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Charge gap, Goldstone modes, and absence of Cooper pairing
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We find exact analytic expressions for the energies and wave functions of the charged and neutral excitations
above the exact ground states (at rational filling per unit cell) of projected Coulomb Hamiltonians in twisted
bilayer graphene. Our exact expressions are valid for any form of the Coulomb interaction and any form of
AA and AB/BA tunneling. The single charge excitation energy is a convolution of the Coulomb potential with
a quantum geometric tensor of the TBG bands. The neutral excitations are (high-symmetry group) magnons,
and their dispersion is analytically calculated in terms of the form factors of the active bands in TBG. The
two-charge excitation energy and wave functions are also obtained, and a sufficient condition on the graphene
eigenstates for obtaining a Cooper pair from Coulomb interactions is obtained. For the actual TBG bands at the
first magic angle, we can analytically show that the Cooper pair binding energy is zero in all such projected
Coulomb models, implying that either phonons and/or nonzero kinetic energy are needed for superconductivity.
Since Vafek and Kang [Phys. Rev. Lett. 125, 257602 (2020)] showed that the kinetic energy bounds on the
superexchange energy are less 1073 in Coulomb units, the phonon mechanism becomes then very likely. If
nonetheless the superconductivity is due to kinetic terms which render the bands nonflat, one prediction of our
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theory is that the highest 7. would not occur at the highest DOS.
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I. INTRODUCTION

The rich physics of the experimentally observed insulat-
ing states in magic angle twisted bilayer graphene (TBG) at
integer number of electrons per unit cell and the superconduct-
ing phase with finite doping above the insulating states has
attracted considerable interest [1-111]. The single-particle
picture predicts a gapless metallic state at electron number
+(3,2, 1), and hence the insulating states have to follow
from many-body interactions. The initial observations of the
insulating states [2—5] were then followed by the experimental
discovery by both scanning tunneling microscope [20,21] and
transport [6,11,22-25] that these states might exhibit Chern
numbers, even when the TBG substrate is not aligned with
hBN, which would indicate a many-body origin of the Chern
insulator.

These remarkable experimental advances have been fol-
lowed by extensive theoretical efforts aimed at their expla-
nation [51-104]. Using a strong-coupling approach where
the interaction is projected into a Wannier basis, Kang and
Vafek [71] constructed a special Coulomb Hamiltonian, of an
enhanced symmetry, where the ground state (of Chern number
0) at £2 electrons per unit cell can be exactly obtained (with
rather weak assumptions). In Ref. [110], we have showed
that the type of Kang-Vafek type Hamiltonians [71] (hereby
called positive semidefinite Hamiltonians - PSDH) are actu-
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ally generic in projected Hamiltonians, and that the presence
of extra symmetries [38,63,71] renders some Slater determi-
nant states to be exact eigenstates of PSDH. We found at zero
filling, these states are the ground states of PSDH. At nonzero
integer filling, these states are the ground states of the PSDH
under weak assumptions (first considered by Kang and Vafek
[71]). With a unitary particle-hole (PH) symmetry first derived
in Ref. [43], the PSDH projected to the active bands has
enhanced U(4) (in all the parameter space) and U(4) x U(4)
(in a certain, first chiral limit) symmetries first mentioned in
Refs. [71-73]. We showed [109,110] that these symmetries
are valid for PSDHs of TBG irrespective of the number of
projected bands. We also found that, for two projected bands
in the first chiral limit (a second chiral limit, of U(4) x U(4)
defined in Ref. [109] was also found), ground states of dif-
ferent Chern numbers are exactly degenerate [110]. These
ground states are all variants of U(4) ferromagnets (FM) in
valley/spin. When kinetic energy is added or away from the
chiral limit, the lowest/highest Chern number becomes the
ground state in low/high magnetic field, which explains/is
consistent with experimental findings [6,11,20-25].

In this paper, we show that the Kang-Vafek type of
PSDH also allow, remarkably, for an exact expression of
the charge +1 excitation (relevant for transport gaps) energy
and eigenstate, neutral excitation (relevant for the Goldstone
and thermal transport), and charge 42 excitation (relevant
for possible Cooper pair binding energy). We show that the
charge excitation dispersion is fully governed by a gener-
alized “quantum geometric tensor” of the projected bands,
convoluted with the Coulomb interaction. The smallest charge
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1 excitation gap is at the Iy, point. The neutral, and charge £2
excitation, on top of every FM ground state can also be ob-
tained as a single-particle diagonalization problem, despite
the state having a thermodynamic number of particles. The
neutral excitation has an exact zero mode, which we iden-
tify with the FM U(4)-spin wave, and whose low-momentum
dispersion (velocity) can be computed exactly. The charge
42 excitations allows for a simple check of the Richardson
criterion [112-115] of superconductivity: we check if states
appear below the noninteracting two-particle continuum. We
find a sufficient criterion for the appearance/lack of Cooper
binding energy in these type of PSDH Hamiltonian systems
based on the eigenvalues of the generalized “quantum ge-
ometric tensor.” We analytically show that, generically, the
projected Coulomb Hamiltonians cannot exhibit Cooper pair-
ing binding energy. As such, this implies that either phonons
or nonzero kinetic energy are needed for superconductivity.
Since the Ref. [103] showed that the kinetic energy bounds
on the superexchange energy are less 10~ in Coulomb units,
the phonon mechanism becomes becomes likely. If however,
experimentally, the kinetic energy is stronger, a Coulomb
mechanism for superconductivity is still possible. Since we
proved that flat bands cannot Cooper pair under Coulomb, a
prediction of a Coulomb with nonflat bands mechanism for
superconductivity would be that the highest superconducting
temperature does not happen at the point of highest density
of states DOS. This is in agreement with recent experimental
data [25].

II. THE POSITIVE SEMIDEFINITE HAMILTONIAN
AND ITS GROUND STATES

We generically consider the TBG system with a Coulomb
interaction Hamiltonian projected to the active eight lowest
bands (2 per spin-valley flavor) obtained by diagonalizing the
single-particle Bistritzer-MacDonald (BM) [1] TBG Hamil-
tonian (see Appendix A 1 for a brief review, and more detail
in Refs. [107,108]). The projected single-particle Hamiltonian
reads

HO = Z ZE”*n(k)c;n,n,sckv",rlqs’ (1)

n==x1 Kkns

where we define n = =+ for graphene valleys K and K, s =
1, J for electron spin, and n = %1 for the lowest conduc-
tion/valence bands in each spin-valley flavor. cl,n, _, is the
electron creation operator of energy band n, with the origin
of k chosen at I" point of the moiré Brillouin zone (MBZ).

The density-density Coulomb interaction, when projected
into the active bands of Eq. (1), always takes the form of
a positive semidefinite Hamiltonian (PSDH) (see proof in
Ref. [109], see also brief review in Appendix A 2):

1
H; = mmz > 0460-g g ©)

G qeMBZ

where € is the sample area, and G runs over all vectors in
the (triangular) moiré reciprocal lattice Q. This Hamiltonian
is of a same positive semidefinite form as that Kang and
Vafek [71] obtained by projecting the Coulomb interaction
into the Wannier basis of the active bands. In this work,
we will omit the kinetic energy. Due Ref. [110], the energy

splitting between the degenerate ground states of Eq. (2) is
smaller than 0.1meV per electron. As shown in the rest of
this work, the characteristic energy of charged and neutral
excitations is about 10 meV. Thus it is safe to neglect the
kinetic energy for most of the excitations. But some of the
U(4) Goldstone modes might be opened a small gap due to the
kinetic energy. We leave this effect of kinetic energy to future
studies.
The Oy, operator takes the form

O4c= Y. JVG+qM),(k q+G)

k,m,n,n,s

. <p;g .—laqoamn), )
Q.1 1,8 P N

where V(q) is the Fourier transform of the Coulomb inter-

. 7 Ty . . .
action, py amns = Ckirqumn,sChons 18 the density operator in

band basis, and the —%Sq,O(Sm,n factor is a chemical potential
added to respect many-body charge conjugation symmetry
(see Appendix A 2a and Ref. [109]). For theoretical deriva-
tions, we shall keep V(q) general except that we assume
V(q) = 0 and only depends on g = |q|; although for numer-
ical calculations we will take V (q) = 27 €& tanh(g€ /2)/eq
for dielectric constant € (~6) and screening length §(~10 nm)
(see Appendix A2). In particular, O_q, ¢ = O, ¢, and thus
H; in Eq. (2) is a PSDH. An important quantity in Eq. (3)
for our many-body Hamiltonian are the form factors, or the
overlap matrices, of a set of bands m, n (Appendix A 2 a)

MK, q+G) =Y 1y ¢ oy K + Qigamn(K),  (4)
aQ

where uqq;,, is the Bloch wave function of band n and valley
n (here « = A, B denotes the microscopic graphene sublat-
tices, and Q are sites of a honeycomb momentum lattice with
definition in Appendix A 1, see also Ref. [107] for details). A
nonzero Berry phase of the projected bands renders the spectra
of the PSDH Eq. (2) not analytically solvable: the Og4¢’s
at different q, G generically do not commute (unless in the
stabilizer code limit discussed in Refs. [109,110]), and hence
the PSDH is not solvable. The properties of the PSDH Eq. (2)
depend on the quantitative and qualitative (Symmetries) prop-
erties of the form factors in Eq. (4), which are detailed in
Refs. [107-109] and briefly reviewed in Appendix A2a.
First, in Ref. [107], we showed that M7 (k,q+ G) falls
off exponentially with |G|, and can be neglected for |G| >
/3kg, where ky = 2|K| sin(® /2) is the distance between the
K points of two graphene sheets. Furthermore, we showed in
Refs. [108,109] that by gauge fixing the Cy,;, T, and unitary
particle-hole symmetry P [43], the form factors can be rewrit-
ten into a matrix form in the n, n basis as [see Eq. (A11)]

3

MK, q+G) =Y (Mj)mynn;k. q+G), (5
J=0

where My = ¢%t°, M, =¢*t%, M, =it*t°, and M; =
¢*7%, and «a;(k, q + G) are real scalar functions satisfying
[Egs. (A12) and (A13) in Appendix A 3].

A further simplification [72] happens in a region of the
parameter space where the AA interlayer coupling wy = 0
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[72], which is called the (first) chiral limit [37] (a similar
simplification occurs in a second chiral limit [109]). In this
limit there is another chiral symmetry C anticommuting with
the single-particle Hamiltonian, which further imposes the
constraints «; (k, q + G) = a3(k, q + G) = 0 (see Ref. [110]
and Appendix A 3). The first chiral limit also allows for the
presence of a Chern band basis in which bands of Chern
number ey = 1 are created by the operators

1 .
dl;,Ey,T].S = E(Clt,+,ﬂ,s + leyclt,f,n,s)’ (6)

In Ref. [108], we detail the gauge-fixing for this basis. The
Chern basis is also discussed in Refs. [72,74,108]. The form
factors under the Chern basis take the simple diagonal form

Mk, q+G) = ao(k, q + G) +ieyar(k, q + G). (7)

The symmetries of the projected Hamiltonian in the
nonchiral (wg, w; # 0) and two chiral wy =0 or w; =0
limits are important. We will use the matrices ¢¢, t¢, s¢
with a =0, x, y, z as identity and x, y, z Pauli matrices in
(particle-hole related) band, valley and spin-space respec-
tively. In Ref. [109] (short review in Appendix A 2 c¢), we have
showed that the PSDH has a U(4) symmetry in the nonchiral
limit (with single-particle representations of generators s =
{£Y0s%, £ 1%s%, 0709, ¢01%s?) with a,b =0, x, v,z in the
energy band basis c]L +.s)» and a U(4) x U(4) symmetry in
the two chiral- ﬂat 11m1ts (w1th single-particle representations
of generators s = (1 & ey)7%"/2 in the Chern band basis

k ey..s L1081, Appendix A 2b), mirroring the results obtained
by Refs. [42,71-73] for projection into the two active bands.
We note that in Ref. [109] we showed these symmetries
hold for any number of PH symmetric projected bands. In
Appendixes A2c and A2e, we provide a summary of these
detailed results. Adding the kinetic term in the first chiral
limit breaks the U(4) x U(4) symmetry of the projected in-
teraction to a U(4) subset(with generators 5 = ¢%7%" in
the energy band basis, (a, b = 0, x, y, z)). The symmetries we
found in the first chiral and nonchiral limits agrees with that
in Ref. [72], and the relation between our U(4) symmetry
generators and those of Kang and Vafek [71] are given in
Ref. [109]. We will restrict our study within the nonchiral-flat
limit and first chiral-flat limit in this paper. Thus, without
ambiguity, we will simply call the first chiral limit the “chiral
limit.”

With these symmetries, in the nonchiral-flat limit (where
the projected kinetic Hamiltonian Hy = 0), one can write
down exact eigenstates of the PSDH Eq. (2), which we
have analyzed in full detail in Ref. [110] and review in Ap-
pendix A3b. In the nonchiral limit, Oq ¢ is diagonal in n
and s, and filling both n = & bands of any valley/spin gives a
Chern number 0 eigenstate for all even fillings v = 0, £2, £4
(along with any U(4) rotation) [110]:

(v+4)/2
— il il
w,) —ﬂ( I ck,t,nj,sjck,,,,,,,S,,,)|0>, ®)
j=1

k

where {;, s;} are distinct valley-spin flavors which are fully
occupied. They form the [(2N,;)"+#/2], irreducible represen-
tation (irrep) of the nonchiral-flat limit U(4) symmetry group,
where [A7]4 is short for the Young tableau notation [, A, - - - |4

with 0 < p < 4 identical rows of length A (see Ref. [110]
for a br1ef rev1ew) With M,(n@,(k, q+ G) in Eq. (All), we
have that the state |W,) is an eigenstate of Og g satisfying

Oq,61¥,) = dqoNuAg|Y,), where Ag is given by [Eq. (A34)]

VO S ok, 6),

Ag =V
G Noy

®

k

where N, is the total number of moiré unit cells. For v = 0,
the state Eq. (8) is always a ground state as it is annihilated by
Oq,c [110].

In the first chiral-flat limit (where Hy = 0 and wo = 0), the
projected Hamiltonian Eq. (2) has as eigenstates, the filled
band wave functions [110] (see Appendix A 3 a for brief re-
view):

V_

W) = l_[ (l_[ dli +1.15,.55, 1_[ dli,l,mﬁfz) 10,0

Ji=1 J=1

where vy — v_ = v¢ is the total Chern number of the state
and vy +v_ =v+4 (0 < vy <4) is the total number of
electrons per moiré unit cell in the projected bands, k runs
over the entire MBZ and the occupied spin/valley indices
{nj,,s;,} and {n},,s;,} can be arbitrarily chosen. Moreover,
these eigenstates of Eq. (2) are also eigenstates of Og g in
Eq. (3), satisfying Ogc|¥,""") = 8qoNuAc| W, """ ), where
Ag is still given by Eq. (9). They form the ([N, s, [N, 1) ir-
rep of U(4) x U(4) (Young tableaux notation, see Ref. [110]).
For a fixed integer filling factor v, we found that the states
with different Chern numbers v are all degenerate in the
chiral-flat limit [110]. In particular, at charge neutrality v =
0, the U(4) x U(4) multiplet of |W,*"") with Chern num-
ber vc = vy —v_ =0, £2, +4 are exact degenerate ground
states. At nonzero fillings v, we cannot guarantee that the
v # 0 eigenstates are the ground states.

In Ref. [110], we found that under a weak condition, the
eigenstates Eqgs. (8) and (10) become the ground states of H;
for all integer fillings —4 < v < 4 (vevenin Eq. 8). If theq =
0 component of the form factor M (k, G) is independent of
k for all G’s, i.e.,

flat metric condition: M,(n’le(k, G) = £(G)ém.n, (11
then all the states in Egs. (8) and (10) become ground
states of H; by an operator shift [Eq. (A29)] [71,109,110]
(see Appendixs A3b and A3a). We noted in Ref. [107]
that this flat metric condition is always true for G = 0, for
which M}/ (n) ) (k, 0) = §,,, from wave-function normalization.
In Ref. [107] we have shown that, around the first magic
angle, M{" (k, G) ~ 0 for |G| > \/_kg for i = 1, 2. Hence,
the condition Eq. (11) is valid for all G with the exception
of the 6 smallest nonzero G satisfying |G| = +/3ks. Hence,
the condition is largely valid, and our numerical analysis
[107] confirms its validity for k in a large part of the MBZ.
The idea to impose a similar condition as Eq. (11) first used
by Kang and Vafek [71] to find the v = £2 ground state
for their PSDH. Due to a slightly different U(4) symmetry,
our U(4) FM states are different, but overlap with the Kang
and Vafek ones in the chiral limit, as discussed in detail in
Refs. [109,110].
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We note that for v # 0, the states in Egs. (8) and (10)
still remain the exact ground states if the flat metric condition
Eq. (11) is not violated too much [110,111]. This is because
they correspond to gapped insulator eigenstates [110,111]
when condition Eq. (11) is satisfied, and the flat metric condi-
tion Eq. (11) has to be largely broken to bring down another
state into the ground state. From now on, we “call” Eqs. (8)
and (10) ground states of the system.

Remarkably, as we will show in the rest of our paper below,
one can analytically find a large series of excitations above the
ground states Eqgs. (8) and (10).

Our excitations will be build out of acting with the band
creation and annihilation operators on the ground states in
Egs. (8) and (10). We first need to compute the commutators
in the nonchiral Hamiltonian (see Appendix B, in particular,
Appendix B 1)

z:\KG+qANqu+GkLWMW
[0q.6> Ckonps] = — Z V(G + @M

X (k, —-qQ— G)cqu,m,n,ss (12)

where we have used the property M{"*(k,—q —G) =
M (k — q,q+ G) [109]. In the chiral limit, the same op-
erators read in the Chern basis (see Appendix B 2)

1=VV(G+ M, (&, q+ G}, ,

[OqudkEy ns]— VV(G+q (k —-q— G)dk q.ey.n,s*
(13)

[OQG’Cknnv

+
[O‘LG’ dk ey,n,s

From these equations, we can obtain the commutators of
O_q,-6Oq,c With the band electron creation operators in the
nonchiral case as

[O—q,—GOq,G’ clt,n,n,x]

= Z P,(n'zl)(k, q-+ G)clymw’s

m

+VVG+a@)) (M q+G)el g, Oa-c

+ ZMr(nn,L(k’ —-q- G)Clt—q,m,n,XOQaG) (14)

and in the first chiral limit in Chern basis as
[O—Qv—GO(LG ’ d]i,f,’y ,n,.v]
= P(k,q+ G)d,

€y ,1,S
+VV (G + M., (k,q+G)d ., ,O-a -G
M, (k, —q — G)dy_, . , Oqc), (15)

respectively. Similar relations for [O_q,_cOq,G> Ckn,n,s)
and [0O_q,-GO0q,Gs di,ey,n,s], Where M"DEk, q+G) —
M™*(K, —q — G), are derived in Appendix B. The matrix
factor P is the convolution of the Coulomb potential and the
form factor matrices. In the nonchiral case, P is a matrix
given by

PD(k, q+G)=V(G+ QM MD),,(k,q+G). (16)

In the first chiral limit, it is a number independent on ey :

Pk, q+G)) =V(G +qM, Kk q+G)
= V(G +q)(a5(k, g+ G) + o3(k, q + G)),
(17)

where o (k, q + G) and oy (K, q + G) are the decomposition
of the form factors in Eq. (7). The above commutators and
the existence of exact eigenstates Eqgs. (10) and (8), which are
ground states with the flat metric condition Eq. (11), allow
for the computation of part of the low energy excitations
with polynomial efficiency. We now show the summary of
the computation for the bands of charge +1, +2 and neutral
excitations. The charge —1, —2 excitations can be found in
Appendixes C 3 and E 4, respectively.

