw;:]jé (q)

ey
knn,kn’n o102 Qe,
0<5<3
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3(27r) o
DO o 9+ (K ug ) uQamm (K) 6 (q) - C55
QTBGQSLG |¢+ + | %:Q% Qo ”77 Quoy; 77( ) (q) ( )

Notice that in Eq. (C55) the summation is only over the Q € Q, and not over the entire Q4 lattice. Had
Eq. (C55) included a summation over the entire Q4 lattice, this contribution would have been proportional to
Onn'- Nevertheless, we have checked numerically that to an error smaller than 1%,

3(2m)° 6 On.n/
< 30T By gt s () (C56)
~o SrBGSsLa

BY (a)] .

knn,kn’n’ a

2. B(q) for |q| = [K4|.

When |q| ~ [K |, we choose to focus on the contribution at q ~ K. As such, we must have that C32n'K, —
CIinKy — Q2+ Q1 ~ K, in Eq. (C46). This necessarily means that n = —n' = 4+ and j; = 1, jo = 2, or j; = 2,
j2 = 1. Since this implies that Q; € Q4 and Q2 € Q_, it follows that Q; # Q2, meaning that we cannot chose
q to be exactly at K. However, we can still make q as close as possible to K, by letting |Q; — Q2| be as
small as possible. Here, we will consider Q; — Q2 = —q; to find that

(5% (q) _MW KPS S uherms () uaiaanm (K)

q~K i —q1 QTBGQSLG ap,a QEQ

knn,kn'n’

X (watw? +waiwy ) 0 (K — a1 — q)

2 Op 40y —
e 6 (K425 (Ks — a1 —q)
QrecfsLa

X Z Z 2uaa;n+ (k) UQ+qian’— (k) - uaa;n+ (k) UQ+aqi(—a)in/— (k) . (057)
a Qe

3. B(q) for |q| ~ 2[K|.

When |q| =~ 2|K_ |, we choose to focus on the contribution at q ~ 2K . As such, we must have that C32n'K, —
C;ZnK+ — Q2+ Q1 = 2K, in Eq. (C46). This necessarily means that n = —n’ = + and j; = jo = 0. Since this
implies that Q; € Q4 and Qg € Q_, it follows that Q; # Q2, meaning that we cannot chose q to be exactly at
2K, . However, we can still make q as close as possible to 2K, by letting |Q; — Q2| be as small as possible.
Here, we will consider Q; — Q2 = —q; and find that

(27)2 8, 4 Oy —
=S o (Kl DD D ugayins (k) uqigrazm— (k)3 (2K4 — a1 —a)

B9 (a)
S QrecQsLa ot QED.

:| knn,kn’n’

2m)° 0, L0,
O sty 25 0K, - qu - )
QrecflsLa

X Z Z qumH» (k) UQ+qian/— (k) + u*Qa;nJr (k) UQ+qy (—a);n’— (k) . (058)
a Qe

4. B(q) for |a| ~ |g1 1

Finally, for the contribution with |q| =~ |g4 1|, we chose to focus on q = g4 1. As such, we must have that

C’gin’ C§20K+ — Q2+ Q1 = g4 in Eq. (C46). This necessarily means that n =" =+, j1 = 0 and j; = 2,
orn= n = —, and j; = 2 and j» = 0. Since Q;, Q2 € Q4, it follows that we can chose q to be exactly at gy 1.
We find that
27)° 6y 40y 3
B } :w K uh k) Uoasm s (K) w2 & _
Y@ I e LY Q% Qason s (K) uQassnr+ (1) w2, 0 (84,1 — )
(2m)" 3y, by- (K K)w? & C59
+W|¢+ +) Z Z uQal n— (k) uQasin— (k) wz, 6 (8+,1 —a). ( )

ap,a2 QEQ
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Appendix D: The spectral function matrix elements

In Appendix [C], we have shown that the spectral function for TBG sample can be obtained by contracting two
(gauge-dependent) tensors: the spatial factor — which depends on the TBG active band wave functions — and the
spectral function matrices — which depend on the TBG ground state under consideration, as well as on the TBG
Hamiltonian. With the properties of the spatial factor derived and discussed in Appendix [C], this appendix turns to
the spectral function matrices M (w) and their evaluation. We start by focusing on the experimentally-relevant flat
limit [74], in which the physics of the system is governed by the TBG interaction Hamiltonian H; from Appendix [A 2].
We show how the charge-one excitations derived in Ref. [75] and reviewed in Appendix [B] can be used to compute
the spectral function matrices for the TBG correlated insulators found in Ref. [68]. Under the assumption of rigidly
filling the charge-one excitation bands, we additionally consider the effects of small doping away from integer filling on
the TBG spectral function. Finally, the spectral function matrices are also computed in the non-interacting limit (i.e.
when the electron-electron interactions are ignored). The direct comparison presented in the main paper between the
computed spectral functions in both the non-interacting and interacting regimes and the STM experimental data at
v = 14 offers compelling evidence for the validity of the strongly-coupled limit in TBG at the magic angle.

1. Computing the spectral function matrices at integer fillings in the interacting limit

In this section, we derive the spectral function matrix M* (w) using the exact charge-one excitations of TBG found
by Ref. [75], and briefly reviewed in Appendix [B]. We will always assume to be in the so-called flat limit [74], and
therefore ignore the projected single-particle Hamiltonian Hy with respect to the interaction one Hj.

As in Appendix [B 4] (whose notation we will follow), we assume that the ground state is given by |¢) from Eq. (B34),

Vi,V

which represents a certain U (4) x U (4) rotation U of the integer-filling ground state | U777 ) from Eq. (B8). Using
Egs. (C16) and (C17), we find the corresponding spectral function matrices M (w) to be

[M;r (w)} knn,k’'n'n’ - Z Z <<p|ék/v”/v77/»5/|§> <£’é;r<7n,'r7,s <,0> 55»3/5 (w - EE + E%@) ’ (Dl)
€ s

[M; <w)} knn,k’/n’n’ - Z Z <¢‘é;r‘7n,7l,s é.> <§|6k,’nl*n/vsl ‘QP> 55»3/5 (w + EE - ELP) : (D2)
€ 58

Egs. (D1) and (D2) include a summation over all the eigenstates of the TBG interaction Hamiltonian, |§). Nevertheless,
one of the central results of the charge-commutation relations from Appendix [B 4] was that acting with the éln s
(€k,n,n,s) Operators on the ground state |¢) leads to a superposition of electron (hole) excitations, which can be readily
computed as a zero-body problem. Focusing on the electron excitations, we have shown in Appendix [B4] that the
Ln,n’s lo) (for s =1,], n = £, n = £1) can be recombined into %T(,p (for 1 <p<4—v)and
HALP (for 1 < p < 4+v), which were respectively defined in Egs. (B57) and (B58). Thus, the Hillbert space of spanned

by all states of the form éL s 1) 1s identical to the space spanned by *Aylt plp) for 1 <p <4—v,ie. the eigenstates

eight fermionic operators ¢

of H; corresponding to an electron excitation above the ground state |p) ®. Therefore, the only many-body eigenstates
of H; that have a non-vanishing overlap with éL s |p) are the electron excitations ’AY1T< » lp), for 1 <p<4—v6,
whose properties were given in Appendix [B4]. As shown in the text surrounding Eq. (B51), &11; » ) are eigenstates

of the interaction Hamiltonian with eigenvalue E, + E} + p, for 1 < p <4 — v, where E,, is the ground state energy
and the addition of the chemical potential ;1 reflects the fact that the excitation energies Ef were defined with respect

to the grand canonical Hamiltonian (Hj — uN ), as opposed to microcanonical one, H;. As a result, one can replace
the summation over all excited states |£) in Eq. (D1), according to

4—v
STIE) 8 (w— Be + E) (€] = 3D AL, 10) 8 (w — 11— ED) (0] A (D3)
3

k p=1

5 Note that 91 » (for 1 < p < 4+ v) are linear combinations of fermions corresponding to the occupied bands in |p) and, therefore,

oL, le) =0.
6 Strictly speaking, this relies on 'Aylt » |¢) being ezact eigenstates of Hy. As argued in Appendix [B 1], this is only true in the chiral limit
(wo = 0) for |p) being any U (4) x U (4) rotation of the states from Eq. (B8), or away from the chiral limit in the particle-hole-symmetric

case (wo # 0 and A = 0) for |¢) being any Upc (4) rotation of the states in Eq. (B7). In the general case, we approzimate the spectral
i

function by treating both |¢) and 4y »

function matrix elements.

|) as being exact eigenstates of Hy and ignore any further perturbative corrections to the spectral
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By analogy, the sum over |£) in Eq. (D2) can be changed to include only the hole excitations on top of |¢) from
Eq. (B58) according to

4+v
ST 6 (w0t B — Bp) (€l > 303 by [0)6 (w0 — o+ BL) (ol 6, (D)
3

k p=1

Using Egs. (D3) and (D4), as well as the wave functions of the charge-one excitations from Eqgs. (B57) and (B58), we
find that the spectral function matrices are given by

[M; (w)] knn,k'n'n’ :6k7k/ Z [Y (k’ w)]nr]s,n’n's’ 5313/7 (DS)

(MG ()] ey =0k 3 [if (k, w)] Ss.sr. (D6)

’ nns,n'n's’
5,8

where, for simplicity, we have defined

[Y (k’ nnsnn’s’ Z(S W= EP) Zk nnsann’s” (D7)
4+v

?k,w} - 6(w7 +E”)Z” ZP DS

|: ( ) nns,n'n’s’ 1; H k,nnsZk,n'n’s ( )

Alternatively, the spectral function can also be defined in terms of charge-one excitation wave functions in the rotated
fermion basis, =} s and E =0 nns> Which were defined in Egs. (B49) and (B50), respectively,

[M$ (w)] knn,k/'n’n’ :5k7k/ Z [UTT (k’ w) U] nns,n'n’'s’ 55’3/7 (Dg)

MG ()] ey =ik Y [UTT (k, w) U] Js.sr, (D10)

'm! gl
/ nns,n’'n’s
5,8

where U is the eight-dimensional unitary matrix defined in Eq. (B37) implementing the U (4) x U (4) rotation U from
Eq. (B34) and

[T (k’w nns,n’n’'s’ Z(s W= Ep) :lizjn'r]sElp;,n’n’s” (Dll)
~ 4+V ~ ~ ~
Tkw)| =36 (0t BY) B Bl (D12)
nns,n'n’s =1
Finally, from Eqs. (B55) and (B56), we note that
Ut (k,w)U =Y (k,w) and UTT(k,w)U =Y (k,w), (D13)

and therefore, the matrices T (k,w) and T (k,w) are related to Y (k,w) and Y (k,w) through a U (4) x U (4) rotation.

