Incommensurate Twisted Bilayer Graphene: emerging quasi-periodicity and stability
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We consider a lattice model of Twisted Bilayer Graphene (TBG). The presence of incommensurate
angles produces an emerging quasi-periodicity manifesting itself in large momenta Umklapp interac-
tions that almost connect the Dirac points. We rigorously establish the stability of the semimetallic
phase via a Renormalization Group analysis combined with number theoretical properties of irra-
tionals, similar to the ones used in Kolmogorov-Arnold-Moser (KAM) theory for the stability of
invariant tori. The interlayer hopping is weak and short ranged and the angles are chosen in a large
measure set. The result provides a justification, in the above regime, to the effective continuum
description of TBG in which large momenta interlayer interactions are neglected.

I. INTRODUCTION

The discovery that at certain angles Twisted Bilayer
Graphene (TBG) develops superconductivity [1] has gen-
erated much interest in such materials both for technolog-
ical and theoretical reasons [2]. It was predicted, using
continuum models obtained by keeping only the domi-
nant harmonics in the lattice model [3], [4],[5], that at
such angles some strongly correlated behaviour should
appear, but not of superconducting type. The mecha-
nism behind the superconductivity remains elusive.

Taking the lattice into account breaks several symme-
tries of the continuum description [6], [7] leading to ef-
fects like the possible shift of Fermi points. More inter-
estingly, for generic angles, excluding a special set [8],
[9], one has an incommensurate structure; in such a case
Bloch band theory does not apply and one has an emer-
gent quasi-periodicity [10]-[14], with some feature in com-
mon with the one in fermions with quasi-periodic poten-
tials [15]-[17]. It is known that electronic quasi-periodic
systems have remarkable properties. In 1d they produce
a metal-insulator transition [18],[19],[20]. The interplay
with a many body interaction produces peculiar phases
with anomalous gaps or many body localization [21]-[26].
Quasi-periodicity has been studied also in Weyl semimet-
als [27], [28],[29] or in the 2d Ising model [30], [31], [32]. It
is therefore natural to expect that quasi-periodicity plays
an important role in the interacting phases of TBG. Most
theoretical analyis are however based on continuum ef-
fective description, do not distinguish between commen-
surate and incommensurate angles, and are based on the
assumption that lattice effects preserve the semimetallic
phase [3], [4], [5].

We consider a lattice model for TBG consisting of two
graphene layers one on top of the other and rotated by
an angle . The momenta involved in the two-particle

*Electronic address: ian.jauslin@rutgers.edu
TElectronic address: vieri.mastropietro@uniromal.it

scattering process are of the form ky — ks + G+ G’ =0
with G = l1by + lobs = 1b, G' = myb] + maby = mb/,
I = (lh,la) € ZQ, m = (my,m2) € Zz, and by, by are
the vectors of the reciprocal lattice and b} = RT(0)b; the
reciprocal lattice of the twisted layer in which R(#) is the
rotation matrix; the terms involving non zero G,G’ are
also known as Umklapp interactions. Note that, apart
from special angles, G’ is not commensurate with G and
the effect of the mismatch of the lattices is very similar
to the effect of a quasi-periodic potential. This is quite
clear comparing for instance with the conservation law of
1d fermions with Aubry-André potential cos 2rwz, which
is k1 — k1 + 2l 4+ 2wrwm = 0 with w irrational.

It is expected that the relevant processes in TBG
are the ones connecting the Dirac points as closely as
possible, that is the terms that minimize the quantity
|G +G" +pr,i — P ;| where pr; pf; are the Dirac points
of the two layers. The approximation at the basis of
the effective models [3], [4],[5] consists in taking restrict-
ing the interaction to only the terms G = G’ = 0 or
G = b,G = =V, or G = by,G = —bly and taking
the continuum limit, based on the fact that larger val-
ues of G or G’ are exponentially depressed [33]. How-
ever in the incommensurate case, Umklapp terms with
very large values of G,G" make |G + G’ + pr; — ppl
arbitrarely small, producing almost relevant processes
which can destroy the semimetallic behaviour. In the
1d Aubry-André model the processes that produce small
values for 2epp + 2lm + 2nwm, € = 0, =1 are indeed the
ones producing the insulating behaviour at large cou-
pling, while at weak coupling the metallic regime per-
sists. Similarly the persistence or not of the semimetallic
regime in TBG depends on the relevance or irrelevance of
the terms involving large G, G’ that almost connect the
Dirac points. This fact cannot be understood only on the
basis of perturbative arguments; it is indeed a non per-
turbative phenomenon which can be established only by
the convergence or divergence of the whole series expan-
sion. Despite the similarity of quasi-periodic potentials
and incommensurate TBG, there are crucial differences
like the higher dimensionality of TBG and the fact that



the frequencies are not independent parameters but are
functions of a single parameter, the angle between the
layers, and this produces rather different small divisors.

The aim of this paper is to investigate when the quasi-
metallic phase is stable against the large momentum pro-
cesses in the incommensurate case. The analysis is based
on Renormalization Group methods combined with num-
ber theoretical properties of irrationals, similar to the
ones used in Kolmogorov-Arnold-Moser (KAM) theory
for the stability of invariant tori. Due to the difficulty
of getting information on the single particle spectrum,
we analyze the behavior of the Euclidean correlations,
which provide information on the spectrum close to the
Fermi points. Such methods are robust enough to be
extended to many-body systems, as it was done for the
interacting Aubry-André model [26] or in Weyl semimet-
als [29]. Our main result is the proof of the stability of
the semimetallic phase in a large measure set of angles
in the incommensurate case.

The paper is organized in the following way. In Section
II the lattice model of TBG is presented. In Section III a
perturbative expansion for the correlations is derived. In
Section IV the emerging quasi-periodicity and the small
divisor problem is described, together with the required
(number theoretical) Diophantine conditions. Section V
contains a statement of the main result and in Section
VI the Renormalization Group derivation is presented.
The Appendices detail the more technical aspects of the
analysis.