III. CHARGE *=1 EXCITATIONS

A. Method to obtain the +1 excitation spectrum

To find the charge one excitations (adding an electron into
the system), we sum the commutators in Eq. (14) over q, G,
and use the fact that the ground states in Egs. (8) and (10) sat-
isfy (Oq,c — AgNmdq,0)|¥) = 0 for coefficient Ag in Eq. (9)
in their corresponding limits. For any state |¥) in Egs. (8) and
(10), we find

[H — uN. ¢, IIW) = > R (), ) (18)

2Qt0t m
where N is the electron number operator, and the matrix

RL(K) =Y " V(G+ @Mk q+GM (k. q+G)
Gqm'

+ ZZNMA VV(GM! (K, G) — Udn. (19)

We hence see that, if | W) is one of the | W, "~ ) Eq. (10) or one
of the |W,) Eq. (8) eigenstates of Hj, then ck ,/¥) can be
recombined as eigenstates of H; with elgenvalues obtained by
diagonalizing the 2 x 2 matrix R}, (k).

In the nonchiral case, the eigenstates |W,) we found in
Ref. [110] (and re-written in Eq. (8)) have both active bands
n = %1 in each valley n and spin s either fully occupied or
fully empty.

In this case, we can consider two charge +1 states
ck nn. (W) (n = =) at a fixed k in a fully empty valley n and
spin s. These two states then form a closed subspace with
a 2 x 2 subspace Hamiltonian R"(k) defined by Eq. (19).
Diagonalizing the matrix R7(k) then gives the excitation
eigenstates and excitation energies. Furthermore, at v =0,
the state |W,—o) in Eq. (8) is the ground state of the inter-
action Hamiltonian H; regardless of the flat metric condition
Eq. (11), and hence Clt_n,r,_s|‘1’v=0) always gives the charge
excitation above the ground state.

If we further assume the flat band condition Eq. (11) (or
its violation is small enough), all eigenstates |W,) become
exact ground states and the second row of Eq. (19) vanishes
(see Appendix C 1 a). Since the U(4) irrep of the ground state
|W,) is [(2Ny)"T9/2],, the U(4) irrep of the charge 1 excited
state is given by [(2Ny)"T#/2, 1],4. A similar equation for the
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FIG. 1. Exact charge £1 excitations given by the simplified ex-
citation matrix [Eq. (20)] for three different wy/w; at the twist angle
6 = 1.05°. Here we change w, while keeping w; = 110 meV fixed.
Other parameters are given in Appendix A. These excitations are
exact at the charge neutrality point (v = 0) for generic state and are
exact at finite integer fillings if the flat metric condition is satisfied.
The charge +1 and —1 excitations are degenerate. The exact charge
+1 excitations obtained using the full excitation matrix [Eq. (19)]
without assuming the flat metric condition are given in Figs. 5 and 6

in Appendix C 4. The charge gap in those cases shrinks considerably.

charge —1 excitations is derived in in Appendix C 3, where
we denote the excitation matrix as R.

As explained in Appendix A 3, when the flat metric con-
dition is satisfied, the second term in R" [Eq. (19)] can be
canceled by the chemical potential term (the third term), and
thus we obtain a simplified expression for R" independent
of v:

Rl (K)=>"V(G+ @Mk q+G)M (k q+G).
Gqm’
(20)

It is worth noting that Eq. (20) is exact for v = 0 even without
the flat metric condition Eq. (11), because the coefficient Ag
[Eq. (9)] in the second term of R" [Eq. (19)] and the chemical
potential in the third term of R” vanish at v = 0.

The simplified matrix R" for charge —1 excitation with
the flat metric condition Eq. (11) is the complex conjugation
of R, i.e.,R] (k) = R* (k). This shows that, the charge —1
excitations are degenerate with the charge +1 excitations if
either v = 0 or the flat metric condition Eq. (11) is satisfied.
The charge +1 excitation dispersion determined by Eq. (20)
(which does not depend on v) is plotted in Fig. 1.

The parameters used in the calculation to obtain the spec-
trum are given in Appendix A. We find that, with the flat
metric condition imposed, the charge +1 excitation (Fig. 1)
is gapped, and the minimum is at the I" point, with a large dis-
persion velocity. The exact charge £1 excitations at different
fillings obtained using the full R"” matrix [Eq. (19)] of realistic
parameters [which break the flat metric condition Eq. (11)] are
given in Figs. 5 and 6 in Appendix C4.

The degeneracy of the excitation spectrum depends on the
filling v of the ground state. In the nonchiral-flat U(4) limit,
R" does not depend on spin, and R*, R~ have the same
eigenvalues because they are related by the symmetry Cy, P,
where P is a single-body unitary PH symmetry (App. A2a)
[43,108,109]. Thus charge +1 excitations in different valley-
spin flavors have the same energy. For the state |V,) [Eq. (8)],

the 41 excitations in the empty (4 — v)/2 spin-valley flavors
are degenerate. Correspondingly, —1 excitations in the occu-
pied (4 + v)/2 spin-valley flavors are also degenerate.

In the (first) chiral-flat limit, and with the flat metric con-
dition Eq. (11) [or at v = 0 without (11)], the expression for
the charged excitations in the Chern basis d];eyy ! W) be-
comes diagonal and independent of ey [see Appendix C2 for
the chiral-flat limit without the flat metric condition Eq. (11)]:

[H) — uN. dy

W),

E%'LS] ey,n,s

1 .
Uy =—Ry(k)d,
19) =56 Ro(k)d]

Ro(k) =) Pk, q+G), @1
G.q

provided that the Chern band ey (= £1) in valley n and spin s
is fully empty and P(k, q + G) given in Eq. (17). We obtain

Ro(k) =Y V(G + @)leo(k,  + G)’ + ez (k, g + G)’].
G.q

(22)
The spectrum at the magic angle is shown in Fig. 1. The
U(4) x U(4) irrep of the charge +1 excited states with
ey =1 and ey = —1 are given by ([N,/, 14, [N, Is) and
(INy/ 1a, [N,y , 11a), respectively. The charge —1 excitation
details can be found in Appendix C 3.

Since in the chiral-flat limit the scattering matrix Ry(k)
is identity in the ey space, the excitation has degeneracy in
addition to the valley-spin degeneracies. For a state in Eq. (10)
with filling v, the charge +1 and —1 excitations have degen-
eracies 4 — v and 4 + v, respectively.

B. Bounds on the charge +1 excitation gap

In this section, we will focus on the charge neutrality point
(v = 0), where the second and third terms in R7(k) [Eq. (19)]
vanish, and nonzero integer fillings v = +1, £2, &3 with the
flat metric condition Eq. (11) such that the second and third
terms in R"(k) cancel each other. In these cases, R7(Kk) is
a positive semidefinite matrix and hence has non-negative
eigenvalues. We are able to obtain some analytical bounds for
the gap of the £1 excitation. Detail calculations are given in
Appendix C 1b. Since charge £1 excitations in this case are
degenerate, our conclusion below for charge +1 excitations
also apply to charge —1 excitations.

We rewrite the R7(k) matrix as R} (k)=
MDTK)YWMD(K)),,,, where now M@ (k) with given n
and k is a matrix of the dimension 2Ny, - Ng x 2 (with 2
because we are projecting into the two active TBG bands).
Ny, is number of moiré unit cells, Ng is the number of plane
waves (MBZs) taken into consideration. By separating the
{q, G} = 0 contribution, and using Weyl’s inequalities we
find in Appendix C 1 b that the energies of the excited states
are > %V(q = 0)/Q¢. The bound %V(q = 0)/Q is small
but nonzero for large but finite Q2. This shows that the states
c]:n, M|\Il) are not exactly degenerate to the ground state |W)
(note that we did not prove these are the unique ground states).

The excited states of the PSDH appears to give rise to
finite gap charge 1 excitations. The largest gap happens in
the atomic limit or a material, where (u,,(k + q)|u,(K)) =
8mn, for which R, = 8 Zq,G V(Q+G) = 8,2V (r =
0). Hence the gap is %V(r = 0). Away from the atomic limit,
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the gap is reduced, but will generically remain finite. We now
give an argument for this. Since we know that TBG is far away
from an atomic limit—the bands being topological, we expect
areduction in this gap. We perform a different decomposition
of the matrix R),,: we separate it into G =0 and G #0
sums (see Appendix C1c). The G # 0 part, besides being
negligible for |G| > +/3kg [107], is also positive semidefinite,
and the eigenvalues of R} are bounded by (and close to) the
G = 0 part:

R (K) = > V(@M (k. M, (k.q).  (23)
q

where q is summed over the MBZ, and the inequality means
that the eigenvalues of the left-hand side are equal to or larger
than the eigenvalues of the right-hand side. We then rewrite
the right-hand side as Zq V(qQ)(Smn — 6’,’]’”(k, q)), where we
call the positive semidefinite matrix (K, q) the generalized
“quantum geometric,” whose trace is the generalized Fubini-
Study metric. For small momentum transfer ¢, we can show
that &"(k, q) = Zij qiq; 67" (k) + O(q?). where &7 (k) is
the conventional quantum geometric tensor (and the Fubini-
Study metric) [77,116] defined by

N
k) = Y ak,.u;;jm(k)<aa,,, -y u,,,,(k)u;;,,(k)>

a,b=1 leB
X O; up n(K), (24)

in which m, n € B are energy band indices and i, j are spatial
direction indices of the orthonormal vectors u,,(k) in a N
dimensional Hilbert space, with k being the momentum (or
other parameter). The ™" (k, q) tensor quantifies the distance
between two eigenstates in momentum space.

Generically, we expect [77] that the inner product between
two functions at k and k 4+ q to fall off as q increases, leaving
a finite term in R] (k), the electron gap, at every k. In trivial
bands in the atomic limit, the positive semidefinite matrix
& (K, q) reaches its theoretical lower bound 0 and hence the
charge 1 gap is maximal. In topological bands, such as TBG,
the quantum metric has a lower bound and hence the charge 1
gap is reduced.

IV. CHARGE NEUTRAL EXCITATIONS

A. Method to obtain charge neutral excitations

To obtain the charge neutral excitations, we choose the
natural basis Clerp,mz.nz,Sz Chk,my,ny,s: |¥), where [W) is any of the
exact ground states and/or eigenstates in Eqgs. (10) and (8)
and p is the momentum of the excited state. The scattering
matrix of these basis can be solved as easily as a one-body
problem, despite the fact that Egs. (10) and (8) hold a ther-
modynamic number of electrons. The details are given in
Appendix D. For |¥) being a state in Eq. (8), the scattering
of Clter,mz,nz,Xz Ck,mi,m.5, | W) by the interaction is

+
[HI - /»LN, Cker,mz,?]z,Szck*ml*n]vSl ] |\I/U)

1
T 2Qu 2

mm  q

St K+ Q. K:p)

4
x Ck+P+q’ma772sS2ck‘“lv’”'v'llv51 |\IJU>7 (25)

Wo/w;=0 wo/w=0.4

wo/w,=0.8

< 40
o
g
% 30
o)
i~}
=20
{...w"‘
10 X
0
KM l—M MM l(M l(M l—M MM K.Vl 1{M 1_M MM l(M

FIG. 2. Exact charge neutral excitations with the flat metric con-
dition being imposed for three different w,/w; at the twist angle 6 =
1.05°. Here we change w, while keeping w; = 110meV fixed. Other
parameters are given in Appendix A. These excitations are exact at
the charge neutrality point (v = 0) for generic states and are exact
at finite integer fillings if the flat metric condition is satisfied. The
exact charge neutral excitations at different fillings without imposing
flat metric condition are given in Figs. 7 and 8 in Appendix D 4.
Note the softening of further Goldstone modes from finite to zero
wy, reflecting the symmetry enhancement of the first chiral limit.
The continuum above the Goldstone modes is fundamentally made
of independent particle-hole excitations

Sty (K + @, K D)

= 84,0 (S R, (K) + 8y R, (K + P))

2> V(G + M) (k+p.q+ GMI”
G

m,my m',my

x (k,q+ G), (26)

where R} (k) (Eq. (19)) and R} (k) are the charge +1 ex-
citation matrices. A valley-spin flavor in |¥,) (Eq. (8)) is
either fully occupied or fully empty, thus {5, s;} belongs
to the valley-spin flavors which are fully occupied, while
{n2, 52} belongs to the valley-spin flavors which are not
occupied. Equation (26) shows that the neutral excitation
scattering matrix is a sum of the two single-particle energies
(Bm,mzan‘ml (k) + Sm.m.R,’Zf,,,z (kp)) plus an interaction term. By
translation invariance, the scattering preserves the total mo-
mentum p. The spectrum of the charge neutral excitations
at each p is a diagonalization problem of a matrix of the
dimension 4Ny, x 4Ny, where the left and right indices are
(k + q, m, m") and (k, my, my), respectively.

The excitation spectrum with the flat metric condition
Eq. (11) being imposed, i.e.,with the R7 [Eq. (19)] being
replaced by the simplified Eq. (20), is shown in Fig. 2. As
explained in Appendix III A, the simplified charge &1 matri-
ces R and R do not depend on the filling v. Thus the obtained
charge neutral excitation dispersion also do not depend on v.
Figure 2 is exact for v = 0 even when the flat metric condition
is not satisfied since Eq. (20) is exact for v = 0. The exact
charge neutral excitations at different fillings without impos-
ing the flat metric condition Eq. (11) are given in Figs. 7 and
8 in Appendix D 4.

It is worth noting that, in the Figs. 2, 7, and 8 we just
plot the eigenvalues of the scattering matrix Eq. (26), which
does not assume any information of the occupied valley-spin
flavors in the ground state. In practice, for a given ground state
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TABLEI The little groups (remaining symmetry subgroups) and
the number of Goldstone modes (denoted by GMs in the table)
of the ground states |W)*"~) in the (first) chiral-flat U(4) x U(4)
limit. Only v < O states are tabulated since the symmetry and Gold-
stone modes of v > O states are same as the v < O states since
they are related by the many-body charge-conjugation operator (Ap-
pendix A2c) [109]. Only states with v, > v_ are tabulated since
[Wr+"-) and |W)—"+) have the equivalent little groups upon in-
terchanging of the two U(4)s, and thus have the same number of
Goldstone modes.

Little group Number of GMs Ground states
U@4) x U4) 0 750!
U(1) x U3) x U4) 3 |, (W)
UQ2) x UQ2) x U(4) 4 w20y
U(1) x UB) x U(1) x UQB) 6 [y, wh
U(2) x U2) x U(1) x U(3) 7 W™
U(2) x U(2) x UQ2) x U(2) 8 [wa?)

|W), the spectrum branch annihilating (creating) electrons in
empty (occupied) states does not exist.

B. Goldstone modes

Solving Eq. (26) provides us with the expression for the
neutral excitations at momentum p on top of the TBG ground
states, including the Goldstone mode, whose dispersion re-
lation can be obtained in terms of the quantum geometry
factors of the TBG. In general, the scattering matrix is not
guaranteed to be positive semidefinite, and negative energy
would imply instability of the ground states. However, in a
large (physical) range of parameters (Appendix A) of TBG at
the twist angle 6 = 1.05°, we find that, as shown in Figs. 2, 7,
and 8, the energies of charge neutral excitations of the exact
ground states |V, ) in Eq. (8) in the nonchiral-flat limit and
W, ") in Eq. (10) in the chiral-flat limit are non-negative,
implying these are indeed stable ground states. As shown in
Figs. 5 and 7 and discussed in Appendixes C 4 and D 4, strong
(first) chiral symmetry breaking may lead to an instability to
a metallic phase.

In Tables II and I, we have tabulated the little group (de-
fined as the remaining symmetry subgroup of the state) and
the number of Goldstone modes for each ground state in
Egs. (8) and (10). As examples, here we only derive the little
groups and number of Goldstone modes for |\Ill_’2') (10) and
[W_5) (8). The little groups and Goldstone modes for other
states can be obtained by the same method. First we consider
the ground state |\I!]_'2') in the (first) chiral-flat U(4) x U(4)
limit, which has vanishing total Chern number. Recall that
the U(4) x U(4) irrep of |¥")) is ([N}ls, [N}]4). In each

TABLE II. The little groups (remaining symmetry subgroups)
and the number of Goldstone modes (GMs) of the ground states |\WV,,)
in the nonchiral-flat U(4) limit.

Little group Number of GMs Ground states
U(1) x UQ3) 3 [W_s), | W)
U2) x UQ2) 4 [Wo)

of the ey = %1 sectors, only one U(4) spin-valley flavor is
occupied. Hence the little group of the state |\Ill’2') in each ey
sector is U(1) x U(3), where the U(1) is the phase rotation
in the occupied flavor and the U(3) is the unitary rotations
within the three empty flavors. Thus the total little group of
the state [W')) is U(1) x U(3) x U(1) x U(3), which has
the rank (number of independent generators) 20. Since the
Hamiltonian has a symmetry group U(4) x U(4) which has
rank 32, we find the number of broken symmetry generators
to be 32 — 20 = 12. On the other hand, since all the Gold-
stone modes we derived are quadratic [similar to the SU(2)
ferromagnets, see Eq. (30)], it is known that [117] the number
of Goldstone modes is equal to 1/2 of the number of broken
generators, namely, 12/2 = 6. This is because a quadratic
Goldstone mode is always a complex boson, which is equiva-
lent to two real boson degrees of freedom corresponding to 2
broken generators.

Next, we consider the ground state |W_,) in the nonchiral-
flat U(4) limit. Since the U(4) irrep of |W_;) is [2Ny]4, only
one U(4) spin-valley flavor is occupied. Thus the little group
of |W_,) is U(1) x U(3), where the U(1) is within the occu-
pied flavor and the U(3) is within the 3 empty flavors. Hence
the number of broken generators is 16 — 10 = 6, where 16
and 10 are the ranks of U(4) x U(4) and U(1) x U(3), and
the number of (quadratic) Goldstone modes is 6/2 = 3.

In the above paragraph, we have shown that state |\Ill’21>
in the chiral-flat limit has three more Goldstone modes than
|W_5,) in the nonchiral-flat limit, although their wave functions
are identical. This is because, if we slightly go away from the
(first) chiral-flat limit towards the nonchiral-flat limit, i.e.,take
the parameter 0 < wy < wy, some branches of the Goldstone
modes will be gapped by a finite wy, as shown in Figs. 2, 7,
and 8.

The number of Goldstone modes can also be obtained
by examining the scattering matrix in Eq. (26). Here we
take |\Ill'2') as an example. As discussed in Appendix IV C,

. S 1,1
in the first chiral limit, the state dllrp!mm!szdkﬂ”,n,,S] [W2,)

will be scattered to dlif+p,ey2,n2,s2dk’~,ew»mm |\Ill’2l) through the
scattering matrix S,,, .., (kK’, k;p), which does not depend
on 1y, 51, M2, 52, and S,,, .,, (K, k; 0) has an exact zero state
for ey, = ey; (Appendix D 3). Now we count the number
of Goldstone modes on top of |\Ill’21) using this property of
scattering matrix.