The advantage of using the notation from Egs. (D5) and (D6) becomes apparent when comparing Egs. (D7)
and (D8) with Egs. (B63) and (B64): up to a Dirac d-function being applied on the (non-zero) eigenvalues,
the matrices Y (k,w) and Y (k,w) share identical eigenspectra with the matrices UTTIU (R (k) ®s") UTTIU and

Uty (ﬁi k) ® so) U'TIU, respectively. Similarly, the matrices Y (k,w) and ’f(k,w) share identical eigenvectors
with the matrices IIU (R (k) ® s°) U'II and IIU (R k) ® 80> U'TL, respectively. In Appendix [E], we will leverage

this connection extensively for deriving parameterizations for the /\/li (w) matrices and for obtaining an analytical
understanding of the TBG spectral function patterns.
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2. Influence of small doping away from integer fillings in the interacting limit

Having derived the spectral function matrix elements of the insulator |p) (corresponding to an exact integer filling
v), we now investigate the influence of small doping away from integer filling. As a zeroth order approximation, we will
assume that the ground state of the interacting Hamiltonian away from exact integer filling can be found by “rigidly”
filling or depleting the charge-one excitation bands. In other words, we assume that for small doping away from
integer fillings, the charge-one excitations can be approximated as non-interacting fermions and, as such, the charge-
one excitation bands can be filled (or depleted) according to the Pauli exclusion principle. Such an approximation
can be justified by noting that the steep dispersion of the charge-one excitations above |p) is enough to stabilize a
Fermi liquid for small doping away from integer filling [67].

To start with, we let |¢pa,) be the ground state of the interaction TBG Hamiltonian at filling v + Av, obtained by
doping the insulator |p)

4—v 4+v
leary = | 11 11 o | 11 11 Op | 1©) (D14)
p=1 k =1 B
(nav—p—EL)>0 (n—pav—EL)>0

where pa, (u) is the chemical potential of the doped (un-doped) ground state. Because |p) is a ground state of the
TBG interaction Hamiltonian, the charge-one excitation energies are strictly positive. Therefore, Eq. (D14) is valid
for both electron doping (where ua, > p and the second product is identity) and hole doping (where pa, < p and the
first product is identity). The chemical potential of the doped ground state ua, satisfies the self-consistent condition

1 O (pay —p— EY), if Av>0
Ay = Zk E 4+1/ . ) (D15)
=Dk D @(,u uAufE>, it Av<o0
where Nj; denotes the number of moiré unit cells in the system and ©(z) is the Heaviside step function
1, >0
O(x) =<’ . D16
(@) {0, 2<0 (D16)
Eq. (D15) can also be written more succinctly as
4+v B
pv— [zze o — = B = 030 (1 s — ) (o1
k p=1 k p=1
To obtain the spectral function matrix elements
[M;_Au ( )}knn k'n’n’ ZZ (pAV|Ck’,n’,77 S’|§ <€‘cknns (JOAV>5S S’é(w_EE +E<PAV) (D]'S)
Moas )]sy s Z Z (80| €) (Elercrar o/ P} Bird (@ + Be = By (P19)

we still need to compute the eigenstates of the interaction Hamiltonian that contain one additional electron or hole
compared to |pa, ). Focusing on the electron contribution from Eq. (D18), we first note that the Hilbert space spanned

by é;r( s loay) for s =1, ], n = £, n = £1, is identical to the Hilbert space spanned by ’AVIJL » lpan), for 1 <p<4—v,
and éLp lpan), for 1 < p <4+ v, because the corresponding operators, ﬁl)p and GALP, are just linear combinations of
the energy band operators éL s Therefore, the only states containing one additional electron compared to |@a,)

that have a non-vanishing overlap with éLn,n,s |pay) are of the form :Yli,p |paL) or OALP |oaw), provided that these states
do themselves not vanish. Under the approximation that the charge-one excitations do not interact, these states are
also eigenstates of the interaction Hamiltonian, and so we find that |£) from Eq. (D18) can be either ;Yli,p lpay) (with
energy Ee = E,, + E} + ) or éL_’p |oay) (with energy Ee = E,, — E’f: + p). As such, the summation over the states
|€) in Eq. (D18) can be changed according to

4—v
1) 6 (w— Be + Bon) (€] = 3 (z 51 loan) 8 — = BL) (ol S
k p=1

3
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4+v
+§:9 loav) QU—M+E@<%wmm>- (D20)

Using a similar argument for the hole contribution from Eq. (D19), we find that the summation over the states |£) in
Eq. (D19) can also be replaced as

4—v
SIS (Wt Be — Epp,) (6] = Y <Z e [9an) 0 (w — 1 — EL) (vl AL,
k p=1

¢
4+v ) ~ R
3 b loan) 6 (w =+ BY) (oo eL,p> : (D21)
p=1

By substituting Eqgs. (D14), (D20) and (D21) in the expressions for the spectral function matrices from Egs. (D18)
and (D19), we find

[M;Ay (w)} knn,k'n'n’ 6k k’ Z Z thpnns k,n’ n’9’5875/5 (w K Eﬁ) [1 -0 (NAV — K= Elzi)]

p=1 s,s’
4+v ~ R
+ Z Z Zﬁ ,nns lipn 7]&9’53,5'(S (w —k+ Eﬁ) o (/‘ — Hav — Eﬁ) ) (D22)
p=1 s,s’
4+v ~ R ~ ~
[M;Au (w)}knnak’n’n’ =0 K/ Z Z Zﬁ,nnszlt?n’”/s/és’s,(s (w —HT Eﬁ) [1 -0 (M T Hav T EIZ‘))}
p=1 s,s’
S S B 2 o B (uan— i~ EL) b (D23)
p=1 s,s’

At first glance, since the spectral function matrix elements of the doped insulator from Egs. (D22) and (D23) differ
from the ones of the un-doped state |¢) from Eqgs. (D5) and (D6), one might conclude that the spectral function itself
also changes under small doping. However, as shown in Eq. (C15), the spectral function depends on the sum between
the electron and hole contributions from Eqs. (D22) and (D23), which can be seen to obey

MF, (W) + Mo, (W) = ME (W) + M (W), (D24)

implying that, under the assumption of rigidly filling the charge-one excitation bands, the spectral function does
not change. This result is a direct consequence of treating the charge-one excitations as being non-interacting and
represents a well-known result in non-interacting band theory [97]. For example, one can consider doping the insulator
|p) with electrons: there are fewer available electron excitations in |pa, ). However, the missing electron excitations
from |pa,) now appear as hole excitations, meaning that although the individual hole and electron contributions to
the spectral function change, their sum does not.

3. Computing the spectral function matrices in the absence of interactions

For comparison purposes, it is instructive to compute the TBG spectral function in the non-interacting limit at
a certain (not necessarily integer) filling factor v. In this limit, the physics is governed by the single-particle TBG
Hamiltonian from Eq. (A14), as electron-electron interactions are ignored. The corresponding ground state |¢,) at
filling v is found by populating the active TBG bands according the Pauli exclusion principle

o) =11 II Gcnnsticnn

n,n

) - (D25)

k
€n,n(k)<p

In Eq. (D25), €,,, (k) are the single-particle energies of the active TBG bands and p is the chemical potential of |¢,)
satisfying the self-consistent condition

v= e 33O ey (9). (D26)

k n,n
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Since interactions are ignored completely, the state éan,s |6v) [Ci,n,m,s |#0)] is an exact eigenstate of the noninteracting
TBG Hamiltonian with energy Ey, + €, (k) [Ey, — €, (k)|, provided that the state itself does not vanish. As a
result, one can replace the summation over all excited states |£) in the definition of the spectral function matrices
from Egs. (C16) and (C17) according to

g €00 (0 = Be ot Bpa) (€12 D D G 0000 = enin () Gl (D27)
n,m,s
g €) 0 (w+ Be — Byy,) (€] — Z > s [60) 8w = €y (&) (b0l o (D28)
n,m,s
respectively. The corresponding matrix elements can be readily computed to be
ML @] = D eS8 e = e (1)) [1= O(1 = 0y (19)], (D29)
MG ],y = 2 BB Bsr8 (= nin (6)) O (1 = €y (). (D30)

The TBG spectral function depends on the sum between the electron and hole contribution,

(M3, ()] — 2k SO O (@ = €n (K) ), (D31)

+[ ¢ w}
knn,k/n'n’ v knn,k/n'n’

which is independent on the filling v. Unlike the interacting spectral function matrices computed in Appendix [D 1],
the spectral function matrices in the non-interacting case are necessarily diagonal in the band and valley subspaces.

Appendix E: Symmetry properties of the spectral function matrices in the interacting case

In Appendix [D1]|, we showed how the exact charge-one excitations from Appendix [B4] can be employed to
compute the spectral function matrices for the correlated TBG insulating states found by Ref. [68]. Since evaluating
the charge-one excitation spectrum for a given ground state |¢) in the interacting case is equivalent to a zero-body
problem [75], the direct numerical calculation of the corresponding spectral function is computationally feasible even
for relatively large system sizes (i.e. much higher than can be achieved with techniques such as exact diagonalization).
Nevertheless, the various ways of populating the eight Chern bands in the unrotated state ‘\Il,'f“y’ >, coupled with the
thermodynamically extensive number of possible U (4) x U (4) rotations thereof, results in a virtually infinite number
of choices for the correlated TBG ground states |¢). As such, the numerical evaluation of the spectral functions for
all possible insulating ground states found by Ref. [68] becomes neither feasible, nor useful.

With the goal of building a more complete understanding of the spectral functions for the various insulators found
by Ref. [68], this appendix analytically derives the symmetry properties of the spectral functions matrices. To do so,
we will leverage the connection outlined in Appendices [B4b| and [D 1] between the spectral function and charge-one
excitation matrices. For a given ground state |p) defined in Eq. (B34), comparing the spectral function matrices from
Egs. (D5) and (D6) with Eqgs. (B63) and (B64) reveals that, up to a rescaling of the eigenvalues and a trace over the spin
degrees of freedom, M} (w) and M, (w) have the same eigendecomposition as the matrices UTTIU (R (k) ® s°) UTTIU

and UTIU (f% k) ® 50) U'TIU, respectively, where the unitary matrix U defined in Eq. (B37) specifies the U (4) x U (4)

transformation defining |¢), and the projectors IT and II are related to the occupied bands of |¢) according to
Eqs. (B59) and (B60). Since the charge-one excitation matrices R (k) and R (k) defined in Appendix [B1] have
been explicitly parameterized in Appendix [B 3|, this connection allows us to derive parameterizations of the spectral
function matrices, which take into consideration both the discrete and continuous symmetries of TBG. Coupled with
the properties of the spatial factor derived in Appendix [C 2], these will enable us to obtain a general understanding
of the real-space STM patterns of the integer-filled TBG insulators.