II. INCOMMENSURATE TBG

We consider the lattice TBG model introduced in [3],
[4]. We focus on this model for the sake of definiteness
but our methods could be applied more generally. We
consider two graphene layers rotated with respect to one
another by an angle 6 around a point £ = (0,1/2) (that
is, the point between an a and b atom, chosen so that the
twisted model preserves the CoT symmetry in Appendix
D1). The Hamiltonian of the system will be written as

H=H, +Hy+V (1)

where H; and Hy are hopping Hamiltonians within
the layers 1 and 2 respectively and V' is an interlayer
hopping term. The first graphene layer is defined on
the lattice L1 := {n14; + ngAs, ni,ny € Z} with
A = 1(3,v3), Ay = 1(3,-v3). We introduce the
nearest-neighbor vectors: §; = (1,0), dy = %(—1,\/3),
2 = 3(—1,—v/3). We will write the Hamiltonian in sec-
ond quantized form: for x € £y, we introduce annihila-
tion operators ¢ 4 o and ¢y, corresponding respectively
to annihilating a fermion located at = and x + d;. The
nearest neighbor hopping Hamiltonian is
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Hyi=—t 3 Y (aattatas+cpa o) (2)
zeLy i=0

where Ag := 0 (note that §; —ds = As, do —d3 = Az). We
will do much of the computation in Fourier space, and
we here introduce the Fourier transform ¢ j o of Cfr,a
in such a way that, for « € {a, b},

1

) dk e=*@=07, 1, (3)
1 1

Claz,a =

with |£;| = 872/3V/3, and L, := R2/(byZ+by7Z) in which
bl = 2%(1a\/§)a b2 = 27‘”(17_\/§> (4)
In Fourier space,

t

1= —=—
|£1‘ 21

dk (Q(k)@;;ﬁ,aa,k,b + Q*(k)é{,k,bglvk»a>

(5)
with Q(ky, ky) = 1+ 2e 73k cos(Lk,).
The second graphene layer is rotated by an angle 6
around the point £ = (0,1/2), that is, it is defined on the
lattice

_ o _[Cs —So
=R -0, 7O)= (0 2) ©
(we use the shorthand throughout this paper that ¢y =
cos @, sy = sinf). The annihilation operators in the sec-
ond layer are denoted by ¢ 4., and ca 3. The hopping
Hamiltonian of this second layer is
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Hy=—t Y > (ch,weominrante . pa y0200) (7)
€Ly i=0

where R = R(6). We define the Fourier transform in the
second layer: if b} := Rby, b := Rby and

1 .
C a0 = = R dk eizk(wig)/c\g’k,a (8)
|£1| Lo
we find
t
H2 = = N dk .
|£1| Lo

(QURTRYE o + @ (RTR)E 4 Pba)
(9)
In the absence of interlayer coupling the two graphene
layers are decoupled; the single particle spectrum for
layer 1 is +|Q(k)| and the Fermi points are given by the
relation Q(pf’l) = 0 with
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+ 1

Phi = (1) (10)
for momenta close to such points one has |Q(k)| ~
3t|k — pEt,|, that is the dispersion relation is almost
2 Fil P

linear (relativistic) up to quadratic corrections, form-
ing approximate Dirac cones. In the same way the
dispersion relation for layer 2 is 4+|Q(R”k)|; the Fermi



points are Q(RTpt,) = 0 with p1ﬂ§’2 = R(px,) and
|QRTE)| ~ 3t|k — piE72|. We are interested in under-
standing how these four Dirac cones are modified in the
presence of the interlayer hopping.

We couple the 2 layers by an interlayer hopping Hamil-
tonian, which couples atoms of type a to atoms of type
b:

V=AY > )

z1€L1 2h€Ls a€{a,b}
T T
.(Cl,wl,acle‘ésa + C271’27aclvml’a)

¢(x1 +do — 75 — Rdy)-
(11)

d, = (0,0),dp, = 91, and ¢(z) = ¢(—x),
ALYy, [elg)] < e

dq
R /]R " (12)

We restrict the interlayer term to hoppings between
atoms of type a to atoms of type a and type b to b for
technical reasons. This is so that the “Inversion” sym-
metry in Appendix D1 is satisfied. We could just as
easily consider a model where the interlayer hopping oc-
curs only between atoms of type a to atoms of type b.
We could relax this restriction and allow for all possible
hoppings, but we would then need to add extra countert-
erms (see (15)) to the model. For the sake of simplicity,
we avoid this and only consider these interlayer hoppings.
Note t}@t, whereas the Fourier transform for ¢ is de-
fined on £;, the Fourier transform of ¢ is defined on all
R2. We write V in Fourier space: we get, see App. A

( / dk T k‘ + lb)cl & OLCQ k+ibo
@ lez?
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where we use the notation Ib = I3y + laby, mb’ = mqb) +
mabh, and

Tl(,la)(k) = eiflbe_ik(da_Rda)e_iga’“'lb?k(k) (13)
Tg,)oz(k) = eiémb/e_ik(d“_Rda)e_iggk'zbe(k) (14)

in which oy, ; € Z? is the unique integer vector such that
k— oyl € Ly, k—op0b € Ly. Note that the difference
of the momenta of the two fermions is given by b+ mb'.
The position of the Dirac points are in general modified
(renormalized) by the interlayer hopping. It is conven-
tient to fix the values of the renormalized Dirac points by
properly choosing the bare ones. This can be achieved
by replacing Q(k) with Q(k) 4+ v, close to each Dirac
points, that is adding a counterterm has the form

M = Z Z/ dewz Vzwclkaczkb

we{+,~}i=1.2

JFVi,wCzT,k,bci,k,a) (15)

where x,,;(k) is a smooth compactly supported function
that is non vanishing for ||k — p%,|[; < 1/v, for some

~v > 1, in which ||.||; is the norm on the torus ;.

Our main result concerns the two-point Schwinger
function, which we define as follows. We first introduce a
FEuclidean time component: given an inverse temperature

B >0, we define for xq € [0, 3),

—xoH xoH
Cj,z,al

cj:z:a(l'O) € (16)

and H = H + M. Combining the Euclidean time com-
ponent with the spatial one, we define A; := [0,00) x L;.
The corresponding Fourier-space operators are

Cjkalko) = / dxge " woko Z e~ i(@=E)k Cj.z,a(0)

€L
(17)
which is defined for (ko, k) € Kj = %’TZ X Ej.
Now, given j,j" € {1,2}, k = (ko,k) € Aj, the two-
point Schwinger function is defined as the 2 x 2 matrix
S; j+(k) whose components are indexed by «, o’ € {a,b}:

Tr(e PAT(C) 0k koo (K0)))

0); ¢
Tr(e~ H)

(S0 (K))aar =

(18)
where T is the time ordering operator, which is bilinear,
and is defined in real-space T'(¢; z,a(%0), ;r o (W0)) =

{ Cjaal®0)Ch ) o (0)

~cls e (W0)Csa(@0) i 70 > yo.

if xg < Yo (19)

To compute the Schwinger functions, we will use the
Grassmann integral formalism. To do so, we add an
imaginary time component to all position vectors: we de-

fine A; := (0, 4;). Given x = (zg,x) € A; =[0,08) x L;,
we introduce Grassmann variables 5, ., wx bj and their
Fourier transforms
wji,x,a - / dk e el g)w (20)
1Al
with [A;| = 872/3V/3, & = (0,€) and A; = ZZ x L;.