Suppose the occupied flavors in |W 121) are
{ey,n,s} ={+1,4+,1},{—1,4+,1}. Then, for the state
dli-kp,em,ng,szdkveYlJ/lvsl |\Ill’21> to be nonvanishing, {ey,, n1, 51}
can only take the values in the two ey-valley-spin flavors
{+1,+, 1}, {—1, 4+, 1}, and {n>, s»} can only take values in
the other three valley-spin flavors in each ey sector. There are
in total 6 nonvanishing channels. Since each channel has an
zero mode given by the zero of S,,, .,, (K, k;0), there are 6
Goldstone modes, consistent with the group theory analysis
in Table I.

C. Exact Goldstone mode and its stiffness in the (first)
chiral-flat U(4) x U(4) limit

In the first chiral limit, we are able to obtain the
Goldstone modes analytically. We pick the basis as
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dli+p,ey2,172,szdk’€Yl»771-»VI|\II:+,V7>’ where the valley-spin flavor
{n1, s1} with Chern band basis ey is fully occupied and the
valley-spin flavor {1,, so} and Chern band basis ey, is fully
empty. The PSDH scatters the basis to

D Sepren & KDY iy [90), (27)
=

where the scattering matrix S does not depend on 7y, 1,,
s1, $2. The simple commutators between O_q _gOq,c and
fermion creation and annihilation operators in the chiral limit
[Eg. (15)] lead to a simple scattering matrix. We here focus on
the ey; = ey, p = 0 channel. For generic v = 0 states and the
v = =+1, £2, £3 states with flat metric condition [Eq. (11)],
we have

Seviey (K + ¢, k3 0)

= 2840 Y V(G +q)leo(k, ' + G)* + oz(k. q + G)’]
G,q

—2) V(G + Qlao(k, q + G)* + ar(k, q + G)’].
G
(28)

The general expression of S,,,..,, (k + q, k;p) for all chan-
nels without imposing the flat metric condition is given in
Appendix D 2. We first show the presence of an exact zero
eigenstate of Eq. (28) by remarking that the scattering matrix
Sey ey (K4 q, k; 0) satisfies (irrespective of 1, 2, 51.2):

Z Sey;ey (k+q,k; 0)=0. (29)
q

This guarantees that the rank of the scattering matrix is not
maximal, and that there is at least one exact zero energy
eigenstate, with equal amplitude on every state in the Hilbert
space: Y d&.e%r]z,szdkae%nml [, "), More details are given
in Appendixes D 3 and D 3 a. The U(4) x U(4) multiplet of this
state is also at zero energy. Moreover, the scattering matrix
Sey:er (K 4 q, K; 0) is positive semidefinite. The details of this
proof can be found in App. D3 a.

Since the p = 0 state has zero energy, for small p, by
continuity, there will be low-energy states in the neutral con-
tinuum. By performing a k - p perturbation in the p = 0 states
in Eq. (D11), one can compute the dispersion of the low-lying
states. Full details are given in Appendix D 3 b. In the chiral
limit, and imposing the flat metric condition Eq. (11) we find,
by using «,(k,q + G) = ay(—k, —q — G) for a = 0,2 and
as expected for the Goldstone of a FM, the linear term in p
vanishes and

1
EGoldstone(P) = 3 Z mijpipPj, (30)
ij=x,y

to second order in p. We find the Goldstone stiffness
Y V(G + [k, q + G)ddh c0(k, q + G)
k,q,G
+ Olz(k, q + G)ak,‘akpo(k’ q + G)
+ 20,00k, q + G)d,a0(k, q + G)
+ 20,22k, q + G)oy, o2 (k,  + G)]. (31)

0 20 40 60 80 100
w1

FIG. 3. The eigenvalues of the mass tensor of the Goldstone
mode in the first chiral limit (31). Here w is in units of meV.

Since Cs, symmetry is unbroken in the ground states in
Eq. (10), an isotropic mass tensor m;;  §;; is expected. The
eigenvalues of m;; with different values of w; are plotted in
Fig. 3.

V. CHARGE =2 EXCITATIONS
A. Method to obtain X2 excitations

We now derive the charge +2 excitations. We choose a ba-
sis for the charge +2 excitations as ClTler,mz,ng,szcik,ml s W),
where |W) is any of the exact ground states and or eigenstates
in Egs. (8) and (10) (for which (Oq,g — AgNud¢,0)|¥) = 0)
and p is the momentum of the excited state. Hence {7, 51},
{n2, 52} belong to the valley-spin flavors which are not occu-
pied. The details of the commutators of the Hamiltonian and
the basis are given in Appendix E. We find

il ¥
[Hl - MN’ ck+p,mz,ng,s2c—k,m.,m,ﬁ]'qj>
1
2Q;

T o (K + 4. K p)

m,m’,q

f

. .
X Cocyqipomm.sn € k—qum s |V (32)

(m2,m1) .
Tty my K+ 4, K )
= Sq,O ((Sm,ng;]nlml (_k) + Sm,mlR;zlzmz (k + P))

+2) V(G + QM) (k+p.q+G)
G

x M) (—k, —q — G), (33)

m'm
where R (k) are the charge 41 excitation matrices in
Eq. (19). We see that the charge 42 excitation energy is a
sum of the two single-particle energies plus an interaction
energy. By the translational invariance, scattering preserves
the momentum (p) of the excited state. The spectrum of the
excitations at a given p is a diagonalization problem of a
matrix of the dimension 4Ny, x 4Ny,. The scattering matrix T
of the charge —2 excitations is derived in Appendix E 4. It has
the same form as T here except that the charge +1 excitation

205415-8



TWISTED BILAYER GRAPHENE. V. EXACT ANALYTIC ...

PHYSICAL REVIEW B 103, 205415 (2021)

wy/w;=0 wy/w,=0.4 wy/w;=0.8

120

100

80742 ] w——
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Energy (meV)
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FIG. 4. Exact charge +2 excitations with the flat metric con-
dition being imposed for three different wy/w; at the twist angle
6 = 1.05°. Here we change w, while keeping w; = 110 meV fixed.
Other parameters are defined in Appendix A. These excitations are
exact at charge neutrality point (v = 0) for generic states and are
exact at finite integer fillings if the flat metric condition is satisfied.
The charge +2 and —2 excitations are degenerate. The exact charge
+2 excitations at different fillings without imposing the flat metric
condition are given in Fig. 9 and 10 in Appendix E5. Note bound
states above but not below the two-particle continuum, confirming
our analytic proof and showing the lack of Cooper pairing in TBG
projected Coulomb Hamiltonians

matrix R" is replaced by charge —1 excitation matrix R" and
the M matrix is replaced by the complex conjugation of M.

The spectrum of charge 42 excitations with the flat metric
condition Eq. (11) imposed is shown in Fig. 4. By impos-
ing the flat metric condition, we can replace the R7 matrix
[Eq. (19)] in Eq. (33) by the simplified Eq. (20). Since Eq. (20)
does not depend on v, the obtained charge +2 excitation
dispersion also do not depend on v. Figure 4 is exact for
v =0 even when the flat metric condition is not satisfied
since Eq. (20) is exact for v = 0. Due to the many-body
charge-conjugation symmetry at v = 0 [109], the charge —2
excitations are degenerate with the charge +2 excitations.
Exact charge £2 excitations without imposing the flat metric
condition Eq. (11) at different fillings are given in Figs. 9 and
10 in Appendix E 5.

B. Absence of Cooper pairing in the projected
Coulomb Hamiltonian

The exact expression of the three-particle excitation spec-
trum [Eq. (33)] allows for the determination of the Cooper
pair binding energy (if any). We notice the scattering ma-
trix Eq. (33), T (k + q, k; p), differs by a sign from the
neutral charge energy Eq. (26). It is the sum of energies of
two charge +1 excitations at momenta k + p, —k plus an
interaction matrix, while Eq. (26) is the sum of charge 41 and
—1 excitations minus an interaction matrix. This allows us to
use the Richardson criterion [112—115] for the existence of
Cooper pairing by examining the binding energy as follows:

AN+2)=EN+2)+EN)—2EN+1)<0, (34

where E (N) is the energy of the lowest state at N particles. We
now assume that the lowest state of the charge +2 excitation
continuum obtained by diagonalizing the matrices Eq. (33) is
the lowest energy state at two particles above the ground state,

which is confirmed by numerical calculations for a range of
parameters [111]. We note that Eq. (19) is the charge +1 ex-
citation. The lowest energy of the noninteracting two-particle
spectrum is 2 min(R), where min(R) is the smallest eigenvalue
of R"(k) over k € MBZ and valley flavors n = +.
Hence we can write the binding energy as min(7) —
2 min(R), where min(7") represents the minimal eigenvalues
of T™m)(k + q, k; p) over momenta p € MBZ and different
valley flavors 7n,, n;. For later convenience, we denote the sum
of the first two terms of Eq. (33) as Appendix
7 (mmy

m,m’my,my

(k+4q,k;p)
= 8q,O(amA,mzR?nImI (_k) + 8m,1anZ12m2 (k + P)) (35)

and the last term of Eq. (33) as
T(772~,'11)”

m,m’;my,my

(k+q.k;p)

mmy m'my

=23 V(G+ QM%) (k+p,q+GM,, "
G

x (k, q + G). (36)

We therefore have T =T’ + T” in short notations. Here

we have used the time-reversal symmetry: M,(n'f;n)] (-k, —q —

G) = M,(nfgl‘)*(k, q + G), as explained in Appendix E3. We
use Weyl’s inequalities to find sufficient conditions for the
presence and absence of superconductivity. In particular, for
given p, 12, 11, the smallest eigenvalue of 72" (k + q, k; p)
is smaller than the smallest eigenvalue of T0amY (k 4 q.k;p)
plus the largest eigenvalue of 7" (k + q, k; p). Hence we
have min(7) < min(7’) + max(7") = 2 min(R) + max(T").
Therefore a sufficient criterion for the presence of Cooper
pairing binding energy is that 7@ (k 4 q, k; p) has all
eigenvalues negative:
Eig[T>")" (k + q,k; p)] < 0. (37)

mm’ ;mym;

Vi1, 12, P,

On the other hand, for given p, 1., 11, the smallest eigenvalue
of T M) (k + q,k;p) is larger than the smallest eigen-
value of T0m)(k + q, k; p) plus the smallest eigenvalue of
T (k 4+ ¢, k; p). Hence we have min(T) > min(7’) +
min(7”) = 2 min(R) + min(7T"). Therefore, a sufficient crite-
rion for the absence of Cooper pairing binding energy is that
T (k 4 q, k; p) is positive semidefinite:

Vo m.p. Eig[T2M)" (k+q,k;p)] >0. (38

From the charge 42 excitation spectra in Figs. 4, 9, and
10 we can see that the spectrum of 7 consists of two parts:
the two-particle continuum, which is given by the sums of
two charge +1 excitations, and a set of charge 42 collective
modes above the two-particle continuum. Thus it seems that
T" are always non-negative positive.

In Appendix E3, we proved that, for the projected
Coulomb Hamiltonian with the time-reversal symmetry, the
matrix T ~""(k 4 q, k; p), which corresponds to excitations
of two particles from different valley, is positive semidefinite.
Thus there is no inter-valley pairing superconductivity of the
PSDH H; at the integer fillings v of the ground states in
Egs. (8) and (10). We expect this property to hold slightly
away from integer fillings. Since TBG shows superconductiv-
ity at v = 2 or slightly away from integer fillings, our results
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show that either kinetic energy or phonons are responsible for
pairing.

Here we briefly sketch the proof. We consider the expec-
tation value of T~""(k 4 q, k; p) on an arbitrary complex
function @, m, (K):

(Ta@ =y, Y, T" " (k, ki;p)

k1 ,kz mm’mzmz

X ¢:1m’ (k2 )¢mz,m1 (kl ) (39)

As detailed in Appendix E 3, substituting the definition of the
M matrix (Eq. (4) into Eq. (36), we can rewrite the expectation
value as

2
(@) = Y TrW (ko +Go)W (ki +Gy)]

G KikaG1 Gy
x V(ky + G2 — ki — Gy), (40)
where
Wk+G)= Y tty,y(K+Pp+ Gy Kitf, (K +G).
my,my, G

(41)
Here u,,, ,(k + G) is the 2Ng x 1 vector ug—g,a:m,,,(K) and
Wk + G)isa2Nqg x 2Nq matrix, with Ng being the Q lattice
size (see Appendix A1 for definition of the Q lattice). For
simplicity, we use a and b to represent the composite indices
(Q, @). Then (T”)Z)(p) can be writtenas » WJbVWa;,, where
now W, is viewed as an Ny x 1 vector and V an Ny X Ny
matrix. Since V is positive semidefinite, for each pair of a, b,
the summation over ki, ky, G, G, is non-negative. Thus T”
is positive semidefinite since (T”)g(p) > 0 for arbitrary ¢.

In Appendix E3, we also proved that, for n, = n; =1,
T (k + q, k; p) is also positive semidefinite due to the
symmetry PC,,T, with P being the unitary single-body PH
symmetry of TBG [43,108]. Therefore neither the intervalley
pairing nor the intravalley Cooper pair has binding energy in
the projected Coulomb Hamiltonian for any integer fillings v
in the chiral-flat limit, and for any even fillings v = 0, 2, £4
in the nonchiral-flat limit.

VI. CONCLUSIONS

In this paper, we have calculated the excitation spectra
of a series positive semidefinite Hamiltonians (PSDHs) ini-
tially introduced by Kang and Vafek [71] that generically
appear [109] in projected Coulomb Hamiltonians to bands
with nonzero Berry phases and which exhibit ferromagnetic
states as ground states, under weak assumptions [109,110].
These assumptions were also used by Kang and Vafek [71] to
find the v = 2 ground states in TBG. In this paper, we show
that not only the ground states, but a large number of low-
energy excited states can be obtained in PSDHs. We obtain the
general theory for the charge 1, +2 and neutral excitations
energies and eigenstates and particularize it to the case of
TBG insulating states. We find that charge +1 excitations are
gapped, with the smallest gap at the I" point. In both the (first)
chiral-flat and nonchiral-flat limits, we find the Goldstone
stiffness of the ferromagnetic state, as well as the Cooper
pairing binding at integer fillings. In particular, we proved
by the Richardson criterion [112—-115] that Cooper pairing is

not favored at integer fillings (even fillings when nonchiral) in
the flat band limit. Since superconductivity has been observed
in experiments with screened Coulomb potentials [7-9] (such
as at v = 2), we conjecture the origin of superconductivity
in TBG is not Coulomb, but is contributed by other mecha-
nisms, e.g.,the electron-phonon interaction [59,60,85], or due
to kinetic terms. In particular, our theorem shows that the
Luttinger-Kohn mechanism of creating attractive interactions
out of repulsive Coulomb forces is ineffective for flat bands.
A similar statement can be made for the superexchange in-
teraction. A finite kinetic energy is hence required for these
mechanisms.

In future work, the charge excitation energies of these
Hamiltonians will be obtained in perturbation theory with the
kinetic terms. A further question, of whether there are other
further eigenstates of the PSDHs, remains unsolved.
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APPENDIX A: REVIEW OF NOTATION:
SINGLE-PARTICLE AND INTERACTING HAMILTONIANS

For completeness, we here briefly review the notations
used for the single-particle and interacting Hamiltonians.
Their properties and (explicit and hidden) symmetries of both
the single-particle and the interacting problems are detailed at
length in our recent papers [107-110].

1. Single-particle Hamiltonian: short review of notation

The single-particle Hamiltonian, symmetries, and proper-
ties of the wave functions have been discussed at length in
Refs. [43,107,108]. For completeness of notation, we give its
expression here, for completeness, but we skip all details. The
total single-particle Hamiltonian is

ﬁo = Z Z Z [hg())/(k)]aﬁclt.Q,n,ascka/aﬂ-ﬂS‘

keMBZ naBs QQ’

(A)
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where cli Q.1.as 18 the creation operator at momentum k (in the

moiré BZ - MBZ) in valley n (&4), sublattice « (1,2), spin s
(1), and moiré momentum lattice Q. The Hamiltonians in
the two valleys are

3

hgo &) = 8g.qvrk — Q) -0 + Z (B0-0.q; + 30 -Q.q,)T;
j=1

hoo (k) = 8g.qur(k — Q) - 0*

3
+ Z (80-q.q; + 8@ —q.q;)0xTj0x, (A2)
j=1

where o = (o,, 0y), 0* = (—0,, 0,) are Pauli matrices, T; =
wooo + wi(cos Z(j — Doy + sin Z(j — 1)oy), and q; =
kgcg';‘(o, DT (j=1,2,3) with ks = 2|K] sin% being the
distance of the Graphene K momenta from the top layer and
bottom layer, 6 the twist angle, wy the interlayer AA hopping,
and w; the interlayer AB hopping. Q belongs to a hexago-
nal momentum space lattice, Q € Q, where Q1 = Qy +q;.
The eigenstates of Eq. (A1) take the form

i _ il
Cknns = Z UQusnn (K)Cy @ as-
Qo

(A3)

i — iré reci
where ¢, ¢ o, s = Ck.Q—G.nas’ for any moiré reciprocal wave
vector G, and hence

MQot;nr;(k +G)= UQ—-G,a;nn (k)

such that ci‘; Gy = c:;nm. This is the MBZ periodic gauge.
In the numerical calculations, we take the parameters
6 =1.05° |[K|=1.703 A~!, vy =5.944 eVA, and w, =
110 meV. The projected kinetic Hamiltonian in the flat bands
will be denoted by Hy (without hat), which is given in Eq. (1).

(A4)

2. Interaction Hamiltonian: short review of notation

The many-body Hamiltonian, symmetries, and properties
of the wave functions, as well as the derivations, have been
discussed at length in Refs. [109,110]. For completeness of
notation, we give its expression here, for completeness, but
we skip all details. The Hamiltonian before projection was
derived to be (denoted by a hat) [109,110]:

N 1

Hi=5—2 > V(GC+apcadpciy
ot "G qeMBZ
1 .

Vi = o YY) TV (g +G), (A5)
ot G qeMBZ
where
. 1
8pq+G = Z (clL-fq,Q—G,n,a,sck’Qv’IﬂJ - Esq,O(SGﬁ)
n,a,5.K,Q

(A6)
is the total electron density at momentum q + G relative to
the charge neutral point. €2 is the total area of the moiré
lattice, G sums over the moiré reciprocal lattice, and q sums
over momenta in MBZ zone.

For the analytic derivations in the current paper, we
keep V(r) generic. For the numerical plots of the en-

ergy dispersion and other properties, we use twisted bilayer
graphene Coulomb interactions screened by the electrons
in the two planar conducting gates [71,118]: V(r) =
Us Yol o (—=1)"/+/(r/€)* + n? with £ = 10 nm being the
distance between the two gates, Ug = e?/(e&) = 26 meV (in
Gauss units), € ~ 6 the dielectric constant of boron nitride.
The derivation of this interaction was explained at length in
Ref. [109,110]. It was also showed that the interaction has
nonvanishing Fourier component only for intra-valley scatter-
ing to give

tanh (£¢/2)
§q/2

For the given values of the parameters, V (q) was plotted in
Ref. [108] and is a slowly decreasing function of |q| in the BZ,
reaching (around the magic angle) about half of its maximal
value as |q| spans the whole MBZ around.