As argued in Appendix [C3¢|, the valley-off-diagonal elements of the spatial factor correspond to the emergence
of V/3 x /3 symmetry-breaking at the level of the SLG lattice. In turn, for intervalley-coherent TBG ground states,
the spectral function matrices also contain valley-off-diagonal terms. As such, one might conclude that v/3 x /3
ordering represents a generic feature of intervalley-coherent TBG ground states. In this appendix, we will show that
this naive picture is, in fact, incorrect: v/3 x v/3 symmetry-breaking is not generic even in the presence of intervalley
coherence, and therefore its presence or absence in the STM patterns can serve as a robust means of experimentally
discriminating between the various theoretically-proposed TBG ground state at a given filling. Consequently, deriving
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the conditions under which v/3 x /3 ordering emerges within the TBG insulators found by Ref. [68] constitutes the
main focus of this appendix.

We start by investigating the STM patterns of the insulators |¥, ), defined in Eq. (B7), together with their U, (4)
rotations. The resulting states |¢) correspond to an even filling and zero Chern number, and were analytically
shown [42, 58, 68] and numerically verified [58, 69] to be exact ground states of the projected interaction TBG
Hamiltonian H; (in the A = 0 case), thus making our analysis exact in the nonchiral-flat limit [74]. We show that
the spectral function of these insulators is independent of the particular U, (4) rotation we consider, and prove that
no /3 x v/3 symmetry breaking is present in the corresponding STM patterns, even in the presence of intervalley
coherence. We find that the counter-intuitive absence of v/3 x v/3 ordering stems from occupying both Chern bands of
a given valley-spin flavor, considering only Uy, (4) rotations (as opposed to the more general U (4) x U (4) rotations),
and the discrete symmetries of TBG — Cs,, T, and P.

We then consider the more general states | ¥, "~ ), alongside their U (4) x U (4) rotations, which were shown to be
exact ground states of the interaction Hamiltonian in the chiral limit [68, 69]. Working similarly in the chiral limit, our
analysis is also exact. We find that v/3 x v/3 ordering can arise for generic intervalley-coherent U (4) x U (4) rotations
of the states |U;;""""), provided that they are not Uy (4) rotations of the insulators |¥,), defined in Eq. (B7). The
latter does not however constitute the only exception. Indeed, without being exhaustive, we show that there are
possible choices (to be defined in Appendix [E 3]) for the states ’\I/lu,*’y’> (different from |¥,)), which, when rotated
according to a certain subgroup (to be defined in Appendix [E3]) of U (4) x U (4) (different from the Uy (4) group),
give rise to intervalley-coherent insulators without any v/3 x v/3 ordering. On the other hand, we argue that such
examples are fine-tuned, as there is no a priori reason for restricting to these U (4) x U (4) subgroups (unlike the
Unc (4) group which is obtained from U (4) x U (4) as a result of breaking the chiral symmetry). We end the discussion
with an intuitive picture explaining the presence or absence of v/3 x v/3 ordering for the mazimally spin-polarized
TBG insulators.

Finally, we investigate the effects of breaking the exact particle-hole symmetry on the absence of v/3 x v/3 symmetry-
breaking in the the STM patterns of the insulators |¥,), defined in Eq. (B7), together with their Uy, (4) rotations.

In the forthcoming Appendix [G], we also provide a series of numerical results illustrating the main conclusions of
this appendix.

1. The spectral function of |¥,) and its U, (4) rotations

In this section we consider the spectral function of the even-integer-filled insulators |¥,) defined in Eq. (B7), and
their Uy (4) rotations. We will assume that the single-particle TBG Hamiltonian has an exact particle-hole symmetry
by focusing on the case A =0 (the A = 1 case will be discussed in detail in Appendix [E4]).

Following the notation in Appendix [B4], we let

U = exp ZZ 075 | and U = exp ZZ 0" (s"b)T (E1)
a,b a,b

respectively denote a nonchiral-flat rotation operator and the corresponding eight-dimensional unitary matrix U
implementing it in the energy band basis. In Eq. (E1), §%° € R (for a,b = 0,z,y, z) denote the angles parameterizing
the Uy (4) rotation, S are the U, (4) generators from Eq. (A52), while s are the corresponding matrix generators
given in Eq. (A53). The TBG ground state we consider can be written as

o) =U W), (E2)

where the unrotated state |¥,) was defined in Eq. (B7). Note that the states of the form in Eq. (E2) form a subset
of the more general states considered in Eq. (B34). In what follows, we will employ a,, s to specify which valley-spin
flavors of |¥,) are occupied, such that

1, if the valley-spin flavor {n, s} is filled in |, )

s = . E3
n. {0, if the valley-spin flavor {7, s} is empty in |¥,) (E3)

In the notation of Eq. (B35), this implies that pi1, s = p—1,,s = ays. The corresponding projectors in the empty
and filled bands of |¥,) defined in Egs. (B59) and (B60), respectively read as

I =(0"s" — ic““ @Y (7 +077) @ [ang (s° 4+ 87) +agy (8 = 57)] (E4)
n
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Our goal is to obtain parameterizations of the spectral function matrix elements of the insulator |¢). To do so,
we note that the spectral function matrices are obtained by tracing over the spin degrees of freedom of the matrices
T (k,w) and T (k,w), defined in Egs. (D11) and (D12). By comparing Egs. (D11) and (D12) with Eqs. (B61)
and (B62), respectively, we find that, up to a Dirac -function being applied on the (non-zero) eigenvalues, the matrices

Y (k,w) and T (k,w) share identical eigenspectra with the matrices IIU (R (k) ® s°) U'II and IU (R (k) ® 80> U'IL,

respectively. Therefore, parameterized forms of the former can be inferred from the parameterizations of the latter.
In what follows, we will focus on the electron excitations, and obtain the parameterization of Y (k,w), which we then
use to parameterize M™ (w). The hole contribution can be computed analogously, which allows us to discuss the
spectral function of the insulator |¢).

a. Parameterized form of T (k,w)

To obtain IIU (R (k) ® s°) UTIL, we first note that Eq. (B25) implies for the A = 0 case that
R(k) ® 5" = (979", (k) + ¢"775%3 (k) + ¢*775%d5 (k) , (E6)
and, because (°7%5°, (*7%5%, and (*77s" commute with all the Uy (4) generators s%° from Eq. (A53),
U(RKk) ®s°)U' =R (k) ®s". (ET)
We then project Eq. (E7) using the projector II defined in Eq. (E4) to obtain
U (R (k) @ ") UTT =TI (R (k) ® s°) T =

1 1
("% (4—a_y—a_y—ay —ayq)dy (k) + ZCOTOSZ (ma— +a_pr—ay+ayz)ds (k)

4
1 1

+ZCOT250 (ma—y —a—p+aq +agyr)ds (k) + ZCOTZSZ (ma—y+a—p+ag, —agy)ds(k)
1 1

+7CT (e —a g Fap oy g)ds (k) + TS (—an Fa g+ ayy —ayg)ds (k)

1 X -z 1 T 2 2
+7CT (e mag —ag —agpg) ds (k) + 20T (man ey —agy tagy) dy (K)

1 1
+7C (mamy —a gt an +agg) ds (k) + 3CT (man Fasg agy —agg)ds (k)

1 zZ, .z 1 Z, 22
+CT s(4—a-y —a- g —ayy —agq)ds (k) + 16T (Fam tam g —ag +arg)ds (k) (E8)

where we have employed a%’s = ay,s. Using Eq. (E8), as well as the parity of the function d; (i = 2,3,5) from
Eq. (B23), we can find all the symmetries of the matrix IIU (R (k) ® s) UTII

[¢°7%s*, IIU (R (k) ® s°) UTT] = [¢"r*s°,TIU (R (k) ® s°) UTTT] = 0,

(¢v7°s°) U (R (k) @ s°) UTTL(¢¥7°s°%) = U (R (k) @ s°) UTIL. "

Because IIU (R (k) ® s°) U'II and T (k,w) share the same eigenvectors, as can be seen from Eqs. (B61) and (D11),
the symmetries of the former also represent symmetries of the latter, thus implying that

(075", T (k)] = [, T (k)] =0,

E10

(¢¥70°) T (k,w) (¢¥705°) = T (—k,w). (E10)
Additionally, since IIU (R (k) ® s) U'IL is real, its eigenstate are real, implying that Y (k,w) is also real. Moreover,
from its definition in Eq. (D11), T (k,w) is manifestly Hermitian. Coupled with the symmetries from Eq. (E10), we
obtain the decomposition of T (k,w) in the energy band, valley, and spin subspaces as

Tkw = > (75 B (k,w), (E11)
a€{0,z,z}
b,ce{0,z}
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where S (k,w) are real functions whose parity with respect to momentum inversion is given by

Babe (k,w) = Bave (=K, w), ?f a=0 , for a€{0,z,2} and b,c € {0,z}, (E12)
—Bape (k,w), ifa==xz2

and which only depend on the occupation of the valley-spin flavors a,, s defined in Eq. (E3), but not on the U rotation.

b. Parameterized form of M} (w)

As shown in Eq. (D9), to obtain the electron spectral function matrix from Eq. (E12), we need to perform one final
Upe (4) transformation on T (k,w), which results in

3
Y (k,w) = U (k,w) U = ¢°7%°Booo (k, w) + ¢"775%Brzo (k,w) + 75 Bozo (kyw) + Y N7B; (kyw),  (E13)
j=1

where f; (k,w) are real functions (i = 1,2,3) obeying
51 (k,W) = 61 (—k,W) 3 52 (k7w) = _52 (_k7w> B 63 (k,LU) = _ﬁ?) (_k7 W) ) (E14)

but which we otherwise leave unspecified. In Eq. (E13), we have also introduced the matrices N* for i = 1,2,3, which
depend on the specific Uy, (4) rotation U and belong to the sets N* € N, with

Nl = NU,,C(4)a

N? — Z ¢abtab ¢ab c C, (bOO — O,tOb — <ITZSb,twb — CZTwa,tyb CZTyS th CI ,
a,be{0,z,y,z} (E15)