The Schwinger fiunctions are given by

e~ BV ()+M () )y T
[ P(di) (V()+M( ))¢j7x’a¢j,’ya,

(55,5 (%, ¥))aar = TP(d) e BOV@FM@)

(21)
where P(dy) = P(di1)P(dys) where P(diyq) is the
Grassmann integration with propagator

100 = (g 2

and ¢1(x,y) = Ill | Iz, dke**=Y)g, (k) and

(22)

—iko

UF(ikl + kQ)

—UF(—ikl + kg) -1
—iko :

gi(k +pF) ~ <
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FIG. 1: Example of a Feynman diagram for Si1(k) with 4
vertices.

P(dvs) has propagator

g2(x,y) = dke™*7Y)g, (k) (24)

|£1| /A\z
P _ —iko  Q(RTk
with 92 (k) - <Q*(RT]€) —iko
is singular at p;Q = Rp%}1 and periodic in k& with period
1,b5. The interaction and counterterm are rewritten
formally in terms of Grassmann variables:

A
42| A, | 2

(e

1
)> = 51 (RTk) which

V(y) = (25)

: (Z/A dk Tl(,}x)(kJrlb)&fk,a?z}\;,k-&-lb,a
leZZ 1

+ > /A dk Tr(,i)a(k+mb/)1$;:k7azzik b
mez2 Ao

M(y) = Z / dK Xuw,i (k) (Vi,w¢j:k7a¢;k75+V;w¢:k7ﬂw;k7a)

(26)

III. PERTURBATIVE EXPANSION AND

SMALL DIVISORS

To compute the Schwinger functions S(k), we will use
Feynman graph expansions. We give the rule setting v =
0 for definiteness. The graphs for this model are chain
graphs of the form depicted in Figure 1

Each line s is associated a layer label i5 € {1,2} and
two valley indices as,al; € {a,b}. Each vertex has one
entering line s; and an exiting line sy, and we impose
that these lines have different indices: i;, = 3 — ¢5,, and
the same valley indices ag, = avs,. To each vertex r that
has an entering line s; and exiting line sy, we associate
an index, which if i;, = 1 we denote by I, € Z?, and if
is, = 2 we denote by m, € Z2.

e Each internal line s with layer label 1 coming from a
vertex with index m  corresponds to the propagator
91ia.,a. (K 4+ myb') (where k is the momentum at

which S is being evaluated). Each internal line s
with layer label 2 coming from a vertex with index
ls corresponds to the propagator ga.a, o/ (k + 1,-).

e Each external line s corresponds to the propagator
YGis:a,a (k)

e Each vertex r that has an entering line s; and exit-
ing line s with ¢, = 1 and i,, = 2, if s; comes from
a vertex with index m,._1, the vertex r corresponds
to an interaction term /\Tl(l) (k+m.—1b'+1,:).

/
rQsg Ay

e Each vertex r that has an entering line s; and ex-
iting line s with i5, = 2 and 45, = 1, if s9 comes
from a vertex with index [._;, the vertex r cor-

responds to an interaction term )\77(3 ) k +

raagat, (
l_1b+m,b).

The value of a graph is obtained by taking the prod-
uct over the lines of the corresponding propagators, and
multiplying them by the product over the vertices of the
interaction terms. The Schwinger function is then ob-
tained by taking a sum over all possible graphs with the
correct external labels. A more explicit expression for
the Schwinger function is given in Appendix C.

The persistence or not of the semimetallic behaviour
depends on the convergence of the expansion. One of
the more important and difficult reasons for which con-
vergence could, in principle, not occur, is that small di-
visors could accumulate, as we will now explain. Note
that if k; and ko are 2 neighboring terms their difference
is given by ki — ko + mb’ + Ib; moreover the propagator
are singular at the Dirac points p}*. Consider therefore
a1 (k)Tl(l) (k+1b)g2(k—+1b) and suppose that & is in the first
Brillouin zone and is close to p% 1, that is k = p% | + 71
with r; = O(e) and € is a small parameter (so that the
propagator is O(e~1)); suppose now that k + b + mb’
is also in the first Brillouin zone (by periodicity we can
always add mb’ to achieve this) and close to p“g:Q, that
is k+1b+mb = ph, + 72 with 72 = O(e). In princi-
ple this would produce an O(e~2) contribution, that is
an accumulation of small divisors which could produce
large contributions which can destroy convergence. Note
however that

O(e) = il +Ira| = lr1=ra| = [Ib-+mb' —p3,—pf,| (27)

so that this accumulation of small divisors is possible only
when the quantity in the r.h.s. is small. The effect of
such terms is rather delicate to be understoord. Indeed
similar terms in the case of random potential produce
a localization phase in 1d, while an extended phase in
hgher dimension, while a quasi periodic disorder in 1d
produces an extended phase.

IV. DIOPHANTINE CONDTIONS

As we noted above, the accumulation qf small divisors
can only occur when [lb+mb" + p§; — pf ;| is small. For



generic values of 8 (for which sg or cg is irrational), this
happens when [, m are large enough, and the basic issue
for stability is if small divisors are balanced by the fact
that the interlayer hopping is weak for large values of [, m.
We therefore need to quantify the relation between the
size of Ib+mb’ +p%; —p‘;ij and that of [, m, which we do
using number theoretical considerations. One such con-
sideration is the so called Diophantine condition, which
consists in restricting ourselves to values of 6 for which,
for any w,w’, 1,7

, C
D% — D + b+ mb| > ﬁ (28)
where y is either y = [ or y = m and y # 0, If this is
satisfied, then when [p; — p% ; +1b+mb'| = O(e), then

O(e) = Coll| 7. (29)

Therefore |I| > =/, and, due to the exponential de-
cay of ¢ in 7() (see (12)), so |Tl(1)(:l€ F )| < ere T
which compensates the small divisors =2, This simple
argument says that small divisors due to adjacent propa-
gators do not accumulate. Of course this argument is not
sufficient to prove the convergence of the series, and then
the persistence of cones; it says only that two adjacent
propagators cannot be simultaneously small but it says
nothing about non adjacent ones, which is the generic
case. This requires a Renormalization Group analysis,
as we will discuss below.