V(q) = (7&°Ug) (A7)

a. Gauge fixing and the projected interaction

We define for our many-body Hamiltonian the form fac-
tors, also called the overlap matrix of a set of bands m, n as

MD K, q+G) =Y "ty G aumy(K + Qtig.am (K),
a Q
(A8)

In terms of which the projected density operator interaction
and Hamiltonian to a set of bands denoted by m, n can be
written as

1

H =
2Q0t

Z Z V(G + Q)80 _¢_o30G1q:
G qeMBZ

g =) D D M,k q+G)

ns mneproj k

1
¥
X (Ck-&-q,m,n,sck’”:’?xs - qu,O(Smn .

For our working convenience, we then define the operator

046 =V (@ +G)dpg.q- (A9)

This allows us to rewrite the projected interaction Hamiltonian
H; into the form of Eqgs. (2) and (3). While most of the
projected Hamiltonian properties are valid for any number
of projected bands that respect the symmetries of the system
(including PH), in TBG at the first magic angle we usually
are interested in the projection of the Hamiltonian onto the
lowest two flat bands per spin per valley of TBG (8 bands
in total). An important step in any calculations—especially
numerical—is the gauge-fixing procedure. Different gauges
for the wave functions, that make different symmetries of
the form factors Eq. (A8) more explicit, can be chosen. This
is explained at length in our manuscript Ref. [109], but for
completeness we briefly mention them here. We consider only
two active bands, the general gauge-fixing mechanism for pro-
jection in more than two bands is found in Ref. [109]. To fix
the gauge of the Bloch wave functions in Eq. (A3), [Yi n,,,s) =
ZQ,a UQ,amn (k)c;Q!nyaiJO), where 1Q, g, (K) is the solution

of the single-particle Hamiltonian h("),(k), in each n = &+,
s = 1] sector, we label the higher energy band by m = +
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and the lower band by m = —. Due to the spin-SU(2) sym-
metry, we set the real space wave functions for s = 1, to be
identical and omit the index s for the single-particle states.
For a symmetry operation g, the sewing matrices B, n,,m](k) =
(Vo181 Wk n,y), Which relate states at momentum k with
states at the transformed momentum gk can be consistently
chosen to be

BT (k) = ¢°7°,
BP (k) = i’ 17,

BCQ; (k) — {01,)6’

BP(k) = 0 (A10)

for the C», T, Cy,, P symmetries of TBG where ¢¢, t¢ (a =
0, x,y, z) are Pauli-matrices acting on the band and valley

J

Mk, q+G) =%k, q + G) + " TPai(k, q + G) + g’ ar(k, g + G) + ¢*Téa3(k, q + G),

indices, respectively [109]. Here P is a unitary single-body
PH symmetry that transforms k to —k [43,108]. We leave
the other sewing matrices—for Cs,, C,—unfixed. With these
sewing matrices, once we obtain, by diagonalizing the single-
particle Hamiltonian, the wave functions in the valley n = +
for band m = +, then we first fix the C,,T (in TBG, this is
done at the detriment of the wave function being continuous),
then we use of the PH to generate the m = — band, while
finally, using C,, symmetry to generate the wave functions in
the valley n = —. In Ref. [109], we use the above gauge to
determine the most generic form of the M matrix coefficient
[Eq. (A8)]. We found that—away from the point w; = 0 in
parameter space which we call “second chiral limit”"—we can
decompose the M matrix into four terms [108,109]

where oy 2.3 are real functions which satisfy the following symmetry conditions:

.k, q+G)=a,k+q,—q—G) fora=0,1,3,

aa(kaq+G) :aa(_ky _q_G) fOl”a :0, 2,

In particular, the combination of Eqs. (A12) and (A13) implies that at q = 0, we have

ao(ka G) = ao(_ka G)v

Note that the same gauge fixing can be found with projection
in a larger number of bands [109].

A further simplification occurs in the first chiral limit
wo = 0 of the single-particle Hamiltonian due to the presence
of an extra symmetry [72,108,109]. (A similar simplifica-
tion takes place in the second chiral limit w; = 0, found in
Refs. [108,109]). In this limit there is another (chiral) sym-
metry C of the one-body first-quantized Hamiltonian hgg (k),
which in band space is defined by its sewing matrix:

Bsm’,m;(k) = <wk,m,n’|C|Wk,n,n) X 6m,—i18n’,n- (A15)

A gauge choice in which Bgm/’m] (k) is k independent is possi-
ble
BC(k) = {17 (A16)

This allows us to find the wave function of the — band at
k from the + band at Kk, in the same valley. In Ref. [109],
we prove that the M matrix in the interaction satisfies the
chiral symmetry, B"M(k, q + G)B® = M(k, q + G). Thus
with the chiral symmetry, M takes the form

ME&, q+G) = 7%k, q + G) + i’ P (k, g + G).
(A17)

b. Chern band basis
In Ref. [108], we have shown that the two flat bands can be
recombined as two Chern bands:

+

— (T —
Koy s = \/E(Ck,-hn,s +ieyeg o) (A18)

Their corresponding Berry curvatures are continuous in the
MBZ and yield Chern numbers ey = %1, respectively. We

(A11)
ar(k,q+G) = —ax(k+q,—q - G), (A12)

a2k, q+G) = —a,(—k, —q — G) fora=1,3. (A13)
a;(k,G) = —a;j(—k,G), (j=1,2,3). (Al4)

(

fixed the ambiguities by requiring that the Berry’s curvature of

each Chern band basis dlz ey oms is continuous, or, equivalently,

: / /
(IIEI}) |(uk+q,ey,n,s|uk,e’y,n,s)| = 8€y,e;/7 (A19)

where [uy ».s) 18 the periodic part of the Bloch wavefunc-

tion for the operator dligy! ;.s- 10 this gauge the band dliey’ ns
has nonzero Chern number C,, , ; = ey [74,108]. The Chern
numbers of dl:ey,—,s equals to the Chern numbers of dli,
because they are related by C,, rotation.

The M matrix in the Chern band basis becomes

ey,+,s?

M®, (& q+G) =M, (K q+G)
=apk,q+ G) +ieyar(k,q + G),

(A20)
M7 (k. q+G)=nF, K& q+G),
F,k,q+G) =a1(k,q+G) +ieyask,q+ G).
(A21)

For later convenience, we have introduced the factors
M., (k,q+ G) and F,, (k, q + G) to represent the diagonal
element and off-diagonal element in the Chern band basis,
respectively. In the first chiral limit, where o; = a3 = 0, we
have F,, = 0.

¢. Many-body charge-conjugation symmetry of the projected
interaction and kinetic Hamiltonian
In Ref. [109], we showed that the full projected Hamilto-

nian Hy + H; has a many-body charge-conjugation symmetry,
P, defined as the single-particle transformation C,,7P
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followed by an interchange between electron annihila-
tion operators ¢ and creation operators c¢': Pcclt o SPC’ L

C>. TP
C_k,m,n, van nn(k)

PHoP.' = Hy + const.  Pedpe+qP. ' = —8pG+q-
(A22)
The interaction has the charge-conjugation symmetry, and the

many-body physics is PH symmetric in this limit.

d. The U(4) symmetry of the projected Hamiltonian
in the flat-band limit

Using the unitary PH symmetry P introduced in Ref. [43],
we demonstrated in Ref. [109] that the projected TBG Hamil-
tonian has a U(4) symmetry if the kinetic energy is set to
zero (flat band limit), for any number of projected bands. This
generalizes the U(4) symmetry introduced in Ref. [72] for the
two active bands. Using the continuous symmetry operator
notation

[e7@5" H)] =0, Yy €R;

ab __ T ab
§T = z : kmnssmnsmns’ckmﬂY’

K,m,m',n,n’,s,s'

(A23)
we can generate a full set of U(4) generators given by [109]

s = e0%70%P, vt st 0Py (a b= 0,x,y,2).
(A24)
where the Pauli matrices ¢¢, t¢, s* with a =0, x,y,z are
identity and x, y, z Pauli matrices in band, valley, and spin
space, respectively. For 2N;, N; € Z projected bands, the
generators would be identical, with the ¢ representing the
+={1,...,N}and — = {N; + 1, ..., 2N, } bands.

The kinetic plus the projected interaction term exhibit
the Cartan symmetry U(2) x U(2) subgroup of the U(4)
symmetry group of the projected interaction, which can be
most naturally chosen as the valley spin and charge: Cartan:
07050, 0707, 0730, 0722,

a

e. Enhanced U(4) x U(4) symmetries in
the first chiral limit wy = 0

In Ref. [109], we demonstrated in detail the presence of
two enhanced unitary U(4) x U(4) symmetry in two limits of
the single-particle parameter space the first and second chiral
limits wy =0 < w; and w; = 0 < wy. For the first chiral
limit wy = 0, this symmetry was presented in Ref. [72] for
the case of two projected bands, but we find that it is main-
tained, in both chiral limits, for a projection in any number
of bands. For the matrix elements in Eq. (A17), the interac-
tion commutes with the following matrices, which form the
U(4) x U(4) generators [109]:

0_.a b

é’ts é-vab

(a,b=0,x,y,72). (A25)

The Cartan subalgebra of the chiral U®4) x U#4)
is the Cartan subalgebra of the  U(2)onchiral
X Unonchiral X U2)chirat X U(2)chirar: §0T0s07 ;-O.EOSZ’
CO‘EZSO, é'O'L’ZSZ, é-y.L_OSO’ é’y‘L'OSZ, Z'V‘L'ZSO, Cy‘L'ZSZ.
The U(4) implied by C»,P [Eq. (A24)] is a subgroup of this
U4) x U(4), but not one of the U(4) factors [109].

In Ref. [108], we found that there exists a further more
convenient gauge choice for the wave functions in the chiral
limit wy = 0, called the Chern basis (an extension to many
bands of the Chern basis in Ref. [72] to many bands), in which
we choose the single-particle representations of U(4) x U(4)
generators as

s = 3"+ ¢’
s = 38" = ¢’

which correspond to the first U(4) and second U(4), respec-
tively. Adding the kinetic term in the chiral limit breaks the
U(4) x U(4) symmetry of the projected interaction, to a U(4)
subset §Or“sb, (a,b=0,x,y,2).

We note that the nonchiral-flat U(4) symmetry and the
first chiral-flat U(4) x U(4) symmetry are first identified by
Ref. [72]. A similar U(4) symmetry is proposed in Ref. [71],
the difference and similarity between which and the symme-
tries reviewed here is studied in [109].

(a,b=0,x,y,2), (A206)

f. U(4) irrep of electrons in the nonchiral-flat case
and the Chern basis in the U(4) x U(4) chiral limit

In Ref. [109], we showed that the eight single-particle
basis of the nonchiral-flat U(4) symmetry generators given
in Eq. (A24) can be decomposed into two four-dimensional
fundamental irreps of the U(4) group, which have ¢, eigenval-
ues ey = =1, respectively, for each momentum k [Eq. (A18)].
The U(4) generators in the Chern band basis are s%(ey) =
ey s, eyrVs?, 1059, Tis9, respectively. We also showed
[109] that the ey = +1 irrep and the ey = —1 irrep are the
same—and not conjugate—irrep: the four-dimensional fun-
damental U(4) irrep represented by a one-box Young tableau
labeled by [1]4. We presented a detailed review of the U(4)
representations related to TBG in Ref. [109], but for the
purpose of the current paper, the notation adopted for ir-
reps is the standard Young tableau, conveniently denoted by
[A1, Ao, -+ -]y, where A; is the number of boxes in row i
(A; = Ai11). The number of boxes in the i-th row is no smaller
than that in the (i 4 1)th row. The Hook rule then provides the
dimensions of each of these irreps. In particular, [1V]y is an
SU(N) singlet state.

In the first chiral limit wo = 0,4 , ,  defined in Eq. (A18)
gives the single-particle basis i 1rrep U(4) x U(4) of Eq. (A26).
We proved in Ref. [109] that dk PR generates the ([1]4, [0]4)
irrep of U(4) x U(4), while d‘ k.—1.,.s SENETAtes the ([0l4, [114)
irrep of U(4) x U(4) with generators 5% = 1(1 + ey)7%s?,
respectively. A similar discussion is prov1ded for the second
chiral limit w; = 0 in Ref. [109].

In the chiral-nonflat case, the generators U(4) symmetry is
given by generators ¢°7%s” and either the original band basis
clt s for a fixed band index m(= =£) or the Chern basis

d’ with a fixed ey (= £1) form a fundamental of U(4).

k,ey,n,s

3. Exact ground states in different limits: review of notation

In Ref. [110], we have examined in detail the exact ground
states in the nonchiral-flat U(4) symmetric limit and in the
chiral-flat U(4) x U(4) symmetric limit. For completeness we
briefly review the results. In Ref. [71], Kang and Vafek first
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introduced a type of Hamiltonians which have, under some
conditions, exact ground states. We have found [110] that any
translationally invariant interaction Hamiltonian projected to
some active bands can be written in a form of Ref. [71],
and that, under some conditions, exact eigenstates and ground
states can be found. The key idea of Kang and Vafek for
obtaining exact ground states is to rewrite the interacting
Hamiltonian into a non-negative form. A state with eigenvalue
zero is then ensured to be the ground state.

In Ref. [109], we proved that the projected Coulomb
Hamiltonian can be written as

1 1
H = 0q.60_q -G == / d’ro(r)?,
! ZQlot XG: Xq: 4 d 2 reQ
O(r) = Z > 04 OT, (A27)
tot G q |
1

H; =

20 &

where Ny is the number of moiré unit cells and Ag is some
arbitrarily chosen G dependent coefficient satisfying Ag =
A* ;. Note that the first term in Eq. (A29) is nonnegative.

In Ref. [110], we found an important condition which can
show that eigenstates of H; are in fact ground states of Hj.
If the ¢ = 0 component of the matrix element in Eq. (A8)
M,(n'{zl(k, G) is not dependent on k for all G’s, i.e.,

flat metric condition: Mn(zzl(k, G)

=&(G)omn  (A30)

then much more information about Eq. (A27) can be
obtained. This condition is always true for G =0, for
which M{") (k, 0) = 8, from wave-function normalization.
In Ref. [107], we have showed that, around the first magic
angle, M,(n’{fl(k, G) ~ 0 for, |G| > \/gkg for i =1, 2. Hence,
the condition Eq. (A30) is valid for all G with the exception
of G for which |G| = v/3ky. Hence, the condition is largely
valid, and the numerical analysis [111] confirms its validity
for a large part of the MBZ. In the below, we will always
specify when the condition Eq. (A30) is used. If the Eq. (A30)
is satisfied, one has Oy g proportional to the total electron
number N and the second term in Eq. (A29) is simply a
chemical potential term

NMSZ ZA G\/@ZMS’R,H(k’ G)
=2 AV (GEG)/ Q.
G

(A31)

where Qy = Qo1/Ny is the area of moiré unit cell. For a fixed
total number of electrons, N =3 - ck s Clom s =
(v + 4)Ny, is a constant, where v is the ﬁllmg fraction (num-
ber of doped electrons per moiré unit cell) relative to the
charge neutrality point, thus the ground state at finite filling
is solely determined by the first term which is non-negative.

> [Z(Oq,c — AGNi8q.0)(0—q G — A_GNiud_q0) + 2A_6NuOo.c — AGAGN@},
q

which is non-negative, with

Ogc= Y, VVG+M),(k q+G)

k,m,n,n,s

1
T
x (pg,q,m,n,s - zaq,08m,n>v 0 .G = O,q -G,

(A28)

where p{(’.q,m.n,s = qu o, sCkon, s is the density operator in
band basis. Note that O(r) and O(r’) generically do not
commute and hence the Hamiltonian is not solvable. The
interaction can in general be rewritten as

(A29)

(
a. Exact ground states in the first chiral-flat U(4) x U(4) limit

To build the excitations around a ground state, we review
the ground states found in Ref. [110] of the projected Hamil-
tonian (A27). We proved that in the Chern basis of Eq. (A20)
and Eq. (A18), diagonal in the valley index 7, spin index s and
Chern band index ey, the projected Hamiltonian (A27) has as
eigenstates at integer filling v the filled band wave functions
[without assuming condition Eq. (A30)]:

Vo

lwre-) = 1‘[ (]‘[ A | dlj,_%%) 0), (A32)

Ji1=1 Ja=1

H|wpe-) = mt Zo_q 06| W)
V(G k, G ) Wy
2szmt Z ( )(Zao( ) Jwe),
(A33)
where v, — v_ = y¢ is the total Chern number of the state,
and vy +v_ =v 44 is the total number of electrons per

moiré unit cell in the projected bands, with 0 < vy < 4, k
running over the entire MBZ. The occupied spin/valley in-
dices {n;,, s;} and {n;,, s;,} can be arbitrarily chosen. These
eigenstates of Eq. (A27) are moreover eigenstates of the Oq g
operator in Eq. (A28) [110]:

Oq 6] W1 = qoAcu W)
VV(G)
N > vag(k, G).

Ag = (A34)

In Ref. [110], we found that the U(4) x U(4) irrep of this
multiplet is labeled by ([N, ls, [N,; 14). For a fixed filling
factor v, from Eq. (A33), we found [110] that the states with
different Chern number v¢ are all degenerate.

At charge neutrality v = 0, the U(4) x U(4) multiplet of
eigenstate state |, """ ) with Chern number ve = vy —v_ =
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0, £2, +4 has exactly zero energy and hence are exact degen-
erate ground states. At nonzero fillings v, we cannot guarantee
that the v # 0 eigenstates are ground states [without condition
Eq. (A30)].

Assuming the flat metric condition Eq. (A30), we showed
[110] that we can rewrite the interaction into the form
of Eq. (A29), with the coefficient Ag = v/V(G)&(G) in
Eq. (A34). By Eq. (A34), we showed that (Og,¢ — AcNudq,0)
annihilates |¥,*"") for any ve = v, — v_ and thus all the
eigenstates |, """} with any Chern number v¢ = v, — v_
are degenerate ground states at filling v [110].

b. Exact ground states in the nonchiral-flat U(4) limit

Without chiral symmetry, with U(4) symmetry Eq. (A24),
Oq,G 1s no longer diagonal in any band basis (such as the
Chern basis). Nevertheless, Og,¢ is still diagonal in  and s
and hence filling both m = =+ bands, of any valley/spin is still
an exact, Chern number 0 eigenstates [110]:

(v+4)/2
W,) = H( I1 ck,+,n,,s,.ck,-,n,,s,»)'0>
j=1

k

(v+4)/2

1_[ dl:+l,r]j,5jdli,l,nj,5j>|0>’ (A35)

Jj=1 |

-11(

[Oq,G ’ cl;’n,n,s] =

k',m,n' 1y s

> WVG+am

M 1 n i
m,n’ (k »q + G)[pk’,q,m,n’,s” Ck,n,r},s]

for even fillings v =0,+2,+4, where {n;,s;} are
distinct valley-spin flavors which are fully occupied.
With M{") (k,q+ G) in Eq. (All), we have the same
eigenvalue expression as in Eq. (A34), Oqgl|¥,) =
v/ V(G)dq.0 Zk,m,r/,sa()(k’ G)|V,). Along with any U(4)
rotation, it is an eigenstate of H;, without using condition
Eq. (A30). Moreover, for v = 0, the state (A35) is always
a ground state with or without condition Eq. (A30) [110].
Furthermore if the condition Eq. (A30) is satisfied, by
choosing Ag = v/V(G)&(G) we have showed in Ref. [110]
that the states in Eq. (A35) are Chern number zero exact
ground states. The multiplet of states forms a U(4) irrep
[2Ny) /24 [110].