N3 _ Z ¢abtab ¢ab c (]::7 (bOO — O,tOb _ <z t;vb Cszsb tyb CxTySb,th _ CZTOSb ,
a,be{0,z,y,z}

where Ny, (4 was defined in Eq. (A54). To see how Eq. (E13) was obtained from Eq. (E11), we start by observing
that the sets from Eq. (E15) share one important property: they form invariant spaces under the Uy, (4) group. This
can be seen by remarking that for any matrix T € N, [T, s**] € N7, and so, from Eq. (E1), UTTU € N, for any
i =1,2,3. We then group all the matrices in the expansion from Eq. (E11) according to how they transform under a
Uy (4) rotation. The first three terms of Eq. (E13) are obtained by noting that the matrices (°7%s?, (*775%, (#77s°
are invariant under any transformation U, as they commute with all the nonchrial-flat Uy (4) generators s**. The
other matrices from Eq. (E11) can be grouped as follows

COTOSZ, COTZSO, COTzSZ c ./\/17
cor 040 (TS (Trist € N2 (E16)
Cz 0 0 CZTOSZ CZTZSZ €N3

Within each one of the three groups, the parity with respect to momentum inversion of the real functions Bup. (k,w)

multiplying each matrix is the same, thus leading to the expansion from Eq. (E13).
The parameterization of the electron spectral function matrix is obtained from Eq. (E13), by employing Eq. (D9)

3
[MZ; (w)} knn,k'n'n’ = 5k,k’ COTOﬁOOO (kvw) Cw Zﬁzzo (k W) + C 7-zﬂzzo k W + Z trs N] ﬁj k W) )
j=1

nn,n'n’

(E17)
where try; denotes the trace over the spin degrees of freedom, and the spin-traced matrices obey
trg Nl c { ¢1Cy7ﬂ; + ¢y<y7—y + ¢z<07—z ‘ (b:m (by? (bz eC }7
s N2 € { 657" + 6y 7Y + 6:077° | 62,0y, 62 € C ), (E18)
trs N3 € { oC"1" + ¢y C* 7Y + ¢.C77° | b, by, 2 € C }.
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c. Parameterized form of Mii

As seen in Eq. (E17), for general non-chiral flat Uy (4) rotations, M (w) contains off-diagonal elements in the
valley subspace. Following the discussion surrounding Eq. (C54), one might conclude that this signals the presence
of v/3 x /3 ordering at the level of the SLG lattice. In fact, introducing intervalley coherence by means of a U, (4)
rotation in the ground state |¢) results to intervalley-coherent charge-one excitations, according to the discussion from
Appendix [B4]. In turn, intervalley-coherent charge-one excitations lead to scattering between the two K points of
the SLG Brillouin Zone and generically give rise to v/3 x v/3 ordering at the level of the SLG lattice [78, 101, 102].

However, the above reasoning neglects the discrete symmetries of TBG, which impose several restrictions on both
the spatial factor and the spectral function matrices. It was shown in Appendix [C2b] that owing to the time-reversal
symmetry of Ho, the components of [ME (@) 1o
[knn, kn'n'] — [—kn/(—7'), —=kn(—n)] vanish upon contracting with the spatial factor tensor. Following Eq. (C36), we
find that instead of studying ./\/li (w) directly, one should instead focus on the symmetrized tensors ./\/lf,i (w) defined
in Eq. (C37).

To compute Mi*, we first note that in Eq. (E17),

, which are anti-symmetric with respect to the transformation

0,0 _ 0.0 1 _ 1
[C T ]nnm’n’ o [C T }n’(fn’),n(fn)’ [trsN }mm’n’ o [trsN }n’(*n’),n(*n)’
_ c_z 2 o )
T e = =T Ty BNy = [0 Ny (E19)
zZ, _z o zZ, _z 3 _ 3
[Ty = =T ey s [0 NP = T NPTy
which coupled with Egs. (C37), (E12) and (E14) leads to
(MIT ()] Y Kenty = Ok K (€970 Booo (K, w) + (7% Bazo (K, w) + (P77 B0 (k,w))] - (E20)
In an analogous fashion, it can be shown that the hole contribution to the spectral function matrix elements is
IME™ ()] ey = el [C7°Bo00 (K, ) + €77 Bazo (k) + 72 Boco (ko) (E21)
' nn,n'n

where the real functions B (k,w) have the same parity as the functions SBup. (k,w) (for abc = 000,220, 220) with
respect to momentum inversion and, similarly, only depend on the occupation of the valley-spin flavors, a,, s, but not
on the exact Uy (4) rotation.

The parameterizations in Eqs. (E20) and (E21) imply that the spectral function matrices are diagonal in the valley-
subspace. As a result of this and of Eq. (C36), for the insulators |¥,) defined in Eq. (B7), and their Uy, (4) rotations,
there is no v/3 x /3 ordering, despite the possible presence of intervalley coherence. Equally surprising is the fact that
the spectral function of the insulators of the form U |, ) is independent on the particular U, (4) rotation considered.

The counter-intuitive absence of /3 x v/3 ordering even in the presence of intervalley coherence in any Uy (4)
rotation of the states |¥,) warrants a more careful explanation. At the level of the spatial factor, the presence of
T symmetry imposes Eq. (C35), which requires that we consider only the symmetrized spectral function matrices
defined Eq. (C37). For the spectral function matrices themselves, the vanishing of the valley-off-diagonal terms in
the parameterizations from Eqs. (E20) and (E21) even in the case of valley-coherent insulators U |¥,,) relies on three
main peculiarities of this specific ground state and the TBG Hamiltonian:

1. Occupying both Chern bands in each of the filled spin-valley sector of the unrotated state |¥,).

2. Restricting to the non-chiral flat Uy, (4) rotations of the |¥,) state, as opposed to the more general U (4) x U (4)
rotations.

3. The presence of Cs,, T, and P symmetries of the TBG single-particle Hamiltonian which constrain the forms
of the charge-one excitation matrices, as derived in Egs. (B25) and (B26). In turn, the parameterizations of the
charge-one excitation matrices directly determine the parameterization of the spectral function matrices.

In Appendix [E 2], we will investigate the effects of relaxing the first two assumptions in the first chiral-flat limit [74, 86].
Additionally, in Appendix [E 4] we will relax the third assumption and explore the spectral function of |¥,) as defined
in Eq. (B7) and some of its Uy (4) rotations using the full-fledged TBG interaction Hamiltonian away from the first
chiral-flat limit and without assuming ezact particle-hole symmetry (i.e. focusing on the A =1 case).
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2. The spectral function of |¥,"""") and its U (4) x U (4) rotations

In Appendix [E 1], we discussed the spectral function of the integer-filled states |¥,) and their nonchiral-flat U, (4)
rotations. The corresponding spectral function is independent on the Uy (4) rotation in question and no v/3 x v/3
ordering emerges at the level of the SLG lattice, even in the presence of intervalley coherence. To better understand
the reasons behind the eract cancellation from Appendix [E 1] leading to the absence of v/3 x v/3 ordering, we here
derive the minimal set of conditions necessary (but not sufficient) for the emergence of /3 x v/3 ordering in the STM
signal in a given TBG insulator.

For simplicity, we will focus on the chiral limit [74, 86]. This is because any V3 x /3 ordering emerging in the
chiral limit for a given TBG insulator will necessarily persist when the chiral symmetry is broken. In other words,
the absence of v/3 x V3 ordering for a given insulator is reliant on the presence rather than the absence of certain
symmetries, so breaking chiral symmetry in itself cannot remove the v/3 x v/3 ordering. On the other hand, as shown
in Eqgs. (B28) and (B29), in the chiral limit, the charge-one excitation matrices are proportional to identity, which
vastly simplifies all algebraic manipulations. .

We consider the general ground state |¢) defined in Eq. (B34) for a generic U (4) x U (4) rotation U, where

U=cxp (i 005 +675% | and U=exp i 090 (s27)" + 0% (s)" (E22)
a,b a,b

respectively denote the rotation operator and the corresponding eight-dimensional unitary matrix U implementing it
in the energy band basis. In Eq. (E22), %° € R (for a,b = 0, z,y, z) denote the angles parameterizing the U (4) x U (4)
rotation, while Sib and s‘ib are the corresponding generators in the operator and matrix form, as given in Egs. (A55)
and (A56), respectively. In order to specify the filled Chern-band, valley, and spin flavors in the unrotated ground

[ 7

state | W), we will find it useful to define
1 1
ap,s = 5 Z Pey ,n,s» bn,s = 5 Z €Y Pey ,m,s» (E23)
ey ey

where pe, s = 1,0 was introduced in Eq. (B35). In Eq. (E23), a, s specifies whether the valley-spin flavor {n, s}
has zero (a,,s = 0), one (a, s = 1/2), or two (a,,, = 1) filled Chern bands in |¥,"""). In addition, 2b, , = —1,0,1
denotes the total Chern number of the occupied bands in the valley-spin flavor {n, s}. As an example, the insulator
‘\Illj> =TIk (dl,—l,—,Td1,+1,—,TJI<,—1,—,¢) |0) (also depicted in Fig. 6 of Appendix [B4]) corresponds to a_ 4+ = 1,

a_,=1/2,ay4/, =0,and b_ | = —1/2, b_ 4 = by 3, = 0. This notation is consistent with the one introduced in
Eq. (E3): the states considered in Appendix [E 2| correspond to a, s = 0,1 and b, , = 0.

a. Parameterized forms of T (k,w) and T (k,w)

We are interested in obtaining parameterizatizations of the spectral function matrices Mi (w). Focusing on the
electron contribution, M¥ (w) can be written in terms of the matrix T (k,w) introduced in Eq. (D9), according to
Eq. (D11). In turn, we have argued in Appendix [E 1] that T (k,w) shares identical eigenvectors with the matrix
U (R k) ® 50) U'TI, as can be seen by comparing Eqs. (B61) and (D11). However, in the first chiral limit, the
charge-one excitation matrices are proportional to identity, implying from Eq. (B28) that the electron excitations are
degenerate, having energies given by E} = dy (k), for any 1 < p < 4 — v, which allows us derive an even stronger
relation

§[w — ds (k)]

Tlew) == 1

U (R (k) ® s*) UL = I8 (k, w), (E24)

where S (k,w) = ¢ [w — d2 (k)] is a real function which is even with respect to momentum inversion. In the last equality
of Eq. (E24), we have used the fact that R (k) ® s” is proportional to the identity matrix and that the projector II is
idempotent (i.e. II> = II). A similar relation can be written for hole contribution

T (k,w) = WﬁU (R (k) ® 50) U =118 (k,w), (E25)
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where 3 (k,w) = & [w —dy (k)} is also a real function which is even with respect to momentum inversion.