A basic preliminary question is whether there are 0’s
such that (28) holds. Such condition is usually assumed
in KAM theory or in the case of fermions with quasi
periodic potentials; in such cases the frequencies are in-
dependent so that the fact that there is a large measure
set of them verifying (28) follows from standard notions
of number theory. In the present case however the issue
is much more subtle as all the frequencies depend on a
single parameters 6. Nevertheless, we prove the following
lemma.

Lemma IV.1. For every interval [0y,61] C [0,27), the
set D = {0 € [0y, 01] satisfying (28)} has measure 1 —
O(Cy/ (61— 00)?), so that choosing Co small enough with
respect to 01 — 0y, D has large relative measure.

We will provide a full proof of this lemma in Appendix
B. For the moment, let us discuss the main idea of this
proof. In order to keep things simple, we will focus on
the case i = 7 and w = w’ here. Let M := [b+ mb’ and
we wish to obtain a lower bound on |M|. To do so, we
use a simple inequality: Vz,y € R,

3 1
VarZ+y? > gx—wfy (30)

2

and so, since

M = 2%( li + 12 + mip1 + mapo,

\/g(ll —lo +myip3 — mapy)) (31)

with 1 = cg — s9V/3, Y2 = co + 30V/3, p3 = co + s9/V/3,
@4 = cg — 59//3, we have

2r
V3

with Iy =13 and [_ =19, and

fw(g) = (901—20-’903’ wz-gwwz;). (33)

(M| 2 —=(lw +m - fo) (32)

Thus, we wish to impose a condition on # such that
g1,.m(0) == |lo +m - fu(8)] = Ci|lm|~7. The measure of
the complement of the set where this is true is bounded
by

*

Cy|lm|~7 1
/ / dglmm (34)
_Cl‘m|77 glwam

where gl’wm is the derivative of g, ., and Zzl has
the constraint that 360 € [6y, 61] such that g, .. (0) €
[Ci|k|~7,Cy]k|~7]. Therefore we get the bound, taking
into account the sum over [,

m,le,

* ="
220 e ) (35)
m
Now, in order for this bound to be useful, we need a good
bound on m- f/. Now m-f/ () can be small, but only if m
is large enough. This suggests we should control it using
another Diophantine condition, but we would run into
an infinite problem: we would need mf/ to be bounded
below, for which we would impose an extra Diophantine
condition, which would itself require a Diophantine con-
dition on the third derivatives, et caetera. We can avoid
this problem as follows. If f/(0) = |f.,(0)|(cos 3,sin 3)
is non vanishing and 6 is small then (m - f./|f]]) ~
|m| cos(6,,) where 0, is the angle between 8 and m.
We can distinguish in the sum (35) the sum over m
such that |0,,], 0, — 7| < m/4 and the complementary
set |0, — 7/2],10m — 37/2] < w/4. In the first sum,
(m-fL/1fL]) will be greater than |m/| up to some constant;
we impose a Diophantine condition only for the second
term: for |0, — /2,0, — 37/2| < w/4 we assume that
llo+m-fl| < Cilm|~". Again we will end-up with a con-
dition like (35) involving m- (f./|f.])" which in principle
could be arbitrarily small. However (f'/|f’|) is orthog-
onal to f(,/|f,| hence m - (f,/|f,[)" ~ |m|cos(m +7/2)
which, in this region, is greater than |m)|.

Thus, we construct a large-measure set of #’s that sat-
isfy |l +m - f,(0)] = Cilm|~7. A detailed proof can be
found in Appendix B.

V. STABILITY OF THE SEMIMETALLIC
PHASE

We are now ready to state our main result.

Theorem For any interval [0y, 01] C [0,27), any Co >
0, there exists a subset of [0p,01] whose measure is at



least 1 — O(Cy/(0p — 61)?) such that (28) holds, and an
go (depending on Cy, by, 01 ), such that, for any |\ < eo,
for a suitable choice of v;,, (S;;(k+ p‘g’j)) =

6
) wl k «w With propagators given by @(1)
respectively. Note that QZ(l) correspond to fermions with

momenta far from the Fermi points, while VZ(SO) with
momenta around £pg;.

and 3.5

—iZjw ko (10, wk1 — wj whks) o o We further decompose
((w Wk —wy wwka) —iZ; ko (1+O(|k[*)) i
(36) (<0) ~(h)
with0 < a <1, Z = 1+0(X) real and v; ., = 3t/2+0(N\), 9w (k)= h_E i (k) (38)

Wi, = 3t/2 + O(/\), Vjw = O()\)

This result ensures that, even taking into account the
Umklapp processes involving the exchange of very high
momenta due to the emerging quasi-periodicity, the Weyl
semimetallic phase persists for small interalyer coupling
and a large measure set of angles.

The interlayer coupling modifies the position of the
Dirac points; we have properly chosen the bare Dirac
points pr(/\) in absence of interlayer coupling given by
Q(pfl()\)) +v;,+ = 0) so that their renormalized physical

value is pf ; given by (10). This is essentially equivalent
to say that the position of the Dirac points genericaly
moves in a way depending on the angle, the layer and
the coupling.

The velocities wj ., v and the wave function nor-
malization Zj; ., are renormalizated in a way generi-
cally dependent on the layer and the angle. Note that
a priori several other relevant terms could be present,
but they are excluded by symmetry. The singularity
of the Schiwnger function is given by Z2kZ + R(k) with
R(k) ~ (Jv|*k? + |w|*k3); the singularity of the 2-point
function is therefore the same as in absence of interlayer
at weak coupling ensuring the stability of the semimetal-
lic phase.

The result holds for irrational twisting angles verify-
ing (28). The relative measure of this set can be made
arbitrarely close to 1 by decreasing Cy. In the remaining
sections we prove the above result by a Renormalization
Group analysis, leading to a convergent expansion.