APPENDIX B: CHARGE COMMUTATION RELATIONS

In order to compute the charge 0, =1, +2 excitations, a se-
ries of commutators are needed. We provide their expressions
here.

1. The nonchiral case

In the nonchiral case of Eq. (A11), we have

= > VG +OM K. q+ Gy gy Chmtirss oy )

K. m,n' s’

= Z VV(G +@MD, (K, q+ G g s

and

[Oq,G s Ck,n,n,x] =

k' ,m,n',n',s'

k', m,n',n',s'

(B1)

S WG T M, K. q+ G gty Chins]
— > VG H M) K, q+ G gy Conns) Oy
= VG + M)k — q. q + G)ck_qum.s
=Y VG + DMK, —q — G)ckgqmy.s:

(B2)

where we have used the property [109] M{"*(k, —q — G) = M\") (k — q, q + G). From these basic equations, we further find

[O—q,—GOq,Ga Clt,n.n,x] = O—q,—G[Oq,Ga ClT(,n,r;,s] + [O—q.—Gv Clt,n,n,s]oqu

=0.46Y VVG+OMDK q+G)cf, s+ D VVG+OMD K —q—G)f_,,.,,0uc

=Y VG+oM,” (k+q,—q—GM, Kk q+G)f .,

m',m

+ Y VG + Mk q+G)ef g, O-a-c

+ Y VG + MKk —q—G)e}_ ., Ouc

(B3)
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and

[O—q,—GOq,Gv Ck,n,n,s]

= qu,fG[Oq,Ga Ck,n,n,s] + [qu,fG» Ck,n,n,s]Oq,G

= _O—q,—G Z \% V(G + q)Mr(nnzl*(kv —q + _G)ck+q,m,n,s - Z VvV V(G + ‘I)M,(nnzl(k, q + G)Ck+q,m,n,s0q,G

=Y VG + M, (k- q.q+GM) (K, —q — G)cwm s

m',m

=Y VG + MK, —q = GlexgqmnsO-gq-c — Y VV(G+ @MDY (K, q+ G)ckiqmnsOgc. (B4

m

Using M, (k+q,—q— G) = M, (k, q + G) and M\""" (k — q, +q + G) = M. (k, —q — G), we have

[O—q,—GOq,Ga clt,n,r],s] = ZP}’E’ZZ‘I)(k’ q + G)Clt,m,r;,s + Z \% V(G + q)Mn(ZZL(k’ q + G)clt-k—q,m,n,xO_q_G

+ Z Vv V(G + q)Ml(nﬂ,L(k’ ! G)Cl—q,m,n.soq’(}’

m

[0-4.-604.G: Cknnsl = D P (K, @+ Gekmns — Y V/V(G+ QMDY (K, —q — G)ex_gqmy.sO—q-G

— > V(G + QM (K, +q + G)errqmnsOq.G- (BS)

where we define the new matrix element P = VMTM, the convolution of the Coulomb potential and the form factor matrices

PI(k,q+G) =Y V(G+ Mk q+GCM (k q+G)=V(G+q)M"MP),,(k q+G). (B6)

m',m m',n

These are the commutators needed to obtain the wave functions and energies of the excitations in the nonchiral limit.

2. The first chiral limit

In the first chiral limit, we can use the Chern band basis Eq. (A20), where the Og4 ¢ is diagonal in the Chern basis. Its form
factors do not depend on the valley n and spin s:

1
Ogc=)_> VV(G+aM,(k q+G)) (qu’eY,n’sdk’ey,,,,s - an,(,). (B7)
k ey==% .8

In this limit, the commutators between Og g and the Chern number ey = %1 band creation operators become simpler

[04.6:dy o, ;.1 =VV(G+ QM. (&, q+ G} . (B8)
and
[Oq.Gv dk,ey,n,s] = v V(G + Q) :y (k, —-q— G)dk—q,ey,n.s (BQ)

leading to the commutators
[0-4-6046.d ,, , 1= Py K, A+ GV, + V(G + DM,k a+ Gy, , O0-q-6c
+M,, (k, —q - G)dy_ . Oqc),
[0-4-604.6: di.ey.ns] = Piy (K. 4+ G ey..s = v/VI(G + )M, (K, —q ~ G)dc—q.er.1,50-4,-6
+M;, (k, q + G)diiq,ey,7,504,6) (B10)
where P = VMM, the convolution of the Coulomb potential and the form factor matrices, takes the chiral limit form
P, (k,.q+G) =V (G + q)|M,, (k,q + G)]> = V(G + q)(oj(k,q + G) + o5 (k, ¢ + G) = P(k, ¢ + G)), (B11)

where ay(k, q + G), ax(k, q + G) are the decomposition of the form factors in Eq. (A20). Notice in the Chern basis,
P,,(k, q + G) does not depend on ey, so we just denote it as P(k, q + G). These are the commutators needed to obtain the
wave functions and energies of the excitations in the first chiral limit.
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APPENDIX C: CHARGE =1 EXCITATIONS OF THE EXACT GROUND STATES

Remarkably, the existence of exact ground states and/or eigenstates Eqs. (A32) and (A35) allows for the presence of more
eigenstates. In fact, a part of the low energy spectrum can be computed with polynomial efficiency. In this Appendix, we give
the exact charge %1 excitations on top of the exact (ground) states given in Ref. [110] and reviewed in Appendix A 3.

1. Exact charge +1 excitations in the nonchiral-flat U(4) limit

To look for the charge one excitations (adding an electron into the system), we sum the commutators in Egs. (B3) and (B10)
over ¢, G and use the shifted Hamiltonian in Eq. (A29). For a generic exact eigenstate |\W) at chemical potential u satisfying

(Oq,6 — AGNuM8q,0)|¥) = 0 for some coefficient Ag, we find

[H; — uN. i, JI¥) =

where N is the electron number operator, and the matrix

RY, (K)c) W),
ZQtotZ mn( )Ck.m,n,s| )

(ChH

m

RI(K) =" [(Z V(G + @M, (k, q+ G)M,!, (k, q + G)) + 2NA_cv/V(GIM) (k. G)} — 148

G q,m’

Zth

We hence see that, if |¥) is one of the |W, ") [Eq. (A32)]
or |V, ) (Eq. (A35)) eigenstates of H;, then cli - J¥) is also
an eigenstate of H; with eigenvalues obtained by diagonal-
izing the 2 x 2 matrix R} (k). In the case of TBG, this is a
2 x 2 matrix, hence the diagonalization can be done by hand,
pr0V1d1ng a band of excitations. We note that, the expression
ck ny.sl¥) = 0 may vanish and give no charge excitation, for
1nstance if valley n and spin s is fully occupled We now delve
more into the energies and eigenstates ck mns|¥)

Due to the symmetry C,, P [Eq. (AlO)] the M matrix
[Eq. (A1D)] satisfies M) (k, q+ G)=mnM",) (k, q+
G). Correspondingly, the R matrix satisfies

R} (k) =mnR_ 1 (k).

—nm,—n

(€3)

Since R (k) and R~ (k) are related by a unitary transforma-
tion, they must have the same spectrum.

a. Band of charge 1 excitation in the nonchiral-flat U(4) limit

In the nonchiral limit, the eigenstates |W¥,) we found in
Ref. [110] (and re-written in Eq. (A35)) have only fully occu-
pied or fully empty valley n and spin s flavors. For TBG, this
means that both active bands m = =+ are either full or empty
for each valley n and spin s. In this case we can only obtain
exact charge +1 excitation at even ﬁlhngs ie.,v =0,+2. We
can consider two charge +1 states ck o J¥) (n==) at a
fixed k in a fully empty valley n and spm 5. These two states
then form a closed subspace with a 2 x 2 subspace Hamil-
tonian R"(k) defined by Eq. (C2). Diagonalizing the matrix
R"(k) then gives the excitation eigenstates and excitation en-
ergies. It is worth noting that, due to Eq. (C3), the spectrum of
R"(k) does not depend on 1. Since the U(4) irrep of the ground
state is |W,)) is [(2Ny)"+9/2]4, the U(4) irrep of the charge 1
excited state is given by [(2Ny)¥+¥/2, 1],. Furthermore, at
v = 0, the state |V,_o) in Eq. (A3)5) is the ground state of
the interaction Hamiltonian H; and hence ck o s Wu=o) is the
charge excitation above the ground state. Note that this does

Z [(Z P™(k, q + G)) +2NuA-6v/V (GIM) (K, G)} = W

(623

t

not assume the “flat metric condition” (A30) and is hence fully
generic.

If we further assume the flat band condition Eq. (A30), the
eigenstates |\V,) become exact ground states, and the chem-
ical potential is given by Eq. (A31). In this case, the 2 x 2
excitation sub-Hamiltonian R7(k) takes a simpler form:

Rl (k) =Y PW(k q+G)

= Y VG +@MP: (k. q+GM) (k.q+G),
G,q,m’'

(o2))

which can be diagonalized to give the band excitation
eigenstates and energies above the ground state at each mo-
mentum k.

b. Spectrum properties of a generic charge 1 excitation
in the nonchiral-flat U(4) limit

The spectrum at every k is obtained from
diagonalizing the matrix R"(k) = ZG’q V(G +
QM (k, q + G)M P (k, q + G), which depends (up to
a convolution with the Coulomb potential), only on the
projected band wave functions. This is clearly a sum (over
q, G) of positive semidefinite matrices [remember that
V(G +q) > 0]. Hence R"(k) is a positive semidefinite
matrix, whose eigenvalues are non-negative (expected, since
we proved that these are excitations above the ground state).
We now find conditions that these excitations are gapped,
i.e.that the matrix R"7(K) is positive definite at each k. We
now show this by re-writing the R"(Kk) as

R (k) = M R)VM™P (K)) (C5)

where now M®(k) is a matrix of (2Ny - Ng) x 2 ma-
trix (with 2 because we are projecting into the two active
TBG bands), where Ny is number of moiré unit cells,

205415-17



B. ANDREI BERNEVIG et al.

PHYSICAL REVIEW B 103, 205415 (2021)

Ng is the number of plane waves (MBZs) taken into
consideration. In Ref. [107], we have showed that the
number of plane waves needed is very small: the matrix
elements fall off exponentially with |G| and any contribu-
tion above |G| = +/3ky is negligible. The matrix elements

read Mo (k) =M (k,q+G). V is a 2Ny - Ng x

R}, (K) =

mn

> VoMY, (k 0MD (K, 0) +

M(’])'
{q, GZ() 0} p, [721 2 (paGl.

2Ny - Ng diagonal matrix with elements Vi,qG),iwqc) =
Smmbq,q96,6'V (g + G). Since V(q + G) > 0 and diagonal,
we can re-write R"(K) = (v'VM"(k))" v/VM"(k), and its rank
is equal to Rank(+/VM"(k)) < 2. We show the rank has to be
2 (or in general the number of occupied bands), by the simple
argument

nEVingG)1ra6) M w q 'G'}, n(k)

=V + Y. Y M

{q,G}#{0,0} p.p'=1,2

wOVipaG a1 My (- (C6)

The second term is still a positive semidefinite matrix, while the first term is diagonal and has eigenvalues V (0)/2%2,,. Hence by
Weyl’s theorem, the energies of the excited states are > V (0)/2%2. In general, our discussion shows that the states Clt,n,n,s|w>
are not degenerate to the ground state |W) (note that we did not prove these are the unique ground states). However, we cannot
exclude a gapless excitation.

¢. Spectrum relation to the quantum distance and generic argument for the existence of a charge gap

In general, however, it seems that this method gives rise to finite gap charge 1 excitations. The largest gap happens in the
atomic limit or a material, where (uﬁrqmﬁ) = 8,un, for which R,,,, = 5, Zq,G V(q+ G) = 6,0tV (r = 0). Since we know
that TBG is far away from an atomic limit—the bands being topological, we expect a reduction in this gap. However, we argue
that this type of charge excitation is always gapped. We perform a different decomposition of the matrix R, :

R,’Zm(k> Z Z M(,'Zéb (k)V{pqO pq/O}MpqO}n(k)"‘ Z Z M(Zél}m(kW{qu},{p/q’G} qu/ k). (C7)
q pp=12 {q.G}#{0,0} p,p'=1,2

Since the second term is still a semi positive definite matrix by construction, the eigenvalues of R7(k) will be greater or larger
than the eigenvalues of the first term. In fact, due to Ref. [107], we know that the eigenvalues of the second term are negligible
for |G| > 2|by|. Hence, using the math notation of A > B for A — B positive semidefinite, we have

>3 2 M,
q pp=12

=) V@M k, @M, (k, q) =

R?,m(k) (k)quO pqO}M pq/() (k)

D V@ — 6"k, q)). (C8)
q

We call 8™ (k, q) the generalized “quantum geometric tensor,” whose trace is the generalized Fubini-Study metric. The property
of the generalized quantum geometric tensor/Fubini study metric is that they become the conventional quantum geometric
tensor/Fubini study metric for small transfer momentum q. The tensor quantifies the distance between two eigenstates in
momentum space. The conventional quantum geometric tensor is defined as

N Noccupied
GHEISESY akiu:;,,,,(k)(aa,b— > ua,z(k)uz,l<k))akjub,n<k>, (C9)

a,b=1 i
in which m, n are energy band indices and i, j are spatial direction indices of noccupied Orthonormal vectors u,(K) in a N
dimensional Hilbert space, where k is some parameter. We can show that

M (K, q) = 8y —

o &k, q) = M, (K, q) = 8 — q:2;8)" (k) + O(q). (C10)

Generically, we expect [77] that the overlap between two functions at k and k + q to fall off as q increases, leaving a finite term
in R? (Kk), the electron gap, at every k.

mn

2. Exact charge +1 excitations in the (first) chiral-flat U(4) x U(4) limit

For an eigenstate | ¥, ") defined by Eq. (A32) in the (first) chiral-flat U(4) x U(4) limit, one has the coefficients M(k, q +
G) = 7%k, q + G) + ity (K, q + G). Without condition Eq. (A30), the eigenstate |W,*""~) (which is not necessarily
the ground state) satisfies Eq. (A34), which is equivalent to choosing NyAg = v+/V(G) X_, @o(k, G) for Eq. (C2). Using the
relation (A12), we can simplify the matrix R (k) defined in Eq. (C2) as

R"(k) = Ro(k)¢°, (C11)
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where

Ro(k) =" [(Z V(G + @)ook, q + G)* + aa(k, q + G)z]) + 2NyA_cv/V (G)ao (K, G):| — . (C12)

G q

Therefore R"(k) is proportional to the identity matrix. Since the state |¥,**"") is written in the Chern band basis defined in

Eq. (A18), it is more convenient to work in the Chern band basis. We then find the charge excitation eigenstates with the
corresponding excitation energy R/ (k) given by

dy o 0|90 [H = N df, L T19) = s——Ro(K)dy,, W), (C13)

ey.n,s

29[0{
Vv

provided the Chern band ey (==1) at valley n and spin s is fully empty. With condition Eq. (A30) assumed, the states |\W,"" ")
become ground states. At the same time, with the chemical potential is given by Eq. (A31), we can simplify the excitation energy
Ry(K) into

Ro(k) = Y V(G + @)lag(k,  + G’ + ax(k, g + G’ = ) _P(k,q+G) (C14)

G,q G.,q
independent on 1, and with P(k, q + G) defined in Eq. (B11). Since the U(4) x U(4) irrep of the ground state is ([NA”[]4, [NA‘}’ 14),
the U4) x U(4) irrep of the charge 1 excited states with ey =1 and ey = —1 are given by ([N,/, 14, [NIVV[]4) and
([Nyf 14, [Ny, 114), respectively.
3. Charge —1 excitations

The charge —1 excitations are obtained in a similar manner as the charge +1 excitations. Charge —1 excitations can be
obtained by considering states cx | W) (n = %) at a fixed k in a fully filled valley n and spin s. By the Hermitian conjugate of
Eq. (B3), we find similar to the charge 1 excitation,

1 ~
[H — uN, ckpys]|¥) = ZRZm(k)Ck,m,n,xl‘l'), (C15)
2Qu0 =
where N is the electron number operator, and the matrix
R =>" [(Z V(G +M): (k, g+ GMY (k, q+ G)) — 2NyA_gv/V(GIM (K, G)i| + USn
G q,m
= [(Z P (k. q + G)) — 2NyA_Gy/V(GIM (K, G)] + - (C16)
G q

Note that ﬁgm (k) differs from Eq. (C2) by a sign in the last two terms as well as by the complex conjugation of the first term.
Diagonalizing R} (K) gives the charge —1 (hole) excitations. The chemical potential is the one given in Eq. (A31). In the (first)
chiral limit, R,,n"7 becomes a two-by-two identity at each k and independent with 5, i.e.,R? = Ry(K)J,,,. The Ry(k) function is

given by

Rok) =" [(Z V(G + @)ook, q + G)* + aa(k, q + G)2]> — 2NyA_gv/V (G)ao(k, G):| + i

G q

If condition Eq. (A30) is satisfied, and p is given in
Eq. (A31), the charge —1 excitations have identical dispersion
as that of the charge +1 excitations [Eq. (C2)]. If condition
Eq. (A30) is not satisfied and v # 0, the charge +1 and —1
excitations will have different dispersions. The dispersions
will also depend on filling v, since Ag defined in Eq. (A34)
depends on v.

Since U(4) irrep of the ground state |W,) is [(2Ny )V F4/2],,
in the nonchiral limit, the U(4) irrep of the charge —1 ex-
cited state is given by [(2Ny)"*?/2 2Ny, — 1]4. Since the
U4)x U(4) irrep of the ground state is ([N, 14, [N, 1),
the U(4) x U(4) irrep of the charge -1 excited states with
ey = 1 and ey = —1 are given by ([NAV[_I,NM — 114, [Ny; 1)
and ([N, la, [N;f_l ,Nyy — 1]4), respectively. The com-

mn

(C17)

(

puted charge gaps for the TBG Hamiltonian are of
order 10 meV.

4. Charge %1 excitation spectra for different parameters

Before we present the numerical results, let us first explain
how we choose the chemical potential in the cases without
assuming flat-metric condition. First, the sum of the lowest
charge +1 (A4) and charge —1 (A_) gaps do not depend
on the chemical potential since upon adding a —§uN term
the two gaps change by —§u and §u, respectively. Then we
choose the chemical potential such that A = A_. In a band
structure picture, Ay is the lowest conduction band energy
and —A_ is the highest valence band energy. The condition
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FIG. 5. Exact charge +1 (blue) and —1 (red) excitations at & = 1.05°. The flat metric condition is not imposed. In this plot we have used
the parameters defined in Appendix A: vy = 5.944 eV A, |K| =1.703 A~', w; = 110 meV, U: =26 meV, and £ = 10 nm. Note that the

excitation gap is largely reduced from the flat-condition limit.