Using the notation in Eq. (E23), we find that the two projector matrices are given by

1 1 P
M=% (4—a—ap—ary—ap)+ " (@ —ar+ar —arq)
1 0.z ,0 1 0,2 .2
t70T s (e Fam gy —asy —apg) + O (maoy Fam g Fayy —asy)
1 1
T (b b by b)) TS (b b = by by)

1 1
+1Cy7z30 (=0 =g+ by b)) + U787 (b — by = by +b4g), (E26)
T =¢°r%° — 11, (E27)
or, equivalently, in index notation by

Wrns,nr st = 57;,7;/55,5/ {[CO] nn' (1- ams) - [Cy}nn’ bn,S} ) (E28)

Hnnsm’n’s’ - 617,17’5.9,5’ { [CO] nn' a177s + [Cy]nn/ bn,s} . (E29)

b. Parameterized form of Mgi

To obtain the spectral function matrices, we perform one additional U (4) x U (4) rotation on Egs. (E24) and (E25),
which affords

Y (k,w) =UTY (k,w)U = 8 (k,w) UTIU = § (k,w) lig%oso (4 - Za,w) + ig%oso (Z bn,s> +N|, (E30)
mn,8 1,8
Y (k,w) =U'T (k,w) U = B (k,w) UTIU = § (k,w) [i(oroso <Z %,s) — iCyTOSO (Z bms) +N|, (E31)
mn,8 7,8

where the matrices N and N depend on the exact rotation U , as well as on the parameters a, , and b, . In what
follows, we will work out the parameterization of N and N in different cases and derive properties of the corresponding
spectral function matrices.

Egs. (E30) and (E31) were derived in analogy with Eq. (E13). Focusing on the electron contribution (the hole
contribution follows in exactly the same manner), the matrices (°79s® and ¢¥7°s® commute with all the generators of
the U (4) x U (4) group from Eq. (A56): the corresponding terms in the expansion in Eq. (E26) remain invariant under
the transformation U. The remaining matrices in the expansion of II are not invariant under general U (4) x U (4)
transformations, but belong to the set NU(4)><U(4) defined in Eq. (A57). Since NU(4)XU(4) is invariant (as a set) under

U (4) x U (4) rotations (i.e. for any T € Nyuyxu), UTTU € Nyuyxu)), it follows that N, N € Ny(a)xu(a)-
Remembering that the functions S (k,w) and B (k,w) are even with respect to momentum inversion, we can derive
the parameterized form of the symmetrized spectral function from Eqs. (C37), (E30) and (E31)

1

4 — vy
MET @) aenry = O (25"’”'5"7”/ + (675 Nl gy + [t N ]n'(n'>,n<n>> B k,w), (E32)

+ [trs N} 3 (k,w), (E33)

1 /44v -
S_ p—
[Mea (w)]knn,kn’n’ - 6k,k’§ (25n,n’677777' + |:trs N}

n'(—n’)m(—n))

nn,n'n’

where, as in Eq. (E17), try denotes the trace over the spin degree of freedom. Depending on the rotation U and
the parameters a, s and b, s, more restrictive statements can be made about the matrices N and N. Without being
exhaustive, we can identify two distinct cases with particular relevance to the existence of v/3 x v/3 ordering:

1. U € Uy (4) and b, = 0 for all n = + and s =1, |, where Uy (4) denotes the nonchiral-flat subgroup of
U (4) x U(4) whose generators are given in Eq. (A52).

If all b, s are zero, then all matrices from Egs. (E26) and (E27) which are not proportional to ¢(°7%s% or ¢¥79s°
belong to the set Ny, (1), defined in Eq. (A54). Because Ny, (4) (as a set) is invariant under any Up. (4)
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rotations, it follows that NV, N e NUUC(4)7 implying that trg IV, trg N € tr, /\/Um(4), where

3
trs N, (a) = { Z dit
i=1

In this case, one obtains that

¢i S Cytl = CyTx7t2 = CyTy7t3 = COTZ } (E34)

[try N] =0, (E35)

/ + [trs N]n’(*n’)’”(*n) = |:trs N:| n/(—n/),n(—n) B

, + {trs N]
nn,n'm nn,n'n’

which implies from Egs. (E32) and (E33) that the spectral function matrices are diagonal in the valley and

band indices and independent on the rotation U. Therefore, no v/3 x v/3 ordering emerges in this case and the
corresponding spectral functions are independent on the particular rotation U. This result can also be seen as
a consequence of the general case away from the chiral limit, derived in Appendix [E1].

2. Generic U € [U(4) x U (4)] \ Upe (4) rotations and /or by,s # 0 for some 7 and s.

For any choices of |¢), which do not otherwise belong to Case 1, we have N, N e Nu(ayxu(a)- Therefore, we find
that try N, try N € tr, Nu(4)xu(ay, where

7
trs Nu(ayxua) = { D diti | ¢ € Coty = (VT ty = (V¥ by = (0% ty = (U0 t5 = (0"t = (0¥t = (VT° }7
=1

(E36)
implying that for generic rotations U we expect to have
tre N s T s Ny i 0 and [trs N] + [trS N} 0. E37
[ ] ub n [ ] ( n )’ ( 7]) # nn,n/n/ nl(fnl)an(fn) # ( )
A simple example illustrating this case corresponds to an intervalley-coherent C = 1 insulator at v = —3
lo) = H (CZLH’JHT cosa — JLHﬁ_’T sin a) |0}, (E38)

k

which can be obtained by setting 9_3{_0 = a and all other angles #%° = 0 in Eq. (E22), as well as by 1+ = a; + = 1/2
and all other b, ; = a, s = 0. From Egs. (E30) and (E31), we find that

1 1 2 .
3 ([trS Ny gy + [t1s N]n/(—n'),n(—n)) =1 [(¢°77) sin2a + (CY77) cos 2
1 [ ~ ~ 1
5 | |t N} + [trs N} > ==
2 < T Dy w (=) ,n(=n) 4

which manifestly obeys Eq. (E37).

In this case, the symmetrized spectral function matrices from Egs. (E32) and (E33) can generically have non-
vanishing off-diagonal valley components (as can be seen in the above example for general values of «), leading
to the emergence of v/3 x v/3 ordering in the corresponding STM patterns. This does not however imply that
for any intervalley-coherent insulator not contained in Case 1, v/3 x /3 ordering emerges, but rather that
there is no symmetry precluding it. In the following Appendix [E 3|, we present one additional example of
intervalley-coherent insulators without v/3 x v/3 ordering, which do not belong to Case 1.

nn,n’'n’

(E39)
[(¢°77) sin2a + (¢Y77) cos 2a]

nmn,n'n’

The analysis from this section complements the conclusions of Appendix [E1]: for an intervalley-coherent U (4) x
U (4) rotation of the state ‘\IIZJ“V’> defined in Eq. (B8), which is not part of the set of insulators discussed in

Appendix [E1], an v/3 x /3 pattern can generically arise in the STM signal. Moreover, as v/3 x v/3 ordering is a
symmetry-breaking effect, we expect the conditions for its emergence to hold even as we move away from the chiral
limit (i.e. the vanishing of V/3 x /3 ordering relies on the presence rather than the absence of certain symmetries).

On the other hand, the insulators discussed in Appendix [E1] are not the only example of intervalley-coherent
insulators |¢) of the form in Eq. (B34) without v/3 x v/3 symmetry-breaking. Far from being exhaustive, in Ap-
pendix [E 3], we will show by direct construction that a different submanifold of intervalley-coherent TBG ground
states without v/3 x /3 ordering exists. While deriving all the necessary and sufficient conditions for the emergence of
V3 x v/3 symmetry-breaking is beyond the scope of this work, we will nevertheless build a complete picture describing
the presence or absence of v/3 x /3 ordering in the case of mazimally spin-polarized TBG ground states of the form
in Eq. (B34).
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3. Additional examples of intervalley-coherent ground states without /3 x v/3 ordering

In Appendix [E2], we argued that an intervalley-coherent U (4) x U (4) rotation of the state |¥y"") defined in

Eq. (B8) does generically show /3 x V/3 ordering, unless the rotation is part of the U, (4) group, and the state
’\IJZ“/’> has only fully-filled and fully-empty valley-spin flavors. In this section, we construct a different submanifold

of TBG ground states of the form in Eq. (B34) that are intervalley-coherent, but do not exhibit /3 x v/3 symmetry

breaking. Coupled with the analysis in Appendix [E 1], this will enable us discuss the v/3 x /3 symmetry-breaking
in the maximally spin-polarized insulators of the form in Eq. (B34).

a. C = 0 intervalley-coherent insulators with opposite valley polarization per Chern sector

We start by defining SUg (2) x SUv (2) to be a subgroup of U (4) x U (4) corresponding to independent SU (2)
rotations in both the valley (V) and spin (S) subspaces. The SUg (2) x SUy (2) group is generated by the six
operators

a __ 0.a AT A _
Sy = E E [7’ s ]ns,n’s’ Che s Ckyn,r’ s 5 for a=uwz,y,z,
k n,5n,s"n

a __ a 0 NI ~ .
SS - Z Z [T § jlns’n’s’ Ck,n,’l’],sckanvn/7s/’ fOr a=1Y, %,

’ ol
k 7,878 n

(EA0)

which are diagonal in the band subspace, and therefore act identically within the two Chern sectors. Unlike the
Upc (4) group, within the SUg (2) x SUy (2) group, the valley rotations generated by S¢ rotate the two Chern-band
operators in the same direction.

Using the notation from Eq. (E23), we now focus on the case

bys = — Z Megb_yp o, forallnp =4 and s =T1,| (E41)

where we take either M = s° or M = s®. Depending on the matrix M, this case corresponds to occupying the
Chern bands of the unrotated state f\I/ZJ“V‘) two at a time, with opposite Chern numbers, opposite valley indices
and identical (M = s%) or opposite (M = s*) spin projections along the 2 axis. To obtain the rotated state |¢)
defined in Eq. (B34), we perform two successive SU (2) rotations in the valley (V) and spin (S) subspaces by letting
U = Us[}v = U\/Us, where

Uy =exp i Z 0vSv |, and Us=exp | i Z 0358 |, (E42)

ac{z,y,z} ac{z,y,z}

with 0%, 6¢ € R denoting the angles parameterizing the two SU (2) rotations, and Sy and Sg being the SUg (2) xSUy (2)

generators introduced in Eq. (E40). Within the energy-band basis, the transformation Uis implemented by the eight-
dimensional unitary matrix U = UsUy = Uy Ug, with

UL =exp | i Z 03¢°77s% |, and UL =exp [ Z 04070 | | (E43)
acf{z,y,z} acf{z,y,z}

corresponding to the two individual SU (2) rotations in the valley and spin subspaces. As the transformation Uy
rotates the two Chern sectors identically and the bands of the unrotated state ’\I/l”ﬁ’u’> are occupied two at a time
within opposite Chern sectors and opposite valleys, it follows that in the state |p), any bands with opposite Chern
numbers have exactly opposite valley polarizations.