VI. THE RENORMALIZED EXPANSION
A. Multiscale decomposition

We introduce smooth cut-off functions: for ¢ = 1,2,
=4, h € {—o00,---,0}, let xn,iw(k) be a smooth
function that vanishes outside the region [k — p%;[| <

y"~! and that is equal to 1 for [k — p%,|| > ~"72. The

constant v > 1 will be chosen below to be large enough.
Note that, in this way, the supports of x4+ and xo,;,—

do not overlap. We define §fi0)(k) = X0,iw(k)gi(k) and
506 = 0709 + 3 9. 35 (37)

with g0(k) = (1 — 3 X0.iw(k))3i(k); this induces
R T

P

the Grassmann variable decomposition ; k o

where 9( )( k) := fh,i,w( )@(L ' in which fr ;0 == Xniw—
Xh—1,iw is & smooth cutoff function supported in yh=3 <
k —p%;l < h=1 such that Z?L:_Oo fhyiw = X0,iw- The
integration is done recursively in the following way: as-
sume that we have integrated the fields (), .. (=1
obtaining

W= /P(dw(éh))ev(h)(w’d)) (39)

where P(dw(fh)) is Gaussian integration with propagator
gf; ) which will be defined inductively in (49), and

"(,0) = 40)
/A, deZ }21 (luocwa) (k)wz koo ww2 Jk+1b,af ,w! +

i,w,w’,la,af

(hyw,w’ _
/ dez,l,m a,af ( )wzﬂ,_k,a,wwl,kjtmb’,a(,%)l)

i,w,w’ maa’

According to the RG procedure, we renormalize the
relevant and marginal terms; we will see below that the
term with [ or m non zero are actually irrelevant, due to
improvements in the estimates due to the Diophantine
condition. We therefore define a localization operation
in the following way

LW (06) = GG g01,0 WS (0,0%,0) +

47,0
koo Wi ) (0,p2,) + (k — pi )OW, e (0, pa(42)

The terms for which £ = 0 are called non resonant terms
and the ones for which £ # 0 resonant terms. The
terms containing derivatives are marginal ones and pro-
duce wave function or velocities renormalizations, while
the terms without derivatives are the relevant terms. The
action of £ on the effective potential V(" is

v =, v 4o,y (43)
with
v .= %" / ARy Vi, cv,00 iU 5.0 Ve oo
peee (44)
and
LoV = Z / dk2h w000 i (K=PF ;) j wszawsza
P (45)



with
e A —hyrhw,w W
Vhow,a,al i =7 Wi,i,O,a,a’(O’pF,i) (46)
Zhwaatig = 0 Wiihe o O,00:). (A7)

The form of the resonant terms is severely constrained
by symmetries: as is proved in Appendix D,

— . —_— . —_— *
Vhw,a,ai = Vhwbbi =0 Vhwabi = Vhebai

*
Zh,w,b,a,i,l = Zhw.abi,l ~Fhwb,a,i,2
Zh,w,a,a,i,1 = Zh,w,b,b,i,1 = Zh,w,a,a,i,2 — Zh,w,b,b,i,2 = 0

Zh,w,b,a,i,0 = Zh,w,a,b,i,0 = 0

The contributions from L2V are marginal, and are ab-
sorbed into the propagator at every step of the integra-
tion:

3 (k) = i (k)- 1

_(<h+1 - w
@) = zhwnig (k — PR);
J
(49)
Thus,

TP (k4 p5) = Xniw(K)(1 + O(k))-

) ) —1
_ < —17Z; w.nko (10w, n k1 — Wi 0 pwka)
(—iv},, k1 —w!,, pwk2)

b —1Z;wko
(50)
with
Zi,w,h = Zi,w,h+1 - izh,w,a,a,i,o
Viw,h = Viw ht1 T 42hw,a,b,i,1
Wi w,h = Wiw htl T W2hw.a,bi2- (51)

After absorbing £5V (") into the propagator, we are left
with integrating £,V and

RV .= (1 - L)y (52)
SO

W :/p(d¢<§h>)eﬁlv“”(w)wv“”(wx (53)

B. Feynman rules for the renormalized expansion

The renormalized expansion described above has a
graphical representation that is similar to the Feynman
diagram expansion from Section III. There are two main
differences: first, there are two different types of ver-
tices: “r-vertices”, coming from RV (") in (53), and “v-
vertices”, coming from £,V ™. Second, every line has a
scale label h, corresponding to a propagator on scale h:

T () == friw)a 2 (k). (54)

= Z;;,w,a,bﬁ,Q (48)

Zh,w,a,a,i,0 = Zh,w,b,b,i,0 € iR

h hi ha h3 ha hy hy h

. . . . . M .

FIG. 2: An example of graph of order A" with the associated
clusters, denoted by thick rectangles. In this example, h <
hi1 < h2 < hs.

The scale labels induce an important structure: given a
diagram, we group vertices together into nested clusters,
which are connected subgraphs in which the scales of the
lines leaving the cluster are all smaller than the scales of
the lines inside the cluster, see Figure 2. A cluster that
is such that £ applied to the cluster yields 0 is called
non-resonant, otherwise it is called resonant. In other
words, the action of R =1 — L is trivial on non-resonant
clusters, and non-trivial on resonant ones.

Some clusters are single vertices (either v or 7) and
are called trivial clusters. The clusters that contain in-
ternal lines are called non-trivial clusters. As per the
construction above, if h§* is the largest of the scales of
the external lines of a non-trivial cluster 7', all its inter-
nal lines have a scale h > h$*'; hp is the largest scale of
the propagators internal to the cluster 7. A non-trivial
cluster T' contains sub-clusters T' C T'. We call a cluster
T C T a mazimal cluster if there is no other cluster T
such that T C T C T.

For each cluster, there are two external lines that con-
nect the cluster to other ones. In a non-resonant clus-
ter T with external lines of type 47 = i3 = 1 and
momenta ki, ko with k; in the first Brillouin zone and
ko = k1 +m7b -+ 1b where [b is chosen so that ky is in the
first Brillouin zone, if Ay, .., Ay are the momenta associ-
ated to the 7 vertices contained in T' (the v vertices do
not change momentum) one has Ay = k1 +1lpb, A1 = k1 +
l0b+m1b’, Ay = k1 +m b + lob, A3 =k +mgb’ + 50, ...,
An = ki +myb +Ily_1b and my = mp with N odd. In
the same way if the non-resonant cluster 7" has one exter-
nal line of type ¢; = 1 and momentum k1, and one of type
io = 2 and momentum ks; assume that kp is in the first
Brillouin zone and ky = ki +I7b+mb’, where mb’ is cho-
sen such that ks is in the first Brillouin zone. Now with
N even the momenta associated to the 7 vertices in T are
AO = kl +lob, A1 = ]{1 +l0b+m1b’, A2 = kl +m1b,+lgb,
Ag = k/l\-f— mgbl + lzb,...AN,1 =k + mN,gb' + lelb,
IN—1=Ip.