A4 = A_ simply means that the chemical potential locates at
the middle of conduction and valence bands.

In Figs. 5 and 6, the charge +1 excitations are plotted
at different fillings and wy/w;’s for two different screening
lengths of the Coulomb interaction [Eq. (A7)],i.e.,§ = 10 and
20 nm, respectively. The corresponding interaction strengths
are Ujgnm = 26 meV and Uygy,m = 13 meV. We have used
w; = 110 meV in all the calculations and wy/w; = 0, 0.4,
0.8 forv =0, —2 and wy/w; =0 forv = —1, —3.

For v =0 and & = 10, 20 nm, the charge +1 gaps are at
the I'yy, momentum and are always larger than 10 meV for
different wo/w;’s. For v = —2 and & = 20 nm, the charge
+1 gaps are always larger than 5 meV for different wy/w;’s.

For v = -2 and & = 10 nm, the charge 1 gaps are fi-
nite for wo/w; = 0, 0.4 but become negative at wy/w; = 0.8
[Fig. 5(c)]. We find that the gaps close around wy/w; &~ 0.75,
implying that, with & = 10 nm and the other parameters we
have used, the ground states in Eq. (8) become unstable for
wo/w; & 0.75.

The instability shown in Fig. 5(c) will lead to a metallic
phase at v = —2 in the nonchiral-flat limit with strong chi-
ral symmetry breaking (wg/w; = 0.8). In the band structure
picture, we can understand the charge +1 excitation as the
conduction band and the charge —1 excitation as the reverted
valence band. The negativities of both imply that the energy
of conduction band overlaps with the energy of valence band.

=0 b) v=-1
@ V40 wy/w;=0 wy/w,=0.4 wy/w;=0.8 by v wy/w,; =0
— ~ 50
> 30 S >
o —" o
£ \/ x/ g ]
EB 20 &>ﬁ 95
s 2
5 10 m
0 0
() v=-2 _ _ _ (d)v=-3 _
wo/w=0 wo/w=0.4 wo/w;=0.8 wo/w=0
75 o/ W) o/ W) o/ Wi 50 /W)
— —"
S S
jEi 50 - g
| = 2
5 s ®
g 25 2
M —— 3 —
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Kwu I My Ky Ky Y My Ky Ky v My Ky Kwu I'n My Ky

FIG. 6. Exact charge +1 (blue) and —1 (red) excitations at & = 1.05°. The flat metric condition is not imposed. In this plot we set the
screening length as £ = 20nm and accordingly the interaction strength as Uz = 13meV. The other parameters are same as in Appendix A:

vp = 5.944 eV A, |K| =1.703 A~!, and w; = 110 meV.
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Since we have chosen to fully occupy the valence bands, the
ground state energy is not minimized in this case: One can
move one particle from the top of valence band to bottom of
conduction band to lower the energy. The ground state energy
will be minimized by redistributing electrons to occupy the
bands below the chemical potential. Due to the overlap be-
tween conduction and valence bands, the redistributed band
structure will have electron and hole pockets and hence is a
metallic state. In the resulted metallic phase at v = —2, there
are two fully empty valley-spin sectors and two partially filled
valley-spin sectors. The partially filled sectors contribute to
the electron and hole pockets. This state is still invariant under
a U(2) subgroup within the fully empty valley-spin sectors.
Since U(4) and U(2) have 16 and 4 parameters, there will be

% = 6 Goldstone modes.

APPENDIX D: CHARGE NEUTRAL EXCITATIONS AND
THE GOLDSTONE STIFFNESS

While the charge +1 excitations can be obtained by diag-
onalizing a 2 x 2 matrix, we can obtain the charge neutral,
two-body excitations above the ground state. These can be

J

obtained by diagonalizing a 2N); x 2Ny, matrix, or a one-body
problem, despite the state having a thermodynamic number of
particles. Due to the fact that we know the exact eigenstates
(or ground states) of the system, building excitations of the
Hamiltonian on top of these eigenstates (or ground states)
becomes a problem of diagonalizing a basis formed only
from the excitations. We now obtain the charge neutral excita-
tions, show that they exhibit Goldstone modes with quadratic
dispersion—as required by U(4) [or U(4) x U(4)] ferromag-
netism, and obtain the stiffness of the Goldstone dispersion in
the first chiral limit.

1. Exact charge neutral excitations in
the nonchiral-flat U(4) limit

‘We choose a basis for the neutral excitations

]
Ckzqmz,rlz,szckl’mls’h 281 |lIJ>’

D)

where |W) is any of the exact ground states and/or eigenstates
in Egs. (A32) and (A35). The scattering matrix of this basis
can be solved as easily as a one-body problem, despite the
fact that Egs. (A32) and (A35) hold a thermodynamic number
of particles. We first have to compute the commutators:

[0_‘1~_GO‘1»G’ Cltz,mz,nz,szcklvml"71*51] = [O_Q-_Goqu’ clT(z,mz,nz,xz]cklqmlvrllwsl + Cltz,mz,nz,sz [O—q,—GOq.G, Ckl,ml,m,sl]v (D2)
which, in detail reads
[qu’*GO(l’G’ C]tz,mz,nz,sz Cky,m, ,771151]
il T
= Zplgznrrzlg)(kz’ q + G)Ckz,m,nz,sgcklvml~’71~51 + Z Pn(;?i;:(kl » —q — G)Ckg,mz,nz,s2ck1,m,mm
m m
VG + )Y (M), (ke @+ Gy g mnsiss v O—q—6 + (@, G < —q. —G))
m
VG +Q D (MK, —q = G)ef .\ Ck—qmn s O-q-G + (€. G < —q. —G))
m
—V(G+q) Y (M%) (ky. q+ GCIMI " (ki q+ G)ef g s, Crramt s + (@G < —q. —=G))  (D3)
m,m’
By rewriting k, = k + p and k; = Kk, we can write the scattering equation as
1
T _ (m2.71) . i
[Hr = i €l s sy ]9 = 5 o DS TS (K QKDL s Chtat s 1Y) (D4)

mm q

The |W) are the states |W,) in Eq. (A35), and hence 7;, s; belong to the valley-spin flavor/s which are fully occupied, while
12, 52 belong to the valley/spin flavor which are not occupied.

For a generic exact eigenstate | W) at chemical potential p satisfying (Oq,¢ — AgNudq,0)|¥) = 0 for some coefficient Ag, we
find that the scattering matrix reads

(k +q, k; P) = 8q,0 (Sm,mzﬁ;r,];/,nl (k) + (Sm/,mlR:,]fmz (k + P))

—2) V(G + QM) (k+p.q+GMI" (k. q+G),
G

S(leﬂll)

m,m’;my,m;

m',m

where R) (k), ﬁ;’nn (k) are the £-1-excitation matrices in Eqgs. (C2) and (C16). We see that the neutral energy is a sum of the two
single-particle energies [first row of Eq. (D5)] plus an interaction energy [second row of Eq. (D5)].

The exact expression of the PH excitation spectrum allows for the determination of the Goldstone stiffness. The Goldstone of
the U(4) and U(4) x U(4) ferromagnetic ground states is part of the spectrum of the neutral excitation Eq. (D4), and is the state
at small momentum p = k; — k,. We will solve this in the simpler, chiral limit, but it can be obtained in the general, nonchiral
limit Eq. (D4).
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2. Exact charge neutral excitations in the (first) chiral-flat U(4) x U(4) limit

We now consider the charge neutral excited states reachable by creating one electron-hole pair with total momentum p on
the chiral-flat limit eigenstate |¥,*"""). Assume the valley-spin flavor {5, s;} has Chern band basis ey fully occupied and the
valley-spin flavor {n,, s} Chern band basis ey, fully empty. We consider the Hilbert space of the following sets of states of
momentum quantum number p

ve,vo\ gt Vi,V
|k + P, kv €y1, €y2, N2, 1M1, 52,51, \I’v+ > - dk+pyey2,n2’52dk,6y1,7]],51 |"IJ|;Jr >7 (DS)

The Og4, g operators in the chiral limit have the simple, diagonal expression of Eq. (B7), which leads to the scattering equation.

1
2Qu01

[H — uN.d ey |19) = D Sepsen K+ QK P a o ictgern s W) (D6)
q

The |W) are the states |¥,*"") in Eq. (A32), and hence ey;, n;, and s; belong to the valley-spin flavor/s which are fully
occupied, while ey,, 12, and s, belong to the valley/spin flavor which are not occupied. The scattering matrix in the chiral limit
does not depend on 1y, 1;:

Sevsien (K + q. K: p) = 80 (Ro(k + p) + Ro(k)) =2 V(G + @M., (k + p.q + G)M, (k.q +G), (D7)
G

where M,, (k, q + G) is given in Eq. (A20) and Rg (k) is given in Eq. (C12).

If condition Eq. (A30) is satisfied, the eigenstates | ¥, """~ are the ground states, and hence the states Eq. (D6) are the neutral
excitations on top of the ground states. Without the condition Eq. (A30), only v = 0 states are guaranteed to be the ground states,
although the others are still eigenstates. With condition Eq. (A30), we have

Sersien (K + 4,k p) = 8.0 Y V(G + q)ao(k, ¢ + G)* + aa(k, ¢ + G)* + ap(k + p, ¢ + G)* + 2(k + p, ¢ + G)’]
G,q

-2 Z V(G + @)(ao(k +p,q+ G) +ieyaaa(k +p, q + G))(ao(k, g + G) —ieyia(k, g + G)).
G

(D)

Solving Eq. (D6) provides us with the expression for the neutral excitations at momentum p on top of the TBG ground states.

3. Goldstone mode in the first chiral limit and the Goldstone stiffness

We show that the Goldstone mode of the ferromagnetic ground states are included in the neutral excitations of Eq. (D6) and
we obtain their dispersion relation, in terms of the quantum geometry factors of the TBG. We are able to analytically obtain the
Goldstone mode if the condition Eq. (A30) holds. We first show the presence of an exact zero eigenstate of Eq. (D6).

a. Exact zero energy neutral mode eigenstate

We now show that Eq. (D6) has an exact zero energy eigenstate. In order to see this, we remark that the p = 0, ey; = ey»
state Eq. (D8) has a scattering matrix

Seviey K+, k;0) = 2840 Y V(G + q)leo(k. q + G)* + aa(k, ¢’ + G)*]

G.q
—23 V(G + q)(ao(k, q+ G) +ar(k, q + G)), (D9)
G
whose elements in every row sums to zero (irrespective of 1 2, $1.2):
Z Seyier (K +q,k;0) = 0. (D10)
q

This guarantees that the rank of the scattering matrix is not maximal, and that there is at least one zero energy eigenstate, with
equal amplitude on every |k, K, ey, ey, n2, 111, 52, 51, W, 7'7)

lev, ey, mni.s2.s1) = Y di oo diceqe s V) (Hr— uN)ley. ey, na.mi.52,51) = 0. (D11)
q

A U(4) x U4) multiplet of this state is also at zero energy. Moreover, the scattering matrix S,,., (k + q, k;0) is posi-
tive semidefinite (as it should, since these eigenvalues are energies of excitations on top of the ground states). For the
matrix S,.., (k+ q, k;0), we prove that its negative, —S,,.., (k 4+ q,k;0), has only nonpositive eigenvalues, and hence
Sey:ey (K +q, k; 0) has only non-negative eigenvalues. For —S,,.., (k + q, k; 0), the diagonal elements —S,, .., (k, k;0) are
nonpositive, while the off-diagonal elements —S,, .., (k 4+ q, k; 0) (q # 0) are non-negative. Hence by the Gershgorin circle
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theorem, all eigenvalues lie in at least one of the Gershgorin disks (which, due to the fact that the matrix is Hermitian, are
intervals) centered at —S,, .., (k, k; 0) and with radius — Zq 20 Seyiey (K + ¢, k; 0). These intervals are

[—Swy (K K;0) + D Sepey (K + 4. K;0), —Sey 0, (k. K3 0) = D S, (K + q. m} = [2 > Sepier (k +q.k: 0), 0}.

q#0

q#0 q#0

(D12)

Since Zq £0 Sevey (K +q,k;0) <0, VK, all eigenvalues of —S,, .., (k 4 q, k; 0) are nonpositive, and hence all eigenvalues of

Sey ey (K + q, k; 0) are non-negative.

b. Goldstone stiffness

Since the p = O state has zero energy, for small p, there will be low-energy states in the neutral continuum. By using the
p = O states in Eq. (D11), one can compute their dispersion. First, we write the Hamiltonian matrix elements acting on the two

particle states

’ o ’ A Vi, Vo Vi,V
(k +p, K, ey, €y, 05,1, 85, 87, P ‘HI’k-l-P,k,eyl,em,772,771752,51,‘%* )

1 /
= 8"';'1"'/}'27?7/2"7/1’S/Mlieyl,L)yz,ﬂzam.Sz,Sl m(ak/»kseyz;eyl (K, K;p)) = Sey ey, (K, K P)). (D13)
0l
Hence, for small p, the energy of the Goldstone mode is given by the expectation value
EGoldstone (P) = Z (k/ +p, k/v €y, ey, N2, 1M1, 52, 51, \y‘lﬁ’h |H1|k +p, Kk, ey, ey, n1, 01, 52, 51, \IJ::*’U’)
kK’
1
= S 2 (SWY (k. ki p) = ) Sevio (K + . km))' (D14)
tol k q

As expected for the Goldstone of a ferromagnet, the linear term in p vanishes; by using «,(k, q + G) = o,(—k, —q —
G) fora=0,2of Eq. (A13), we find can prove that the linear terms vanish exactly. To second order in p, we find the Goldtone

stiffness

1
EGoldstone (P) = zmijpipj ’

1

iy = —
T 20 &

+ 23]([0[()(](, q-+ G)ak/ol()(k, q+ G) + 28k[0l2(k, q-+ G)akjaz(k, q-+ G)]

4. Charge neutral excitation spectra for different parameters

In Figs. 7 and 8, the charge neutral excitations are plotted
at different fillings and wy/w;’s for two different screening
lengths of the Coulomb interaction [Eq. (A7)],i.e.,§ = 10 and
20 nm, respectively. The corresponding interaction strengths
are Ujgpm = 26 meV and Usppm = 13 meV. We have used
wi; = 110 meV in all the calculations and wy/w; = 0, 0.4,
and 0.8 forv =0, —2 and wy/w; = 0 forv = —1, —3.

For the parameters we used, the v = 0 states with wy/w; =
0, 0.4, 0.8 and v = —1, —3 states with wy = 0 have non-
negative excitations and hence are stable. The v = —2 states
with wo/w; = 0, 0.4, and 0.8 are also stable for £ = 20 nm.
However, the v = —2 states for & = 10 nm become unstable
at wo/w; = 0.8 [Fig. 7(c)]. The instability can be understood
from the instability of the charge +1 excitations shown in
Fig. 5(c). From Fig. 5(c), we can see that the charge +1
excitation is negative at some momenta between 'y, and Kj,
and the charge —1 excitation is negative at I'j;. Combin-
ing a pair of these negative particle and hole one obtains
a negative charge neutral excitation. As discussed in the

(D15)

Z V(G + @)[ao(k. q + G)dy, 20K, q + G) + az(k, q + G)dy, (k. q + G)
k.q.G

(D16)

(

end of Appendix C4, this instability will lead to a metallic
phase.

For the stable ground states, where the spectrum is non-
negative, the charge neutral spectrum consists of a particle-
hole continuum (the blue area in Figs. 7 and 8) and a set of
gapped collective modes. In Figs. 7 and 8, we only plot the
eigenvalues of the scattering matrix. In practice, the existence
and degeneracy of an excitation mode also depend on the oc-
cupied U(4) flavors [and U(4) x U(4) flavors in the first chiral
limit] of the ground state, as discussed in Appendix III A.
In particular, the number of Goldstone modes for different
ground states are given in Tables II and I. In general, the
states |W,""") [Eq. (10)] in the (first) chiral-flat U(4) x
U(4) limit with v =0, %2 and vy =v_ = (such that
it has vanishing Chern number) has more Goldstone modes
than the state |W),) [Eq. (8)] with the same filling v. From
wo/w; = 0.4 to wy/w; = 0 for the states at v =0, —2, we
can clearly see in Figs. 7 and 8 that a collective mode is soften
and become Goldstone mode, consistent with the theoretical
analysis.
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(b) v=-1
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FIG. 7. Exact charge neutral excitations with & = 1.05°. The flat metric condition is not imposed. In this plot we have used the parameters
defined in Appendix A: vp = 5.944 eV A, |K| = 1.703 A" w, =110 meV, Uy =26 meV, and § = 10 nm.

APPENDIX E: CHARGE %2 EXCITATIONS AND
CONDITIONS ON COOPER PAIR INSTABILITY

The charge 1 excitations can be obtained by diagonaliz-
ing a 2 x 2 matrix; the charge neutral above the ground state
can be obtained by diagonalizing a 2Ny, x 2Ny matrix, or a
one-body problem, despite the state having a thermodynamic
number of particles, due to the fact that we know the exact
eigenstates (or ground states) of the system. We now show that

(a) v=0

the charge +2 excitations can also be obtained by diagonaliz-
ing a 2Ny X 2Ny matrix. The conditions for which Cooper
pairing occurs are also obtained.

1. Charge +2 excitations in the nonchiral-flat U(4) limit

We choose a basis for the neutral excitations

o \ W) (ED)

C,
Ka,ma,n2,52 Ky, mi,s1

(b) v=-1

60 wo/w,=0 wy/w;=0.4 wo/w,;=0.8 60 wy/w;=0
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FIG. 8. Exact charge neutral excitations with & = 1.05°. The flat metric condition is not imposed. In this plot, we use the screening length
&€ = 20 nm and U; = 13 meV accordingly. The other parameters are same as in Appendix A, i.e.,ur = 5.944 eV A, |K| = 1.703 A~!, and

w; = 110 meV.
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where |1) is any of the exact ground states/eigenstates Eqs. (A32) and (A35). The scattering matrix of these basis can be solved
as easily as a one-body problem. We first have to compute the commutators:

t t _ f ; t t
[O—q,—GOq,Ga Ckzqﬂlz,ﬂz,szckl,ml,ﬂ],Sl] - [O—q,—GOq,G’ Ckz»mzﬂh,sz]ck],ml,ﬂl,sl + kom0 [O—q,—GOq,G» Ckl,ml,m,sl]’ (E2)

which in detail reads

il il
[O—Q’—GO‘LG’ Cks myiz,5, Sk, ,ml,m,ﬁ]

= ZP}’E’gfLQ)(k2’ q + G)cltz,m,ﬂzaszcltl,ml,m,Sl + Z Prfqr;r;?(kl’ q + G)cl’(ZstsUZJ’lc;]sme’]lvsl
FVVG+ @) (M) (&2, @+ Gl g sy O-a-G + (€, G < —q, —G))

FVVG+@) Y (MP) ki q+G)ef ot vamns O-aG + (@, G < —q, —G))

HVGH@) Y (M2, (K g+ GOM) (Kiy =4 = Gy, g,y qus + (4G & =4, —G)).  (B3)
By rewriting k, = k + p and k; = —k, we can write the scattering equation as
1
¥ ¥ _ (m2,m1) . i i
[Hr = 1N Gt b s ) = 55— YN T K+ KD qmsnC kg | ¥ (ED)
mm q

The |W) are the states |W,) in Eq. (A35), and hence 7y, s;, 12, and s, belong to the valley/spin flavor which are not occupied.