We will now prove that no v/3 x v/3 ordering emerges in the STM signal of |¢), despite it being generically
intervalley coherent. We first note that for the particular choice of occupying the bands of |¥,""~), the projectors

from Eqgs. (E26) and (E27) obey

(O M) T (07" M) =T and (07 M) 1T (07 M)" =11, (E44)
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where the matrix M was defined in the text surrounding Eq. (E41). In addition, it can checked that for any SUg (2) x
SUvy (2) rotation as defined in Eq. (E42), we have that

(CO7%s%) Uy (¢°7%s%)" = (¢O7" M) Ug; (¢Oro ). (E45)

Focusing on the electron contribution to the spectral function matrix and letting @ = (¢°7°M) Us (¢°7°M), we can
show from Eqs. (E44) and (E45) that the projector matrix from Eq. (E26) obeys

QT (¢Or M) UL, (¢°r" M) @

(¢Or* M) (Ut (¢Or M)’ (

QT (COT“CM) Ug (COT“M)T I (COT“CM) U (COT’”M)T o
(

(

T COTZSO) U\T, (COTZSO)T o (COTZSO) Uy (COTZS())T o*
= (¢"7%s%) QTUs (U UL Q" (¢°7*s°) " . (E46)

In deriving Eq. (E46), we have also used M? = s°, [r%, Q] = [Us, Uy] = 0. Additionally, using the parametrization of
the electron excitation matrix from Eq. (B21), it is straightforward to show that

(C°7* M) (R (k) ® )" (¢°r"M)" = (R(~k) ® s°) . (EAT)
Combining Eqs. (E46) and (E47), we can derive a relation for the electron excitations wave functions

(¢Or"M) [UTIU (R (k) ® s°) U] (07 M) = (¢°7%s°) QTUs [UTTIU (R (k) @ s°) UTTIU] U3 Q* (¢O*s°) " .
(E48)
As discussed at the end of Appendix [D 1], the matrix Y (k,w) defined in Eq. (D7) and U'IU (R (k) ® s°) UTTIU,
whose spectral decomposition was given in Eq. (B63), share identical eigendecompositions, up to a rescaling of the
eigenvalues. As such, Y (k,w) satisfies a similar relation to Eq. (E48), namely

(COr"M) [V (k,w)]* (O M) = (¢Or%s°) QTUs [Y (—k,w)] UIQ* (¢°*s°)" (E49)

Tracing over the spin degree of freedom in Eq. (E49) and using the Hermiticity of Y (k,w), we find that

z 2\ T
6 Y () (g = | (075 1Y (o) () ]m] oy = Y Q)] (E50)
At the same time, using Eqs. (C37) and (D5), we can find the symmetrized spectral function matrix corresponding
to electron excitations to be

IME* (@) = S0icse (1) 60, ¥ (06, 0)] - (E51)

knn,kn’'n’

In analogous manner, the hole symmetrized spectral function matrix is given by

1 , ~
ME™ )]y = 500 (Lm0 [t ()] (E52)

nn,n’'n’
Inspecting Eqs. (E51) and (E52) reveals that the symmetrized spectral function matrices are diagonal in valley
subspace, thus proving that no v/3 x v/3 ordering emerges for the insulator |¢).

The insulators U | W) with U restricted to SUsg (2) x SUy (2) and the occupancy of the Chern bands of [Ty
given in Eq. (E42) constitute another example of intervalley-coherent states without v/3 x v/3 ordering, in addition
to the set of ground states discussed already in Appendix [E 1]. The key difference between the two cases lies in the
symmetries enforcing the absence of v/3 x v/3 ordering. In Appendix [E 1], we proved that the vanishing of v/3 x v/3
ordering is a direct consequence of restricting to the insulators with fully-occupied or fully-empty spin-valley flavors
and only considering nonchiral Uy, (4) rotations thereof, rather than the more general U (4) x U (4) transformations.
This particular submanifold of ground states over the more general states given by Eq. (B8) becomes energetically
favored - in the absence of chiral symmetry - in comparison to the latter at even fillings [68, 69]. On the other hand,
the absence of /3 x v/3 ordering for the insulators discussed in this section is fine tuned: there is no a priori reason
for restricting to the SUg (2) x SUy (2) subgroup of U (4) x U (4) or to the unrotated states described by Eq. (E41).
Nevertheless, coupled with the conclusions of Appendix [E 1], this example allows us to provide an intuitive picture
explaining the vanishing of v/3 x /3 ordering in mazimally spin-polarized TBG insulators of the form in Eq. (BS8).
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FIG. 7. The presence of v/3 x v/3 symmetry-breaking and the valley polarization Bloch sphere for the maximally spin-polarized
TBG ground states. We show how the valley polarization of the C = 41 (red) and C = —1 (blue) bands for the maximally
spin-polarized TBG insulators at v = —3, —2 determines the presence of v/3 x v/3 ordering. With only one Chern band filled
[panel a)], the intervalley coherent, maximally spin-polarized v = —3 ground state will harbor v/3 x v/3 symmetry breaking.
For the v = —2 and C = 0 insulators [panels b)-d)], intervalley coherence does lead to the emergence of v/3 x v/3 ordering
[panel b)], unless the polarization vectors of the two Chern bands have opposite projections in the zy plane [panels c¢) and
d)]. The insulator in panel ¢) corresponds to a Uy (4) rotation of a TBG ground state with a single fully-filled valley-spin
flavor, and thus, as shown in Appendix [E 1], does not display V3 x v/3 ordering. The absence of v/3 x /3 ordering in the
insulator from panel d) is due to the opposite valley polarizations of the two Chern bands, as shown in Appendix [E3a]. The
vanishing of v/3 x v/3 ordering in panels ¢) and d) can be understood by noting that in both cases the zy-projections of the
valley polarizations of the two Chern band exactly cancel.

b. An intuitive picture for the maximally spin-polarized insulators

Intervalley-coherence is a necessary, but insufficient condition for the emergence of v/3 x v/3 patterns in the STM
signals of the TBG insulators constructed in Ref. [68]. This was illustrated in Appendices [E 1] and [E 3a], where
we identified two distinct ground-state submanifolds that are manifestly intervalley-coherent, but do not harbor any
V3 x v/3 ordering. Due to the nature of the U (4) x U (4) group, whose rotations mix the valley and spin degrees of
freedom, deriving all the necessary and sufficient conditions for the absence of v/3 x /3 symmetry-breaking for the
valley-coherent TBG insulators from Eq. (B34) is beyond the scope of the current work. Nevertheless, an intuitive
explanation for the absence of /3 x v/3 ordering in some valley-coherent TBG insulators can be obtained by restricting
to the subset of TBG ground states from Eq. (B34), which are mazimally spin-polarized.

The complete set of maximally spin-polarized (along the z direction, without loss of generality) states |¢), as defined
in Eq. (B34), can be obtained by letting U be a product of SU (2) valley transformations in each of the two Chern
sectors [i.e. letting 020, 04°, 02° be the only nonzero angles in Eq. (E22)], and occupying the spin-1 bands of the
unrotated state |\I/Z+’V‘> first. For v = —4, TBG ground state is not intervalley-coherent, so no V3 x 3 ordering

is expected. At v = —3, the only possibility is to occupy a single Chern band, and it was already shown in Case 2
of Appendix [E2b] that the resulting insulator does show V3 x v/3 symmetry-breaking if it is intervalley-coherent
(see Fig. 7a). For v = —2, there are two choices. Filling two Chern bands with the same Chern number leads to

a valley-polarized state, which does not display any v/3 x v/3 ordering. On the other hand filling two Chern bands
with opposite Chern numbers will generically lead to the emergence of v/3 x v/3 ordering, unless |¢) = U |¥,), with
U € Uy (4) (i-e. |) is one of the insulators discussed in Appendix [E1]), or |¢) has opposite valley polarizations per
Chern sector (as discussed in Appendix [E3a]). As shown in Figs. 7b to 7d, the maximally spin-polarized v = —2
and C = 0 insulators |¢) generally harbor v/3 x v/3 symmetry-breaking, unless valley polarization projections of the
two Chern bands in the zy plane exactly cancel.

At v = —1, the situation is similar to that at v = —3 for the maximally spin-polarized insulators. As both valleys
are filled, one Chern sector will be valley-polarized. Assuming that the other Chern band is intervalley-coherent,
V3 x v/3 ordering will generally emerge for the insulator |¢). For v = 0, both valleys are fully filled for a given spin
sector, thus precluding any v/3 x v/3 symmetry breaking. For any positive filling v, the conditions for the presence or
absence of v/3 x v/3 ordering are identical to the ones at —v, as a consequence of the many-body charge-conjugation
symmetry of TBG [74].
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FIG. 8. Emergence of v/3 x v/3 ordering in the absence of exact particle-hole symmetry (A =1). We consider the v = —2
insulator from Eq. (E53) for different rotation U given by Eq. (E54), and show how the valley polarization of the C = 41 (red)
and C = —1 (blue) bands determines the presence of v/3 x /3 symmetry-breaking. The Uy (4) rotation from Eq. (E54) rotates
the polarizations of the two Chern bands by an angle ¢ in opposite directions within the zz plane. As expected, the valley
polarized case [panel a)] does not exhibit /3 x /3 ordering. Unlike the case with exact particle-hole symmetry (A = 0), a
general values of ¢ leads to the emergence of v/3 x v/3 ordering, unless the Chern bands are polarized in the zy plane [panel
c)], when the v/3 x /3 ordering vanishes even without eract particle-hole symmetry.

4. Breaking the particle-hole symmetry

In Appendix [E 1], we showed that the states U |¥,), where U € Uy (4) and the unrotated state |¥,) defined in
Eq. (B7) contains only fully-filled or fully-empty valley-spin flavors, do not harbor any v/3 x v/3 ordering even in the
presence of intervalley-coherence. Among other reasons, we argued that the absence of v/3 x v/3 symmetry breaking
is a direct result of the discrete symmetries of TBG: Cs,, T, and P. While the particle-hole symmetry is an excellent
approzimate symmetry of TBG [82, 84|, it is nevertheless not ezact. In this section, we investigate the effects of
relaxing the assumption of exact particle-hole symmetry by considering the unapproximated case A = 1.