The value associated to a graph T' is denoted by Wr (k)
and is given by the product of the propagators and v, T
factors associated to the vertices, with the R operation
acting on each non-resonant cluster. The effect of the R
operation on the non-resonant clusters can be written as

1
RWH(k + p2.,) = & /0 P2 (1K) (55)



C. Convergence of the series and persistence of the
cones

In order to bound the contribution of a Feynman graph
we note that |g") (k)| < Cy~" (by (50)); therefore the
product of propagators in the Feynman graph is bounded
by

H ,_thT(MT#»RTfl) (56)
T n.t.

where My is the number of maximal non-resonant clus-
ters contained in 7', Ry is the number of maximal res-
onant clusters contained in T', and [[, ,, is a product
over non-trivial clusters. Note that the trivial clusters
do not contribute, as they contain no internal lines. The
effect of the R := 1—L (recall (42)) operation on the non-
trivial resonant clusters produces an extra 72(heTXt*hT)
(the gain A$* comes from the extra (k — p$,;)® terms
(which are on the scale of the external lines) and the hp
loss from the extra second derivative (which are on the
scale of the internal lines)). Therefore, we get an extra
factor:

H ,YQUL?Xt—hT) (57)

T res n.t.

where [, .o ot 18 the product over the non-trivial reso-
nant clusters. In addition, each maximal resonant cluster
corresponds to a weight v, so, if |vy| < C|\|, we get
an extra factor:

[T+ (5)

T n.t.

where M7 is the number of maximal resonant trivial clus-
ters in T'. Thus, we get the following bound for the sum
over all the labels of a renormalized graph with ¢ vertices:

> (L@ m)ArCe ( e

—hT(]V[T+RT—1)>

h,l,m Tn.t.
(1 )
T res n.t. T n.t.

where L(I,m) is the norm of the product of the 7 func-
tions:

L(l,m) = H |7 (A,)] (60)

where A; are the momenta, which depend on the struc-
ture of the graph, and Z;l)m is the sum over the scales
and momenta associated to the vertices, as explained in
Section VIB; these sums are not independent, as they
are constrained by the compact support properties of
the propagators and of the Diophantine condition. Now

defining 1r,es is equal to 1 if the maximal cluster T, is

resonant and 0 otherwise, we have

[Ty I " ] <

T n.t. T res n.t.,T#T), T n.t.

H ’)’}LT H ,y—hT g ,yhT»mﬂFres (61)

Tn.t. T res n.t., T#T,,

and then using that if T;, is resonant and L is applied
then hy,, = h+ 1 we get

H ,y—hT(RT—l),yhTMer« H ’y(h%Xt—hT) S ,y(h+1)1rres.

T n.t. T res n.t.

(62)
Therefore, (59) is bounded by

*

Z [L(L, m)]|\|4C T r res

h,l,m
(XL ) (T o) e
T n.t. T res n.t.

As the graphs are chains, there is no problematic com-
binatorial factor; the main issue is the sum over h; if we
neglect the constraint in ZZ L.m then we will get a factor

I1r m_(Z?LT:_OO y~"1) which is divergent.
However, we have still not taken advantage of the Dio-

phantine condition. In order to do that we note that
|70 (k)| < Ce="I¥l from the exponential decay or ¢(k),
see (12), (13)-(14); we can write

0
o /2l _ H e—n2h|k| (64)

h=—o00
Consider the product of 7 factors:
1
H e—th|Ai|

L(Lm) = [ Ir(A] < [T etV
1 Z e (65)

which we estimate as

L(l,m) < HeiK‘Ai\ﬂ H

T nonres>t

€7H2hT‘Ai‘ (66)

where in the last product ¢ is the label of the points 7
contained in 7. We then exchange the products:

L(z,m)g<He—n|At|/z> T I @

T nonresicT
Let us consider a non resonant cluster with external lines
of type 1; we have

|Ao|+|A1]+... > |Aog— A1+ Ay —As...| = |mrb'| (68)
(see Section VIB) so that

_ hp X _wohT |5 ’
H e k2T | A, <e k2T M b’ | (69)
€T



A similar analysis holds for i, = iy = 2 with ZA;& 0. In
the same way if the cluster T has i1 = 1 and i2 = 2 and
ki1, ko are the momenta of the external lines using that
|[Ao| + |A1] + ...

~ a4
>[Ag— A1+ A2 — Az...[ > |k + 1b] > |lb|—?7T (70)
(where we used that |ki| < 4T) as ky is in the first Bril-
louin zone

He—chhT|A,;| < e—nth(\lATb\—%' ) (71)
ieT
In addition, the Diophantine condition imposes a con-
straint between the momenta of the external lines of a
cluster T' and the [, m labels associated to its internal
vertices. Consider a non resonant cluster with the fol-
lowing indices:

1. If iy = i3 = 1 and kq, ks are the momenta of
the external lines; assume that ki is in the first
Brillouin zone and k; =: ky + p“lf{l. Moreover
ky = ki + mpb + 1b =: ko + p%?,, with [ chosen
such that k- is in the first Brillouin zone; then, if
’f/ﬁT 7& 07 by (28)7

2P > k1| + |k2| > |k — ko =
P — Py + M’ + 1] > G (72)
so that, if mp #0
[r| > (5007 ") (73)
and so
jrd| > ey T (74)

for some constant ¢; > 0. On the otther hand if
my = 0 but wy; # wy then [ = 0s0 47 > %|p‘}11 —

¥l = 2—“ (recalling (10)). Thus, this eventuality

does not occur provided +y is large enough.

2. In the case iy = 1 and i3 = 2 and ki, ko are the
momenta of the external lines; assume that kq is in
the first Brillouin zone and ki =: ky + p‘;ifl. More-
over ky := ki +1b+mb’ =: ko +p72,, with m chosen
in such a way that ko is in the first Brillouin zone;
then, if [ # 0, by (28),

29" > (k| + k2| > [ky — E2| = (75)
[Py — P57 + Irb +mb| > -
|l T|
so that
lir] > (LCoy™"7")7 (76)
and so
lpb| > ey 7/ (77)

If ZAT = 0 then 2'ythxt > O(6) for w1 = wy and
29M7" > O(1) for wy = —ws. Thus, provided v >
f~1 these eventualities do not present themselves
provided 7 is large enough.

3. A similar analysis holds for iy = 2,4y = 1, and
i1 =ip = 2.
Thus,
[ 24l < e e "= (75
ieT
which, provided + is large enough, yields
[ 1A < emern ™" (79)

ieT
for some constant c¢o. Therefore,

I/(l7 m) S 6_02"/7’1/7ﬂ1" nonres H e_K‘A'LV2 H e_CZMT77hT/T
7 T n.t.

(80)

where 11 onres is equal to 1 if the maximal cluster is non

resonant and 0 otherwise. Note that, provided «y is chosen

_ —h/T
to be large enough’ e~ 27 Ir nonres S /y3h]ll" nonres g0

L(l,m) S 73hﬂl“nonre:. HG_HIA |/2 H 6_52]\/[T'Y hT/T.