For a generic exact eigenstate |W) at chemical potential p satisfying (Oq,¢ — AgNudq,0)|¥) = 0 for some coefficient Ag, we
find that the ") (K, k; q) matrix reads

myp,m;m|m

7 m2:m) (k+q,k;p) = dq,0 (‘Sm,mzRZ:'m, (—=K) + 8, R, (K + p))

mm’;mym mm;

+2) V(G + QM%) (k+p.q+GM,") (~k, —q—G), (ES)
G

m',m

where R),(k), R (K) are the 41 excitation matrices in Egs. (C2) and (C16). We see that the charge +2 energy is a sum of the
two single-particle energies [first row of Eq. (D5)] plus an interaction energy [second row of Eq. (D5)]. The exact expression of
the charge 42 excitation spectrum allows for the determination of the Cooper pair binding energy (if any).

2. Charge +2 excitations in the (first) chiral-flat U(4) x U(4) limit

We now consider the charge +2 excited states reachable by creating two electron pair with total momentum p on the chiral-flat

limit eigenstate | W, *""). Assume the valley-spin flavor {5 1, 51,2} has Chern band basis ey, ey, fully empty. We consider the
Hilbert space of the following sets of states of momentum quantum number p (k, = —k; + p, k; = Kk):

ve,vo\ gt T Vv
|k + p» _ka eYla eYZ’ n25 nls 527 sla \IJV+ > - korP,eyz,V/z,Szd*k,@yl,?71.,31 |\I]U+ )7 (E6)

The Og4 ¢ operators in the chiral limit have the simple, diagonal expression of Eq. (B7), which leads to the scattering equation

d’ v :
+p.ey2,m2.52 —k~€y1,7)|asl]| )= 20

¥ . T Il
[Hl B dk tot Z Tepier (kK + @, ks p)dk"'l)'*'q,eyz,nz,nd—k—q,e}q,m,sl ). (E7)
% q

The |W¥) are the states |W,""") in Eq. (A32), and hence ey, 11, 51, ey2, 2, 52 belong to the valley/spin flavor which are not
occupied. The scattering matrix in the first chiral limit does not depend on 7y, 1,

Teyrier (K + q. ki p) = 8q0(Ro(k + p) + Ro(—k)) + 2 Z V(G + @M.,k +p,q+G)M., (-k,—q - G),  (E8)
G

where M,, (k, q + G) is given in Eq. (A20) and Rg (k) is given in Eq. (C12).
If condition Eq. (A30) is satisfied, the eigenstates | W, """ ) are the ground states, and hence the states Eq. (E7) are the neutral
excitations on top of the ground states. Without Eq. (A30), only v = O states are guaranteed to be the ground states, although the
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others are still eigenstates. With condition Eq. (A30), we have

Toyrien (K + @, ki p) = 840 Y _ V(G + Qlao(k, g + G)* + ca(k, q + G)* + ao(k + p, g + G) + aa(k + p, q + G)’]
G.q

+2) V(G + Q)(o(k +p, g + G) + iey2a2(k + p, g + G)(o(k, q + G) + iey10a(k,  + G)),
G

(E9)

where we have used the o (K, q + G) = o9 2(—k, —q — G). Solving Eq. (E7) provides us with the expression for the charge
+2 excitations at momentum p on top of the TBG ground states.

3. Absence of Cooper pairing in the projected Coulomb Hamiltonian

In Sec. V B, we have derived the sufficient conditions for the existence [Eq. (37)] and absence [Eq. (38)] of Cooper pairing
binding energies. Now we prove that, in the projected Coulomb Hamiltonian with time-reversal symmetry 7' and the combined
symmetry PCy.T, where P is the unitary PH symmetry [43,108], 7, (k + q, k; p) is guaranteed to be positive semidefinite.
Thus the condition (38) for the absence of Cooper pairing binding energy is always satisfied. We write 7;15%7;71;1)2,,,;411 (k + q,k;p),
which is defined as the third term in Eq. (ES), as

m,m’;my,my mmy m'my

T (k+q.kp)=2) V(G+ QM (k+p.q+GM, (—k, —q — G). (E10)
G
We first consider the case 7, = —n; = 1. Due to the time-reversal symmetry T |u, ,(—K)) = |u,, —,(K)) in the gauge Eq. (A10)
[109], where |u, ,(K)) is the 2Ng x 1 vector uq 4., (k) in Eq. (A3), and the definition of the M matrix (Eq. (A8)), we have

MK, q+ G) = (U (K + q + Gy y(K)) = (Ttty,—(=k — q — G)| T, (—K))
= (tty,—y (Kt (—k — @ — G)) = (ty_y(—k — q — G|y _y(—k))* = M{, "(~k, —q — G).  (E11)

V4

Thus we can rewrite Tnif’%,_;;z’ml (k +q,k; p) as
T (k+q.kip) =2 V(G + @MY (k+p.q+GML: (k. q+G). (E12)

G

We consider the expectation value of TO="(k 4 q, k; p) on a complex function ¢, ,, (K):

(T@) =D Y G KT (K, Ky P)bun, m, (K1)

ki, ko mm'mym;
1Ko 21

=2 Z Vks + G — ki), () (ty(ka + P + Gty (K1 + P)) By g (1) i, (KD |1ty (k2 + G)). (E13)
ki k.G

Using Eq. (A4), we have (u,, (K)|uy, (K + q + G)) = (uy, (k + G)|upy(k + q + G + G')) and hence

2
T@ =y D D Vke+G—ki—G)

ki.k2,G .Gy mm'mym,
X ¢;knm/(k2)(umn(k2 + P + G2)|umzn(kl + P + Gl)>¢)n2,m1 (k1)<uml (kl + Gl)|um’n(k2 + G2)> (E14)

We then define the matrix

Wk, +Gy) = Z [ttmn (K1 + P + G 1)) Py my (K1) (i, (Ky + G (EL5)

mam

such that (T”)Z)(p) can be written as

2
(T30 = 5 > THW(ky + G)W (ki + G)IV (ky + Gy — ki — Gy)
ki.k2,G1,G2

2 *
= N YD Wik + Go)Wa(k + GV (ky + Gy — ki — Gy), (E16)
ab ki,ky,G|,G;
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where a and b are the indices of the matrix W (k 4+ G). For each term with given a and b in Eq. (E16), we can view the summation
over ki, k,, Gy, and G, as W;bVWa;,, where now W,,(k + G) is viewed as a vector with the index k + G. Since V(k, + G, —

k; — G)) is a positive semidefinite matrix, W(;}VWH;, must be non-negative, and hence (T”)Z)(p) > 0 for arbitrary ¢. Therefore
T(nfn)//

m,m’my,m

(k + q. k; p) is positive semidefinite at every p.

Then we prove that Tni?;;’?rit)z/,/ml (k+q,k;p) with 7, =n; =7 is also positive semidefinite. Due to the symmetry

PCy, T |up ,(K)) = nlu_, ,(—k)) in the gauge Eq. (A10) [109] and the definition of the M matrix [Eq. (A8)], we have

M(ﬂ)(k’ q-+ G) = (um,n(k +q+ G)|un,n(k)> = nm<PC21Tu—m,n(_k —q- G)|PC21Tu—n,n(_k))

mn

= nm(u_py (—K) U (—k — q — G)) = nmM")*_ (—k, —q — G). (E17)
Thus we can rewrite Té?;n'f?,',;’ml (k +q,k;p) as
Tkt qkp)=2) V(G+ QM) (k+p,q+GmmM" | (k q+G). (E18)
G
Repeating the calculations starting from Eq. (E13), one can show that Té%’%z‘ml (k + q, k; p) must be positive semidefinite. The

only difference with the above proof is that the definition of the W matrix becomes

Wk +G)) = Z [ty (K1 + P + G 1)) Py, (K1) (U—p, (Ky 4+ G 1) |my. (E19)

mom,

4. Charge —2 excitations

Based on the above, the charge —2 excitations are trivial to obtain. We do not give the details, but just the expression for the
scattering elements

1 ~
[Hf — uN, Ck+p,mz,r]2,szC‘7k,m1,m,n]lq’) = 2 Z Z Tnilf;;?nlz)ml (k+q,k; p)ck+p+q,m,r/z.schqu,m’,m,Sl |W), (E20)
mm  q
The |W) are the states |W,) in Eq. (A35), and hence 71, s, 12, and s, belong to the valley/spin flavor which are not occupied.
For a generic exact eigenstate |W) at chemical potential p satisfying (Oq,¢ — AgNudq,0)I¥) = 0 for some coefficient Ag, we

find that the 7™ (ky, ko; q) matrix reads

my,mymym’

T (n2:m) k+q,k;p) = Sq,o(Sm,msz

mm’ ;mymy m'my

(—K) + 8 R, (K + P))

+2) V(G + QM (k+p, g+ GM,! " (—k, —q — G), (E21)

m,ny
G

where I?Zm (k) are the —1 excitation matrices in Eq. (C16). We see that the charge —2 energy is a sum of the two single-particle
energies [first row of Eq. (E21)] plus an interaction energy [second row of Eq. (E21)]. In particular, for the chiral limit, the

scattering matrix elements are identical to those of charge +2, i.e.,Eq. (E9).

5. Charge %2 excitation spectra for different parameters

In Figs. 9 and 10, the charge 42 excitations are plotted at different fillings and wq/w;’s for two different screening lengths of
the Coulomb interaction (Eq. (A7)), i.e.,§ = 10 and 20 nm, respectively. The corresponding interaction strengths are Ujgpm =
26 meV and Uy = 13 meV. We have used w; = 110 meV in all the calculations and wy/w; = 0, 0.4, and 0.8 forv =0, —2
and wy/w; =0 forv=—1, —3.

The charge 42 (—2) spectrum consists of a two-particle (two-hole) continuum [the blue (red) area in Figs. 9 and 10] and a set
of gapped charge +2 (—2) collective modes. The energies in the two-particle (hole) continuum are just sums of two charge +1
(—1) excitation energies. Note that all the charge +2 (—2) collective modes appear above the two-particle (two-hole) continuum,
implying the absence of Cooper pairing binding energy, as proved in Sec. V B.

APPENDIX F: APPROXIMATE CHARGE +1 AND NEUTRAL EXITATIONS AT ODD FILLINGS
IN THE NONCHIRAL-FLAT U(4) LIMIT

1. Approximate charge +1 excitations at odd fillings in the nonchiral-flat U(4) limit

In the nonchiral-flat limit, the states |¥, ") at odd fillings v = %1, %3 are no longer exact eigenstates of the Hamiltonian.

However, in Ref. [110], we have shown that the states |\Ill’§)) [or its U(4) rotations] and |\IJE'11) [or its U(4) rotations] are the
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FIG. 9. Exact charge 42 (blue) and —2 (red) excitations at @ = 1.05°. The flat metric condition is not imposed. In this plot we have used
the parameters defined in Appendix A: vy = 5.944 eV A, |K| = 1.703 A~!, w; = 110 meV, U; = 26 meV, and £ = 10 nm.

lowest states at fillings v = —3, —1 to the first-order perturbation of the (first) chiral symmetry breaking. In this section, we
derive the approximate charge 1 excitations above these perturbative lowest states.

Since these states have fully occupied Chern bands, it is convenient to work in the Chern band basis. We write the Oq4 ¢
operator as a sum of a (first) chiral preserving term

2

1
0% Z VV@+6MP, k q+ G)(d;ﬂyey,n’sdk,gw - -5(,,0)

K.ey,n,s

1
> WVa+6m, &k q+ G)(d,Lq,e,,n,sdk,ey,n,x - an,0> (F1)

k.ey,n,s
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FIG. 10. Exact charge +2 (blue) and —2 (red) excitations at & = 1.05°. The flat metric condition is not imposed. In this plot, we use
the screening length & = 20 nm and the interaction strength Uz = 13 meV accordingly. The other parameters are same as in Appendix A:
vp =5.944eV A, |[K| =1.703 A7!, and w; = 110 meV.

and a chiral breaking term

Ohc= Y. V@+GM" , (k.q+G)d , _, , dierns

k.ey,n,s
= > V@+GnF, &k q+ G, ., , e (F2)
k,ey,n,s

where the M matrix M;," )ey and the factors M,, and F,, are defined in Eqs. (A20) and (A21). We assume the initial state as
Ve
di o)W and df (H; —

k.ey,n,s k.ey,n,s
wN)| W, "), In the (first) chiral-flat limit, the second term is simply Eodl: [W, ") with Ey being the ground state energy.

[W, "), Acting the Hamiltonian on the initial state, we obtain two terms: [H; — uN, dlz
ey,n,s
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However, the second term also involve excited states when the (first) chiral symmetry is broken. To be specific, we have

T Vi,V 1 Vi,V
dk,ey,n,sH”"IJv+’ ) = QQlot Zdl:ey,r],s(O(lq,—G + Ol—q.—G)(Og,G + 0(11,(})‘\11\)% >
q.G
1

s 2 Berns(Baod-cAaNiy + 0Ly 604+ 0% 6046 + 0Ly cO4a) W) (3)
Ol q,G

The first term on the right-hand side will give the unperturbed ground state energy E,, whereas the other three terms yield

excited states. Now we approximate it by projecting it into the Hilbert space with a single-particle excitation. Notice that dl:ey s

generates a particle in an empty Chern band and the O' operator, by definition, generates particles in the empty Chern bands and
holes in occupied Chern bands. Thus the terms dl:ey’ ﬂ’SOI_q’_GOg’G and dl;ey, n’SOEq’_GOELG will at least generate two particles

plus one hole. Hence they do not contribute to the projected equation. Now we consider the term dl:ey.n’50£ q,fGOLILG

di 0 cOhc=2_ > Y V+GmF "k, —q-GmnF (k. q+G)

ki .k eyi,eyz2 msims2

X dl:eY,n,sdlirqﬁeYI,r/m]dkl"’Yl”71’Sldliﬁq,*eyz,nz,Szde’eYZ”iMZ' (Fd
According to the Wick’s theorem, we have
dli,Ey,T],XdlI] —q,—ey1,71,5] dkl»t’Ylqm,51dl)(rz-k—q,—eyz,nz,szdkzqem-nz,h
= dliqey,ﬂqsdlzl*q,*equﬂmldkl’e“’"l’sld]inrqq*Eyz,ﬂz,szdkz")”’m’sz S
+ (‘IJ\‘J}%L |dli,ey,nvsdkl,gY1v'71’Sl \qjl‘)}%‘}ix\ys%h \dll-l —qv—eylwm-b‘ldk2’gY2"72’32 |\y:+,V7>dli2+qq—€sz7lzvé‘2
- <\Ij\‘)}+’k |dli,eyﬂ7,sdk2ve}’2ﬂ”2v52 |\p:+,vi><\y\l}j+’h |dk1veY1v’“=51dliz+q,—ey2,?72,52 |\Ij‘l’j+’l)7 >dlil—q.—€’y1,msfl
+ (q,‘!)quf |dk+]7qv73Ylsn1»S] dk2’6Y2~'72~s2 |\Il\‘))+'h ><\Ij\‘j+'w |dkl,€ywll,-?| dlizﬂl,feyzqnzqu \IJ\‘JJ%L )dliqehﬂ,s' (F5)

Here : A := A represents the normal ordered form of the operator A with respect to |¥,*""), where the operators that annihilate

|W, ") is ordered on the right-hand side of the operators that do not. The second term (“- - - ) represent the normal ordered
terms with one contraction. The first (second) term either annihilate |W}*""") or generate three (two) particles plus two (one)
holes. We hence will omit them. The third and fourth terms must vanish since we require the flavor {ey, n, s} to be empty and
hence (W,*""~ Idl:ey’w = 0. The last term is the Fock energy correction to the ground state energy. Therefore we conclude

d‘r

k,ey,n,s

Hy|Wyov-) ~ (Eg + AE)dy, |, |¥r+), (F6)

ey.,n,s
where E| is the unperturbed ground state energy and AE) is the Fock energy correct.

The excitation energy is hence given by the spectrum of [H; — uN, dl: ]. Following the calculation in Appendix B, we
obtain

ey,1,s

[0-4-60q6.d},, , ] =V@+GP)  (kq+GCdy

\€y,10,8
() T (n) T
+VWV G+, &k a+G)d ., O-q-c+M", &k -q-G)4dy ., Oqc) (F)
where
— (n) (n)
Pl (ka+G) =) M (kq+GM, kq+G). (F8)

a
ey

Acting the commutator of the interaction Hamiltonian and dli on the state |W, "), we have

ey,n,s

H; — uN, d! Y-y =
k, v

= 1% G)P" (k,q+G)d
o 2 Va+Or], kaq+6y

q.G,ep

+2VG+ M, & q+G)dl,, . O—q-c)|W)") = pdl, W) (F9)

ey,'],S:” L€ 1,8

In the (first) chiral limit, where O_q _G|W,""") = 84,0A_cNu|¥,"""), the right-hand side of the above equation only has one

particle excitations. However, when the (first) chiral symmetry is broken, d]i' ey n.s0—a.—Gl W, ") will yield excitations with two

205415-30



TWISTED BILAYER GRAPHENE. V. EXACT ANALYTIC ... PHYSICAL REVIEW B 103, 205415 (2021)

particles plus one hole

dli+q,e’y,n,x0*‘l’*c|\l15+'v )= dlqu €, v(qu ¢t qu )| v = SQ,OA*GNMdIi e’y,r;,sily:%v*)
+ D V@G FyK, —a =Gy, iy o s |YU) (F10)
k' .ef.n'.s'

We now approximate the right-hand side by projecting it into the one particle Hilbert space: We only keep the term satisfying
K=k+q,¢y =€), n =n,ands =s:

Ay vacropsO-a-G|W ) % Bg oA _GNudy , | [W2) = V(a+ GInFy, (K +q, —q = Gy ydy [ W1). (F11)

where n,, , ; equals to 1 if the flavor {ey, n, s} is occupied and equals to 0 otherwise. If e} in the second term equals to ey, then
there must be n,;, , s = 0 because we require {ey, 1, s} to be empty such that d]:eyv n,s|lllv”*’”’) is nonvanishing. Hence we only
need to keep the e, = —ey in the second term. Then we can rewrite the second term in Eq. (F9) as

ZM(U) (k q+G) A nbo_q G‘\pwu)

¢

~ ) Sq0A-aNuM,, (k G)dy,, | [W) ") = V(g +GM,, ,, (kq+GC)

Xaney (k + q, —q— G)nfe)’,ﬂvsdT

k,ey,n,s|

~ Y Sq0A-NuM,, (k. G)dy . [0 ) = n_ey .v/V (@ + G)|F, (k, a+G)d , |wr).  (F12)

yrer-)

Here we have made use of Eqs. (A21) and (A12). With the above approximation, we can write the excitation equation as

[H — uN.dy, W)~ Y RES, di o we), (F13)

ey ,ey k.ep,n.s

/
Cy

where

) 1
RIS, = o Z (V@+G)P) , (k.q+G)+ 280 V(G)A_GNMMgLY k, G)
q,.G

- 28e’y,eynfey,n,sv(q + G)lFEy (k, q + G)lz) - Mae’y,ey . (F14)

Notice that both ey and e}, are limited to empty Chern bands in the valley-spin flavor 7, s.