For simplicity, we will focus on the insulator

) =U|0) =T (H éL,+1,+7TéL,_1,+,T> 0) (E53)
k

where the rotation U is given in terms of the Uy, (4) generators from Eq. (A52) by

U = exp <Z¢§ yo) . (E54)

The transformation U rotates the valley polarization of the Chern sector ey, by an angle ey ¢ within the xz plane
(see Fig. 8). Although U is not the most general Uy, (4) rotation, it is nevertheless sufficient for understanding the
implications of breaking the exact particle-hole symmetry on the conclusions of Appendix [E 1].

As in Appendix [E2]|, to parameterize the spectral function matrix, we can leverage the fact that the matrix
Y (k,w) defined in Eq. (D7) and UTTIU (R (k) ® s°) U'TIU, whose spectral decomposition was given in Eq. (B63),
share identical eigendecompositions, up to a rescaling of the eigenvalues (and similarly for the hole contribution).

The matrices UTTIU (R (k) ® s°) UTTIU and UTTIU (R k) ® 50) UTTIU can be obtained directly for |¢), by using the
parameterizations of the charge-one excitation matrices in the A =1 case from Egs. (B21) and (B22)

UMV (R (k) ® s°) UTIU -~ = 3407050 (— cos(@)d; (k) + 3ds (k))
ficofos” (—cos(¢)dy (k) —da (k)) — écofzso ((5 + cos(2¢))dy (k) — 2cos(¢)d2 (k))
— 58075 (=3 -+ cos(20))ds (k) — 2cos()ds (k)

—é(wToso (—2cos(¢)ds (k) + (5 + cos(2¢))d4 (k))
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—SCTT0S* (2 con(@)ds (K) + (=3 + cos(20))ds (K) — C77s° sin(o) (ds (K) — cos(0)do (K))

— G () (ds () — cos(6)dy ®)- 16750 (3ds (K) = cos(0)ds ()

=0T (dy () — cos(8)d (K)) — ¢V sin(6) (— cos(6)ds (k) + d ()

=20 Sin(8) (= cos(9)ds (k) + d (1) =S¢5 (~2cos(6)ds (k) + (5 + cos(26))ds (1))

— TS (2 cos(0)ds () + (=3 + cos(26))ds (K)) — C*7s" sin(0) (~ds () + cos(d)ds ()

—JCTS sin(0) (—ds () + cos(@)ds (K) — 775" (3ds () — cos(9)ds ()

— 0TS (s () — cos(0)ds (K) (E55)

U0 (R (k) © 5°) U~ = 20750 (cos(@)ds (k) 4 () ) — 1¢°r"s" (cos()d (k) + d (1))

407  cos(6) (cos(6)ds (k) +da () ig%zsz cos(6) (cos(8)ds (k) +d (1))

C””T 59 cos(¢) (Cig (k) + cos(¢)dy (k)) - iCzTOSz cos(¢) <~3 (k) + cos(¢)da (k)>

1 sin(6) (d5 (1) + cos(9)ds (1) — 3¢7Ys* sin(9) (ds (1) + cos(6)ds () )
(

—%(%’ZSO (J3 (k) + cos(d)dy (k)) - icwsz (dg (k) + cos(¢)ds (k))
—ECUT s sm(¢) (cos(gzﬁ)cfl (k) + do (k)) — iCyT"’”sz sin(¢) (cos(d))cfl (k) + ds (k))

17 (5 (09 + cos(9)ds (1)) — 36757 (I (1) + cos()ds (1)) (156)

with the parity of the functions d; (k) and d; (k) (for 1 < i < 6) being given in Eq. (B23). For general values of
¢, none of the terms in the matrix expansions from Egs. (E55) and (E56) has definite momentum parity, implying

that the matrices UTTIU (R (k) ® s°) UTTIU and Utnu (R (k) ® so) U'TIU at opposite momenta cannot be related

through a similarity transformation. As a result, ¥ (k,w) and Y (k,w) defined in Egs. (D7) and (D8), which share
identical eigenvectors with the matrices from Eqs. (E55) and (E56), are not similar with the matrices Y (—k,w)
and Y (—k,w), respectively. At the same time, for general values of ¢, the matrices U'TIU (R (k) ® s°) UTTIU and
UtTIU (R k) ® so) UIU have non-vanishing valley-off-diagonal terms, implying that Y (k,w) and Y (k,w) are not
necessarily diagonal in the valley subspace. Since Y (k,w) and Y (k, w) have different eigenvalues at opposite momenta,
no ezact cancellation of the valley-off-diagonal matrix elements can occur when computing the symmetrized spectral
function matrices. As a result, v/3 x v/3 ordering generally emerges in the STM signal of |).

In addition to the cases ¢ = 0, 7, which correspond to valley-polarized insulators, there is one other notable exception
for which v/3 x /3 ordering vanishes ezactly even in the A = 1 case: ¢ = 7/2. For ¢ = 7/2 the valley polarizations of

the two Chern bands lie in the zy plane, a configuration which was shown by Ref. [58, 68| to be energetically favored
when the effects of kinetic energy are considered (i.e. the K-IVC state discussed in the main paper). To show that

V'3 x /3 order vanishes in this case, despite |¢) being valley-coherent, we note that for ¢ = 7/2, the matrices from
Egs. (E55) and (E56) are given by

U (R (k) ® s°) UTIU =
di (k)

COTOSO 3d24(k) _ iCOTOSZdQ (k) _ COTZ 0 5 CO z Zdl (k) Cx 0 0 2( Caf Oszd4( )
_C:va 0d5 (k) ga: y zd5ik) Cm z 03d34(k) iCm 5% dy (k) Cy T Oink) _ Cy x deik)
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k) 1 1 1 k) 1
—CZTOSOdST() - §Cz708zd6 (k) — Zgzrysodg (k) — ZCZTyszdg (k) — (ZTZSOME)T() - ZCZTZSZ(J% k), (E57)
Ut (R (k) ® $O> Ut =
1000~ 1002~ 13: 075 13: z7 1sz~ 19czz~
ZC T8 dQ(k)_ic s dQ(k)_ic TYs d5(k)—ZC TYs d5(k)—ZC s d3(k)—1( 7%5%d3 (k)
1 ~ 1 ~ 1 ~ 1 ~ 1 ~
_ch7$80d2 (k) — ¢V 7"s%da (k) — ZCZTySOdg (k) — 7Y% ds (k) — Zg27230d5 (k)
1 -
Using the parity and the reality of the functions d; (k) and d; (k) (for 1 <4 < 6) from Eq. (B23), we find that

(¢O7¥s0) UTTIU (R (k) @ s°) UTTIU (¢07¥s°)" =UMIU (R (~k) @ s°)" UTTID, (E59)
(¢O7vs) Ut (R (k) ® so> Ut (¢07vs%) " =t (R (k) ® so>* U, (E60)

which implies (as a result of sharing identical eigenvectors) that the ¥ (k,w) and Y (k, w) matrices defined in Egs. (D7)
and (D8) obey an identical property

(CO7Ys0) Y (k,w) (C07¥s%) " =v* (~k,w), (E61)
(¢°7vs°) Y (k,w) (COTySO)T =Y* (—k,w). (E62)

Focusing on the electron contribution, tracing over the spin degree of freedom of Y (k,w) and using its Hermiticity,
we obtain that

’I’]T/ [trs Y (—k, W)]n/(in/),n(in) = [trs Y (k, w)]nn,n’n’ . (E63)

At the same time, using Eqs. (C37) and (D5), we can find the symmetrized spectral function matrix corresponding
to electron excitations to be

1
[Mg+ (w)]kn’fl,kn/ﬂ' - §6k’k/ L+ 7777/) [trs Y (k’w)]nn,n/n’ ’ (E64)
In analogous manner, the hole symmetrized spectral function matrix is given by
1 -
S— _ , /
(ME )]sy = 50r (L) [ Y ()] (E65)

Inspecting Eqgs. (E64) and (E65) reveals that the symmetrized spectral function matrices are and are manifestly
valley-diagonal, thus proving that no v/3 x /3 ordering emerges for the insulator |p) for ¢ = 7/2.

In conclusion, breaking the exact particle-hole symmetry generally leads to the emergence of v/3 x v/3 ordering in
Uy (4) rotations of the insulators |¥, ). Nevertheless, because the particle-hole symmetry-breaking terms in Eqs. (E55)
and (E56) (i.e. d; (k) and d; (k) for i = 1,4,6) are relatively small, as shown in Eq. (B27), we expect the amplitude
of the v/3 x v/3 ordering signal to be small in an STM measurement, implying that the conclusions of Appendix [E 1]
hold approzimately even in the A = 1 case. Nevertheless, we note that when the valley polarizations of the two Chern
bands of |p) are in the xy plane, a configuration which was shown to be energetically favorable when kinetic energy
effects are included [68], the v/3 x v/3 ordering vanishes exactly, even in the absence of exact particle-hole symmetry.

Appendix F: Experimental method

In this appendix, we provide additional information about the experimental data discussed in the article. Tunneling
measurements were performed on a homebuilt, ultra-high vacuum (UHV) STM [103] using tungsten tips calibrated
against the Cu(111) Shockley surface state. Tungsten and copper were chosen to match the work function of graphene.
TBG devices, which consist of TBG/hexagonal boron nitride (hBN)/SiO2/Si, were electrically contacted through pre-
patterned gold electrodes. The TBG was biased relative to the tip, which was referenced to ground, and a gate voltage
was applied to Si to tune the carrier density to v = +4. Differential conductance was obtained via lock-in detection
of the AC tunnel current induced by an AC modulation voltage added to the sample bias.
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FIG. 9. STM signal along a line connecting two AA stacking sites of TBG for the v = —4 band insulator with a gate voltage
V, = —43V. In panel a), we show the topography map of the sample together with the line connecting the two AA regions,
passing through one AB and one BA regions. Because the AB and BA regions of TBG are equivalent, we label the centers
of the staking regions along the line by AA;, AB1, AB2, and AA,. The (unnormalized) differential conductance is measured
along the line and shown in panel b) as a function of the bias (w — u), as well as the distance along the line Ziine, with the four
stacking regions marked by vertical lines. As explained in Appendix [C], for each value of Ziine, we normalize the differential
conductance such that the maximum value is 1 and show the resulting data in panel c). There is significant variability in the
differential conductance on the atomic graphene scale. For that reason, we convolve the signals along the line with a Gaussian
with standard deviation ¢ = 0.8 nm, resulting in the data shown in panel d). In panel e) we show the resulting four STM
signals at AA1, AB1, AB2, and AAs, of which the AA; and AB; are showcased in Fig. 1 of the main text.