T n.t.
(81)
Furthermore, using the bound e~** < (g)ﬁe’ﬂx’ﬁ
with 8 = 37 My, we find
1
e—CQMT’yihT/T S (C2€ )—3TMT,Y3MThT. (82)

3T

In addition, ) . . Mz < g, since the clusters are nested
in each other and for two clusters to be different they
must differ by at least one vertex. Now, let us introduce
M7 as the number of maximal non-resonant trivial clus-
ters (i.e. maximal 7-vertices) contained in T, and use
the trivial bound 3My < 2Mp + M7 along with (82) to
obtain

H efchT'y_hT/‘r ch H ,YhT(2MT+M;") (83)

T n.t. T n.t.

Thus, plugging this into (63), we find

h1r res o 3R1T nonres

hZ HNU(CCy) 1y Moy

L
[H ,y(h;)ﬁt—hT) H ,.yhT(QMT'i‘]V[%)' (84)
T res T n.t.

In addition,

H ,thTMT _ ,7_2}l]ll"nonres H ,th%-Xt (85)

T n.t. T nonres



*

P STILENACO) [ T A% ) TT A (s6)

h, Tn.t. T n.t.

m

The crucial point is that the sum over the scales h can be
performed summing over all the differences, taking into
account that the scale h is fixed. Finally the sum over the
I,m is done using the factor [L(l,m)]z. (The gain term
APTM1 s dropped, as it does not lead to any significant
gain.) In conclusion the bound on a graph with ¢ vertices
is C{~"|\|? assuming that ||, | Z,—1|, |vn—1]|, wp,—1] <
C|Al.

D. Beta function and Schwinger functions

We are left with checking our assumption on
Zh, Vp, Wh, Up. We know that Viw,h = Viwh+l —
12h,w,a,b,i,1 With 2h « q.b.5,1 €xpressed by the sum of renor-
malized Feynman graphs I' such that the maximal scale
of the clusters is h + 1, an extra derivative is applied
(which costs a factor =) and the momenta of the ex-
ternal lines is fixed equal to p%. Moreover by the compact
support of the propagator there is at least a 7 vertex, as
the k& = 0 value of a graph wih only v vertice is zero;
therefore the analogue of (86) becomes

D_ILIENCC) [ [T A" F e (8)
e T n.t.

where 7™ is the non trivial cluster containing a 7 ver-
tex whose scale is the largest possible (we now use the
gain v"7M7 dropped in the bound (86)). In addition,
summing the differences h$** — hr along a sequence of
clusters that goes from h to hp- and discarding the oth-
ers, we bound

> (h§ = hy) < h = Dy (88)
T

and so (87) is bounded by

*

vESTILENI(CCs) T 420 ) (89)

h, T n.t.

»m

Estimating the sum as above, we find that |2p, w.a,0.41] <

05)\7%, and Vi, n = Viwo — 1D Zh wa,bi,1 hence
Viwh = Viwo + O(N); moreover the limiting value is
reached exponentially fast v; o5, = Vi w,—0o + O(M"/?).
A similar argument holds for Z;,w;,. Not

It remain to discuss the flow of v,; we can write, see

(46),

h,w, 7hw,
Wi ea (0,05,) = Y o+ W oo (0,0%,;) (90)

10

where W is given by the sum of the terms with a number
of vertices greater or equal to 2; therefore

Vhwaa' i = Whilwaal i + o (91)
with g = *y’hﬁ//ihf{)’z o (0,p%,;) is given by the sum with
g > 2 of terms bounded by (89). We have to prove that
it is possible to choose the counterterms v, o/ ; S0 that

Vh.w,a,a’,i is bounded by CA for any scale h. Indeed from
(91) we get, h < —1

-1
Vh,w,a,a’,i - ’y_h(l/w,a,a’,i + Z ’715;) (92)
i=h

and choosing v, o o/, 50 that v_o .a,07,i = 0 We get

h
Vhwaai == " > VBl (93)

1=—00

and by using a fixed point argument we can show that
there is a sequence such that |vh 4 0.0, < C)\V%.

The application of the above bounds to the 2-point
function, in order to derive (36), is straightforward. The
2-point function can be written as

0
Siik+py)) = > [F"((k+p5,) +r"(k) (94)

h=—o0

where 7" (k) includes the contribution of term withs at
least a vertex. We can replace in ¢ ((k + p%;)) the
Vi,w,hy Wi w, hy Ziw,h with Vi,w,—o0s Wi ,w,—oo> Zi,w,foo ob-
taining the dominant term in (36); the subdominant term
is obtained both from the term containing the difference
betwen Vi,w,h —Viw,—oc0s Ziw,h —Wiw —ocos Zi,w,h _Zi,w,foov
which have an extra factor O(\y"/2), or the terms with at
least a vertex which have at least a v or a non resonant
trivial vertex, with an extra O(y"?) from the bounds
after (87).

VII. CONCLUSION

Theoretical analyses of TBG are based on the assump-
tion of the stability of the Weyl semimetallic phase, lead-
ing to the formulation of continuum effective models.
However in lattice TBG models wth generic angles there
is an emerging quasi-periodicity manifesting themself in
large momenta Umklapp interactions that almost con-
nect the Dirac points, similar to the ones appearing in
electronic systems with quasi-periodic potential. Such
terms are neglected in the continuum semimetallic ap-
proximations.

In this paper we have rigorously established the stabil-
ity of the semimetallic phase in a lattice model, taking
into full account the large momenta Umklapp interac-
tions. The analysis is based on number theoretical prop-
erties of irrationals combined with a Renormalization



Group analysis, and requires that the interlayer hopping
is weak and short ranged and the the angles are chosen
in a large measure set. The effect of the interaction is
to produce a finite renormalization of the Dirac points
and velocities. Non perturbative effects are excluded as
the series are shown to be convergent. Compared to the
Aubry-André or similar models, the number theoretical
analysis is much more involved due to the peculiar struc-
ture of the small divisors.

The stability of the Weyl phases provides a justification
of the use of continnum models under the above assump-
tions. In addition, the present analysis paves the way to
a more accurate evaluation of the velocities as functions
of the angles, talking into account lattice or higher orders

J
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effects, and the effect of many body interactions, whose
interplay with the emerging quasi-periodicity could lead
to interesting phases.
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Appendix A: Fourier transform of the interlayer hopping

We write V' in Fourier space: we get

‘5 I 22 2 /247r2/ﬁldk1/ﬁ2dkz

z1€L; THEA2 ac{a,b}

ei(klml7k2x2+q(11712))67,q(da

efi(klmlfkéxéfq(ml7:1:'2))6iq(da7Rda)efz§(k27k1)

and using the Poisson summation formula

r1€L1

where we use the shorthand (b = b1 + l3bs, and

wéeﬁz

Noting that €2k, tib—mb,a = €2,k +ib,ar C1k,+mb/ —iba = C1kj+mb’ o

do) Zf(kQ k1) ( )Cl K, ac27k'2704+

Rewriting (A1) in terms of Grassmann variables, with the added imaginary time component, reads

2 > 2

|A |2
z1€L1 zh €L a€d{a,b}

C(Q)C;ké’a,&l,kl,a (Al)

S elrin = B S 5k + g+ 1) (A2)
lez?