Let us first consider the charge +1 excitation at v = —3. Without loss of generality, we assume the occupied flavor is
{+1, 1, +1}. For the excitation in the half-filled valley-spin sector ({+1, 1}), the ey and e}, indices in R'7 ey ATE limited for the
empty Chern band (—1). In this case the R matrix is one-by-one with n_,, , ; = 1. For the excitation in the other (fully empty)
valley-spin sectors, the ey and e}, indices can be either 1 or —1. Hence the R matrix is a two-by-two matrix with n_,, ,; = 0.
The calculation for v = —1 is similar. Due to Ref. [110], the perturbative ground state in the nonchiral-flat limit at v = —1 is
|\Ili’]l) [or its U(4) rotations]. There is a fully occupied valley-spin sector and a half-filled valley-spin sector. In the half-filled
valley-spin sector, R is one-by-one with n_,, , ; = 1, and in the empty valley-spin sectors, R is two-by-two with n_,, , . = 0.
The approximate charge +1 excitations are shown in Fig. 11.

2. Approximate charge —1 excitations at odd fillings in the nonchiral-flat limit

In the nonchiral-flat limit, the states |¥, ") at odd fillings v = 41, #£3 are no longer exact eigenstates of the Hamiltonian.
However, in Ref. [110] we have shown that the states |\IJl’§) ) [or its U(4) rotations] and |\I/E’11> [or its U(4) rotations] are the lowest
states at fillings v = —3, —1 to the first-order perturbation of the (first) chiral symmetry breaking. Using the same method as in
Appendix F 1, in this section, we derive the approximate charge —1 excitations above these perturbative lowest states.

For the same reason in Appendix F 1, the spectrum of excitation is given by the eigenvalues of [H; — uN, dy ¢, .s]. Following
the calculation in Appendix F 1, we have

[Hy — 1N, di ey s ]| W0) = Z (Vg + G)P)”, (K. q + G)di) s

q.G.é}

2 VG T MY 0 0 O :006) W3 )+ ey 0] (F15)

2Q01
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FIG. 11. Approximate charge +1 (blue) and —1 (red) excitations at § = 1.05° at odd fillings in the nonchiral-flat limit. The dashed bands
are the excitations in the half-filled valley-spin sectors. The solid blue (red) bands are the +1 (—1) excitations in the fully empty (occupied)
valley-spin sectors. The flat metric condition is not imposed. In this plot we set the screening length as & = 10 nm and accordingly the
interaction strength as Uz = 13 meV. The other parameters are same as in Appendix A: vy = 5.944 eV A, K| =1.703 A~', and w, =
110 meV.

where P is defined in Eq. (F8). When the (first) chiral symmetry is broken, the term dk+q,e/y ,,]'SOq_G|‘-IJK+’V‘) yields excitations
with two holes plus one particle

dk+q,e’y,77,30q,G | \Il\‘)}%]}i >

= dk+q,e;,n,s(03,c + O(I,,G)|‘I’5+’v7>

= 84,046 Nud,,s [ V)" )+ D VV@H G Fy (K 4 Gdicrg e sy g gy i

! I /
K'.ey,n',s

5. (F16)

We now approximate the right-hand side by projecting it into the one hole Hilbert space: We only keep the term satisfying
K=Kk, ef =—¢€),n =n,and s’ = s

dk+q,e§,,n,.v0q,G|‘-If“)’+~V7> :dk+q don. Y(00 c+ 0 )|\IJ"+’”*)
_(Sq OAGNMdk ey.1.8 |\I/v+ V- > +vV(q+ G)nF. —e} (k,q+ G)(l — ne'yﬂ,é‘)dk.—e;,n,s|‘~If:+’”’>, (F17)

where n, , ; equals to 1 if the flavor {e}, 1, s} is occupied and equals to 0 otherwise. If e}, in the second term equals to ey, then
there must be n,, , ; = 1 because we require {ey, 1, s} to be occupied such that di ey n.s| W, """ ) is nonvanishing. Hence we only
need to keep the e, = —ey in the second term. Then we can rewrite the second term in Eq. (F15) as

ZM(TI)* k q + G)dk+q ey .n, qu (;)|‘.IJUJr " >

= 3 8q.0AGNUMS (K, G h [ W17 ) 4 (1= ey WV @+ G| Foy (K, @+ G iy o[ WI7). (FIS)

;
ey

Here we have made use of Egs. (A21) and (A12). With the above approximation, we can write the excitation equation as

[Hl - H/N’ dkﬁey.n,s]|\lj\‘;}+’l)7> ~ RZ geydk,e’},,n,s’\p:;)+’h)a (F19)
where
~, 1
Ry =05 Y (V@+GPY, k. q+G)—2840\/V(GANGM” (k, G)
y €y o ey,ey > ey ey
q.G
— 28456, (1 =1y IV (@ + G)|F, (K, @+ G)*) + 118s, o, - (F20)
Notice that both ey and e}, are limited to fully filled Chern bands in the valley-spin flavor 7, s.
Let us first consider the charge —1 excitation at v = —3. Without loss of generality, we assume the occupied flavor is

{+1, 1, +1}. For the excitation in the half-filled valley-spin sector ({+1, 1}), the ey and ¢} indices in R’ are limited for
y €y

the occupied Chern band (41). In this case the R matrix is one-by-one with n_,, , - = 0. And there is no hole excitation in the
other (fully empty) valley-spin sectors. The calculation for v = —1 is similar. Due to Ref. [110], the perturbative ground state in
the nonchiral-flat limit at v = —1 is |\-IJE’11> (or its U(4) rotations). There is a fully occupied valley-spin sector and a half-filled
valley-spin sector. In the half-filled valley-spin sector Ris one-by-one with n_,, , ; = 0 and in the fully occupied valley-spin
sector R is two-by-two with n_,, , ; = 1. The approximate charge —1 excitations are shown in Fig. 11.

205415-32



TWISTED BILAYER GRAPHENE. V. EXACT ANALYTIC ... PHYSICAL REVIEW B 103, 205415 (2021)

3. Approximate charge neutral excitations at odd fillings in the nonchiral-flat U(4) limit

In the nonchiral-flat limit, the states |W,*""~) at odd fillings v = %1, &3 are no longer exact eigenstates of the Hamiltonian.

However, in Ref. [110], we have shown that the states |\I!1’30 ) (or its U(4) rotations) and |\IJE'11) (or its U(4) rotations] are the
lowest states at fillings v = —3, —1 to the first-order perturbation of the (first) chiral symmetry breaking. In this section, we
derive the approximate charge neutral excitations above these perturbative lowest states.

Since these states have fully occupied Chern bands, it is convenient to work in the Chern band basis. Following the calculations
in Appendix D 1, we have

[HI - I‘LN’ dllrp,emaflz,szdk’e)’l"7|~S1]|\IJ\‘JJ+'V7>

1

il i
= 2Q0t Z Penyz,en (k+p.q+ G)korP,eYﬂiz.,Szdk’e””7"‘“ + ZP:;ZYI (k,q+ G)korP,eYzynz,Szdk*e/yv’ll»51
o q.G ey ey

+2VG+ @) ) M) K+ q+ G oo dier s O-g—G
ey

/
ey ey

—2J/V(G +q) ZM('II)* k, —q — G)dz—kp.eyz,nz,Sgdk7q~e;/’n|asl O_q.-G

Y

|wyer). (F21)

ey.ern +p+q,ey,nz,32dk+‘lv€’y"ll»51

WG +qQ Y MP) (k+p.g+GM) (K q+G)dy

ey,ey

In the (first) chiral limit, where O_q _G|W,""") = 8q,0A_cNu|¥,*""), the right-hand side of the above equation only involve
excitations with one pair of a particle and a hole. However, when the (first) chiral symmetry is broken, O_q _g|W,"""") will yield
additional particle-hole excitations:

dT

vi,vo\ _ gT 0 1 Vi,V
k+p+q,ey,n2,s2dk,€n~'71,s10—q,—G|\Ijv > - dk+p+q,ey,r;2,s2dk,m1J71,S1 (O—q,—G + O—q,—G) ‘qjv )

= 8q,0A7GNMd]:+p’eyY,]zydek,eH,7]1,S] |\I]\l;)+yv*> + Z V V(q + G)n//FeSL (k/lv _q - G)
K¢ n",s"

x d e, (F22)

k+p+q.ey.m,s

§
dk,eyl 1,51 dk//_qﬁ_e;kr]//, ! dk”,e’}ﬁ,n”,s”
We approximate the above equation by projecting it into the Hilbert space of excitations with only one pair of particle and hole.
According to the Wick’s theorem, we have

T T
dk+p+q,ey,rlz,Sz dic.ei,my s dk”—q, —eﬁ,n”,s”dk”ﬂ?»’?”’s"

. gt
- dk+p+q,ey,r72,s2dk,€mJll ,Sldk”_q,_eg,n//, ~”dk”,€§§q77”,s"

g

Vi,V A
sptaermsserins [0 Mo g g i gy

Vi,
lyu >dk,f?y1,’l1,31dk”_q,_e

e |d)f

1

dvr
+p+q.ey.n2.5 YK ey s VoS

+{
+(\II“)’+’V7|dk7eH’m dr \I/“j*"’*>dT
=

"ol v
51 k”—q,—e;,’,r;”,s”| k+p+q,€yqn2732dk €y TS

\11‘1)4,1;, |dk7€y1-7717fl dli”—q,—egsn”,s” |\I}\IJ)+’V7 >(\IJ\‘JJ+’U7 |dli

ey s A \115+’V7>' (F23)
Here : A : represents the normal ordered form of the operator A with respect to |W,*""), where all the creation operators of
occupied states and annihilation operators of empty states are on the right-hand side of the creation operators of empty states
and annihilation operators of occupied states. The first (normal ordered) term is nonvanishing when acted on |W,**"~) if the two
creation operators are of empty states and the two annihilation operators are of occupied states. However, we will omit this term
because it yields two particle-hole pairs. Since we require dy,, s, t0 be occupied such that the initial state is nonvanishing,
there must be (W, """~ |dx,ey1,m,s; = 0 and hence the last two terms in the above equation vanish. Then we obtain

T i
dk+P+q,€Y~712732 diceyimy.s dk”—q,—e;},r]”,x” dk”ve%n”ys”
T T
~ 8p+q,086y,em8772,771&vzmdk”_q,_e;,,]/',s'/dk’ﬂe;,n”,s” - 8k+p+qak”8e}’yel)ﬁ87721'7”85‘273””3)’77]2,Szdk+p’7ey’r’,squ€)’1»7]]73‘]’ (F24)

where n,, ,, equals to 1 if the flavor {ey,n,s} is occupied and equals to O otherwise. Here we have made use of

{a’lier P dx.ey,.m.s 1 = 0, which is because {ey1, n1, 51} is required to be occupied and {—ey, n, s} is required to be empty
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and hence {ey|, n1, 51} # {—ey, 1, s}. Then we obtain

$
dk+P+q ey 12,52

~ 8q.0A_GNud,

deelenlel O_CL—G‘\I'“)}J”V*)
+P,ey.'72,szdk,ey1v'h,51 |‘~IJ:+,”*> —vV@+GmkF,k+p+q,—q— G)ney,nz,szd;(r_,_p,_ey,,mdk,ey],,“’sl

+8pra.00eenSmnids D V@GN Fy K —q =Gl adio (F25)

k// e// n Y
Similarly, we have

+
dk+p ey2.12, dek q.€y.11, Y[dku q,—€.n", udk” ey.n

~ (g N i

+p.ey2.02.52 dk*qqe/y,'ll ,51

o

T
)dk q.€y.11, Sldk// —e 5"

+Pp.ey2.n2, ?2dk” eyn".s" n

+ (W | di e s v “I’V )y

k+p.ey2.n2, vzdk”,e;,n”,S”

—q,—ey.n".s

—q,—ey,n", s”‘lpv+ . )(\IJV+ " |di

_ Vg,V T Vi,V
(lIJV |dk7q,e’y,m,sldku +p,8y2,n2,s2dk”v€gJ/”,S” \Ijv >

~ i
~ Sk,k,,Se/y,,e; 8,“’,]/1831,3/1(1 — }’le/y’m,sl )korp,Eyg,r/z,szdk”»f/)l’ﬂ”vs”’ (F26)

where we have made use of (¥,*"""|d; poevam.s, = 0> and hence

i T
dk'H’ ey2,m2, Azdk—Qae}Jh,Sl O*q,7G|‘Ijv )
~ 6(1’()A7G]\IMdlj{_‘“"‘—’l’v’lZvSde’ey‘"71@1 |\.II:+’U*> + V(q + G)n1F7€Y] (k» —-q— G)(l — ne};"l,Sl )dli--kp,eyz.n,sdk,—e;,m.s1 . (F27)

Substituting Eqgs. (F25) and (F27) into Eq. (F21), we obtain

[HI - MN’ dlLrpqe)fzanz,szdk*eYl"71*“1]|qjl‘j+'])7)

E 172,52 il E : BN1.S1% i } vy Vo
Rey,eyz (k + p)dk+p,ey,nz,szdkseﬂ 211,51 Re ey (k)dk+p,ey2,nz,szdkﬂeyv'llvsl |\IJU >

(k q + G)dl<‘1+P+q,€yJIz.Szkorqve/yvnl’51 |lpl]j+’”7>

ey,ey2
ey.ey

"’g Z Y VP +GIMY, (kP —p+ G Fy (ke p— Gy, e i
tot G K'éejn's"

Wrev) o (F28)

where R™2 and R are given by Eqgs. (F14) and (F20), respectively. The last term is nonzero only if {ey;, 171, 51} is occupied
and {ey», 12, s2} is empty, which, provided n, = n; and s, = s, also implies ey; must equal to —ey,. Thus we can rewrite the
last term as

ey —e B, T Vi,v
- Yg'z RN N V(=P 4 GnaFoy, (K + P, =P+ CINF_e, (K. p = Gy o i ey ns| W)
tot G K’eyns

8 —e 2 Y " Vi,V
— o yslzn Do NN V(=P + G Fe, (&, p — GEL (K P = GIdl o i s W), (F29)
tot G K’eyns

where we have made use of Eqgs. (A21) and (A12). Therefore we can write the scattering equation as
[H) — uN, d

Vi, U
+p.eya.na, sodk,€y1~'71,51]|qjv >

Z Z Z Zysez esyzﬂi: MK 4 q, K p)dl£+q+p,ey,7],sdk+q,e;/,n’,s’ |\yl‘)’+~“—>’ (F30)

n,5,0',5" ey e}
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FIG. 12. Approximate charge neutral excitations at 6 = 1.05° at odd fillings in the nonchiral-flat limit. The flat metric condition is not
imposed. Blue, red, black, and green bands are in the empty-half, half-half, empty-filled, and half-filled sectors, respectively. (See the text for
the definition of sectors.) In this plot, we set the screening length as & = 10 nm and accordingly the interaction strength as Uz = 13 meV. The
other parameters are same as in Appendix A: vy = 5.944 eV A, |K| =1.703 A~!, and w; = 110 meV.

where the scattering matrix is

S’LSJ]’YS’ZTIZ,SZYW],SI (k + q, k; p) — 517"12(%’&25”,’”](SS,’S1 <8q,0(R’12:52 (k + p)ae,y‘e“ + 8€y,€y2§2:21y, (k))

J .
ey.eyieya,ey| ey,ey2

1
Qior

ey, eya ey eyt

Y VG+@M, (k+p, g+ GM) (k g+ G))
G

1
+ Seyz,—e}'l87]27’]1852,S16€y,*€9 Sy Sss' Q E V(-p+ G)WF; (k+q,p— Gk, (k,p— G).
tot
G

(F31)

The last term is nonzero if both the {1, s,} and {#, s} valley-spin flavors are half filled. It couples all the half filled valley-spin
flavors, which are independent in the (first) chiral-flat limit, to each other.

According to [110], in the nonchiral-flat limit the state \Illg (or its U(4) rotations) is still the perturbative ground state at
v = —3. Without loss of generality, we assume the occupied flavor is {41, 1, +1}. Then we can divide the neutral excitations
into the following sectors.

(1) The half-half sector, where 1, = n; = +1, s, = s; = 1. The delta functions in the first term of Eq. (F31) require n =
n' = +1, s = s = 1. The delta functions in the second term require n = 1’ and s = s’. Since dTMy and dyy ¢ ., must belong to
empty and occupied bands, there must alsobe n = " = +1, s = s = 1 in the second term. Then it follows that ey = ey, = —1,
ey, = ey; = +1. At given k, p, q, the S matrix is a one-by-one matrix.

(2) The empty-half sector, where {1, s»} is an empty valley-spin sector and {7y, s;} is a half-filled valley-spin sector. The
second term of Eq. (F31) vanish due to the delta function 8,,,,d;,s,. The delta functions in the first term require n = 12, s = 52,
n' =m, and s = 5. It follows that ¢, = ey; = +1 and ey, ey, take values in +1. At given k, p, and q, the S matrix is a
two-by-two matrix.

According to Ref. [110], in the nonchiral-flat limit the state ‘l/z’ll [or its U(4) rotations] is still the perturbative ground state at
v = —1. There is a fully occupied valley-spin sector and a half filled valley-spin sector. Without loss of generality, we assume
the occupied flavors as {+1, 1, +1}, {+1, 1, —1}, and {41, |, +1}. Then we can divide the neutral excitations into the following
sectors.

(1) The half-half sector, where 1, = n; = +1, s, = s; = |. The delta functions in the first term of Eq. (F31) require n =
n’ = +1and s = s = |. The delta functions in the second term require = 1’ and s = s'. Since d*gwy and dy s », must belong
to empty and occupied bands, there must also be n = ' = +1, s = 5" = | (the half filled valley-spin sector) in the second term.
Then it follows that ey = eys = —1, ¢, = ey = +1. At given k, p, q, the S matrix is a one-by-one matrix.

(2) The empty-half sector, where {n,, s,} is an empty valley-spin sector and {7y, s;} is a half-filled valley-spin sector. The
second term of Eq. (F31) vanish due to the delta function 8,,,, d;,s,. The delta functions in the first term require n = 1, s = sz,
n' =mn, and s = 5. It follows that ¢, = ey; = +1 and ey, ey, take values in +1. At given k, p, and q, the S matrix is a
two-by-two matrix.

(3) The half-occupied sector, where {1n,, 5o} is the half filled valley-spin sector {41, |} and {#n;, 51} is the fully occupied
valley-spin sector {+1, 1}. The second term of Eq. (F31) vanish due to the delta function §,),,, §;,5,- The delta functions in the
first term require n = 1y, s = 52, B’ = 1, and s’ = ;. It follows that ¢}, ey, take values in £1 and ey = ey, = —1. At given
k, p, and q, the S matrix is a two-by-two matrix.
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(4) The empty-occupied sector, where {1, s»} is an empty valley-spin sector and {7y, s1} is the fully occupied valley-spin
sector {41, 1}. The second term of Eq. (F31) vanish due to the delta function §,,,,dy,5,. The delta functions in the first term
require n = 1y, s = s2, ' = 1y, 8’ = 1. It follows that e}, ey, ey, and ey, all take values in 1. At given k, p, and q, the S

matrix is a four-by-four matrix.
The numerical results are shown in Fig. 12.
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