TBG devices were fabricated through a “tear-and-stack” method [104] whereby monolayer graphene was torn into
two pieces via pickup on a sacrificial polyvinyl alcohol (PVA) structure. One monolayer was rotated relative to the
other and was stacked on top of the other. As explained in greater detail in Ref. [103], the PVA structure was dissolved
through water injection, and the subsequent heterostructure was annealed at 400°C.

In the main paper, we present STM data at v = +4 which fits with the overall features of the TBG spectral function
in the strong-coupling picture. We now give a broader overview of the data at v = —4 in Figs. 9 and 10. The two
figures are obtained from the same sample but at two different locations, and we will detail Fig. 9 knowing that a
similar analysis can be done for Fig. 10. We measure the STM signal along a line connecting two AA regions and
passing through an AB and a BA region: as depicted in Fig. 9a, the measurement starts at the lower-left endpoint and
ends approximately at the upper-right corner (with a small amount of drift). The resulting differential conductance
from Fig. 9b is then normalized with respect to its maximum in Fig. 9c. The data shows a significant degree of
variability in the STM signal on the atomic graphene scale. We circumvent this issue by applying a Gaussian filter
with standard deviation o = 0.8 nm before normalization, resulting in Fig. 9d. Finally, we extract the normalized STM
signals corresponding to the two AA and two AB regions and illustrated them in Fig. 9e. Note that the normalized
STM signals shown in Fig. la are the AA; and AB; plots of Fig. 9e.

The results shown in both Fig. 9e and Fig. 10e indicate a fair amount of variability between different AA and AB
sites of the same sample, primarily in how the ratio between the two peaks changes upon moving from the AA to the
AB site. Nevertheless, as explained in the main paper, the signal broadening is consistent with the interaction energy
scale as opposed to the bandwidth of the TBG bands. Thus, it validates the strong coupling approach in describing
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FIG. 10. STM signal along a line connecting two AA sites of TBG for the v = —4 band insulator with a gate voltage V; = —45V
at a different location than Fig. 9 (but the same sample). The panels have the same meaning as in Fig. 9.

the physics of TBG.

Appendix G: Additional numerical results

In this appendix we provide numerical results for 14 TBG insulator states listed in Table II. For each insulator
we consider four parameter values (wp/wi, \) = (0.0,0), (wo/wy,A) = (0.4,0), (wo/wi,\) = (0.8,0), (wo/wy,A) =
(0.8,1). In each case, we show the spectral function at the AA and AB stacking centers, together with the charge-one
excitation dispersion plotted along the high-symmetry lines of the MBZ. For each insulator and parameter choice, we
also plot the spatial structure of the TBG spectral function in both real and momentum spaces for two values of w—
(corresponding roughly to the maxima of the AA STM signal for hole or electron tunneling, respectively).
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TABLE II. Model insulator states of TBG, for which we study the spectral function. Each model insulator is investigated for

multiple values of the wo/wi.

For each value of wo /w1 and type of potential, we indicate whether the insulator shows only

positive-energy charge-one and charge neutral excitations (v/) or not (X). If an insulator has negative-energy excitations, then
we do not compute the spectral function (as this implies the insulators is not a ground state of Hr).
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1. v = —4, insulator with all TBG active bands empty: |0)

FIG. 11. v = —4, insulator with all TBG active bands empty: The real-space spectral function averaged over three graphene
unit cells at the AA site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown
in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e€)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(wo/wl, )\) = (0.0, 0)
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FIG. 12. v = —4, insulator with all TBG active bands empty: The real-space spectral function averaged over three graphene

unit cells at the AA site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown
in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(wo/wl, A) = (0.4, 0)



99

10F T
b) 1
0.8} I 1
I I
3 3 oo06f ! &2
5 = J | =
< < 04} | =)
I
0.2 I
| |
: 00 i ., . :
30 0 10 20 30 Ky T My K
(W= p) /meV (W= p) /meV
1.0
d)w — p=0.1meV e)w— p=4meV 0 g) w == AmeV
0.8
0.6
0.4
2
0A 0
0.0
FIG. 13. v = —4, insulator with all TBG active bands empty: The real-space spectral function averaged over three graphene

unit cells at the AA site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown
in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e€)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(wo/wl, >\) = (0.8, O)
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FIG. 14. v = —4, insulator with all TBG active bands empty: The real-space spectral function averaged over three graphene
unit cells at the AA site [panel a)] and at the AB site [panel b)|]. The electron (blue) and hole (orange) dispersion is shown
in panel c¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(11)0/11)1, )\) = (0.87 1).
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FIG. 15. v = =3, C =1, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).
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FIG. 16. v = =3, C = 1, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 17. v = =3, C =1, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,0).
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FIG. 18. v = —3, C =1, walley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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FIG. 19. v = =3, C =1, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).

My Ku

FIG. 20. v = =3, C =1, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 21. v = =3, C =1, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 22. v = =3, C =1, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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FIG. 23. v = —2, C =0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.0,0).
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FIG. 24. v = =2, C = 0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/wi, A) = (0.4,0).
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FIG. 25. v = =2, C =0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel ¢). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 26. v = —2, C = 0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/wi,A) = (0.8,1).
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FIG. 27. v = =2, C =0, TIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.0,0).
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FIG. 28. v = —2, C =0, TIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel ¢). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/wi, A) = (0.4,0).
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FIG. 29. v = =2, C =0, TIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel ¢). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 30. v = —2, C =0, TIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel ¢). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/wi,A) = (0.8,1).
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6. v=-2,C =0, valley polarized: [], JL,+1,+,TCZL,—1,+,T |0)
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FIG. 31. v = =2, C' = 0, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).
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FIG. 32. v = =2, C = 0, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 33. v = =2, C' = 0, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,0).
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FIG. 34. v = -2, C = 0, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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FIG. 35. v = =2, C' = 2, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).
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FIG. 36. v = =2, C = 2, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 37. v = =2, C = 2, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,0).
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FIG. 38. v = —2, C = 2, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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FIG. 39. v = =2, C = 2, valley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).
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FIG. 40. v = =2, C = 2, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 41. v = =2, C = 2, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 42. v = =2, C = 2, wvalley coherent: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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9. v=-1, C =3, valley polarized: [], JLJr17+,TdAL+17+’$LfL+L_,i |0)
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FIG. 43. v = —1, C = 3, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).
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FIG. 44. v = —1, C = 3, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 45. v = —1, C = 3, wvalley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,0).
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FIG. 46. v = —1, C = 3, walley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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10. v=-1, C =1, two occupied KIVC bands and a valley polarized band:
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FIG. 47. v = -1, C = 1, two occupied KIVC bands and a valley polarized band: The real-space spectral function averaged
over three graphene unit cells at the AA site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange)
dispersion is shown in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space
[d) and e)], as well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here,
we focus on (wo /w1, ) = (0.0,0).
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FIG. 48. v = —1, C = 1, two occupied KIVC bands and a valley polarized band: The real-space spectral function averaged
over three graphene unit cells at the AA site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange)
dispersion is shown in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space
[d) and e)], as well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here,
we focus on (wo /w1, ) = (0.4,0).
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FIG. 49. v = -1, C = 1, two occupied KIVC bands and a valley polarized band: The real-space spectral function averaged
over three graphene unit cells at the AA site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange)
dispersion is shown in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space
[d) and e)], as well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here,
we focus on (wo /w1, ) = (0.8,0).
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FIG. 50. v = —1, C =1, two occupied KIVC bands and a valley polarized band: The real-space spectral function averaged
over three graphene unit cells at the AA site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange)
dispersion is shown in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space
[d) and e)], as well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here,
we focus on (wo/w1,\) = (0.8,1).
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FIG. 51. v =0, C = 0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.0,0).
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FIG. 52. v =0, C = 0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/wi,A) = (0.4,0).
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FIG. 53. v =0, C =0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel ¢). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 54. v =0, C = 0, KIVC: The real-space spectral function averaged over three graphene unit cells at the AA site [panel
a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels d)-g), we
illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and g)] for the
two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/wi,A) = (0.8, 1).
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12. v =0, C =0, valley polarized: [], []., _4 [l dL,Ey,+,S |0)
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FIG. 55. v =0, C = 0, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).

k(ED)

A(r,w)

K T My Ky

(W —p) /meV

e)w — p = 17.3meV

d)w — p=—17.3meV

0.0

FIG. 56. v =0, C = 0, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.4,0).
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FIG. 57. v =0, C = 0, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 58. v =0, C = 0, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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13. v =0, C =4, valley polarized: [], [[,_.[[._; JLH%S |0)
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FIG. 59. v = 0, C = 4, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)|] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.0, 0).
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FIG. 60. v =0, C = 4, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.4, 0).
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FIG. 61. v =0, C = 4, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo/w1,A) = (0.8,0).
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FIG. 62. v =0, C = 4, valley polarized: The real-space spectral function averaged over three graphene unit cells at the AA
site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown in panel c). In panels
d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)|, as well as real space [f) and
g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on (wo /w1, A) = (0.8,1).
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14. v = +4, insulator with all TBG active bands filled: [], [T,—: [Ty, Il., —s1 L.y 0. 10)
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FIG. 63. v = 44, insulator with all TBG active bands filled: The real-space spectral function averaged over three graphene
unit cells at the AA site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown
in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(wo/wl, A) = (0.0, 0)
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FIG. 64. v = 44, insulator with all TBG active bands filled: The real-space spectral function averaged over three graphene
unit cells at the AA site [panel a)] and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown
in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(wo/wl, A) = (0.4, 0)
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FIG. 65. v = +4, insulator with all TBG active bands filled: The real-space spectral function averaged over three graphene
unit cells at the AA site [panel a)| and at the AB site [panel b)]. The electron (blue) and hole (orange) dispersion is shown
in panel ¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e€)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on

(wo/wl, >\) = (0.8, O)
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FIG. 66. v = 44, insulator with all TBG active bands filled: The real-space spectral function averaged over three graphene
unit cells at the AA site [panel a)] and at the AB site [panel b)|]. The electron (blue) and hole (orange) dispersion is shown
in panel c¢). In panels d)-g), we illustrate the spatial variation of the spectral function in momentum space [d) and e)], as
well as real space [f) and g)] for the two energy choices depicted by dashed gray lines in panels a) and b). Here, we focus on
(11)0/11)1, )\) = (0.87 1).
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