7 emithetam — |21 N bk + g+ mb) (A3)
mezZ?

we finally obtain (13).
/2 o / dk, 5 dks 6(k10 — k5 )
(A4)

( i(kix1—kaxh+q(z1— acz)) iq(de —Rdo,) z&(k —ky) ( )wlk ,(z}\;k,
1,0

_i_e—i(k?l(L‘l—kigl'/Z—q(fL'l _f’«'/g))ei‘I(da

where we use the notation k; =

—Rdy) ,—i€(kh—k1)~ N+ -
)6 & (ks 1)((‘])1/}271(/27&1/}171{17&)

(k1,0, k1) and kb = (k2,0, k2). Again, using the Poisson formula, we find (25).

Appendix B: Proof of Lemma IV.1

To prove lemma IV.1, we will first prove a general rlesult on a Diophantine condition for a generic function from
[0,27) to R%. We will then apply this result to [p%;, D% ; + Ib+mb'|, viewed as a function of 6, for the various values

of 7, j,w,w’.
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1. Diophantine condition from R to R?

Let us consider an interval [0y, 6:1] C [0,27], and define, given constants C; > 0,7 > 4 that are fixed once and for
all, two twice-differentiable functions z : [0,27) — R, f : [0,27) — R?, and a subset Q(z, f) C [0y, 01],

D(z, f) :={0€Qx, f): Ve Z*\{0}, VI € Z, |z(0) +1+ k- f(0)] > C1|k|""} (B1)

We will show that, provided €2 is chosen appropriately, under certain conditions on f and z, D has a large measure.
The novelty of this result is that f takes values in R?, but is a function of a single variable; if f were a function from
R™ to R™, then the fact that D has a large measure would follow from standard arguments []. Our result is stated for
R2, but it could easily be adapted to any other dimension, provided f takes a single real-valued argument.

In order to make our argument work, we will assume that f/(#) (the derivative of f) remains inside a cone, that is,
we assume that 3¢ € R? with [£] =1 and a € [0, 7) such that, V0 € [0, 01],

F1(0) € Cela) = {y € R?, |y -] > |y| cos(a)}. (B2)
We take the set Q(z, f) in (B1) to be
Oz, f) = {0 € [60,01] - Yk €, |2/(0) + k- f(0)] = Cs|f'(0)||k]™} (B3)
where C3 > 0 is a constant, € € (1,7 — 3), and
¢ =2\ ({0} UCe()) (B4)
(the reason why we choose ) in this way will become apparent in the proof of Lemma B.1 below).

Lemma B.1. If the following estimates hold:

/

i "0 0 i 0 B5
pin |f(0)] >0, b |& (e > (B5)
Yo € [90,91},
min_['(0) + k- f'(0)| — Cs|f/(0)[[k| ™ >0 (B6)
0<|k|<R1
with
)I
cos(a—|— %)
and, for some n >0,
: 0 ¢ a'(0) L0 10) ) 2 ¢ J(0) fd
0<1|%1|12R2 |80<|f’(0)|) +k a@(|f/(9)|)| 77|k3||39(|f/(9)\>| cos(a+ 1) >0 (B8)

with

x' (0
|2 ()

7]
Ry :=n+ 7 (B9)
|5 (1)l cos(a + %)
then the measure of the complement of D is bounded by
160, 6:] \ D(z. f)| < O(C3) + O(55) (B10)

where the constants in O(-) depend only on 6y, 01, x, f, «, €, 7, . In particular, if we choose C3 < 01 — 6y and
C1 < (61 — 00)?, then D(x, f) fills most of [0, 01].

Remark B.1. The conditions (B6) and (B8) concern a finite number of values of k. In the applications of this lemma
below, we can make both of these conditions trivial by ensuring that Ry, Ry < 1, which reduces this finite number of
values for k to 0.
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Proof Let |D§(x, f)| denote the Lebesgue measure of the complement Q(z, f) \ D(z, f). Let

g1k(0) = [x(0) + 1+ k- f(0)] (B11)
in terms of which
Cilk|™7
Di(a. )| = Z [ (B12)

where ZZ[ has the constraint that 36 € [0, 61] such that g ;(8) € [-C1|k|~7, C1]k|~"]. Therefore

L

D¢ (z, < 207 — .
Do, F)l < D20 o T F )

Lk

(B13)

In addition, the number of values of [ such that g () € [-C1|k|~7, C1|k|~7] is bounded by Cs|k| for some constant
Cy (which depends only on 6y, 01, z, f), and so

|k.|1—~r
"mingeqe.p) [2/(0) + k- F/(0)]

DGz, )l <2 > Gl (B14)

keZ2\{0}

In order for this bound to be useful, we must obtain a good lower bound on |z’ + k- f'|.
To do so, © must be chosen appropriately: we wish for k- f/ to stay as far away from —z’ as possible. Now, it
cannot avoid it entirely, as k - f’ will cover all possible values as k varies in Z? \ {0}. By choosing  as in (B3), we
ensure that k- f/ may only approach —z’ for large values of k. In doing so, we can estimate D§: we split the sum

over Z? \ {0} into a sum over ¢ and a sum over its complement (¢ = Z? N C¢(%), and compute a bound for each case.
If k € ¢, then, by (B3), for 6 € Q(z, f),

|2/(0) + K - f/(0)] = Cs £ (O)]|%] (B15)
If, on the other hand, k € (¢ = Z* NCe(F),
[k f1(0)] = |K[[f(6)] cos(a + F) (B16)
S0
|2'(0) + k- [/(O)] = [k[[f'(0)| cos(a + §) — |2"(0)]. (B17)

We distinguish two cases once more: either

12/ (6)]
Cs + ol _

> =
[kl = cos(a + %) (B18)

(see (B7)) in which case (B15) holds true for these k’s as well, or |k| < Rj, in which case (B15) holds by virtue of
(B6). All in all, whatever the value of k, (B15) holds for all k € Z2\ {0}.
Therefore, (B14) becomes

2C1C5 1=
- | o1 (B19)
Q Cs mMiNge[gy,04] 1f1(0)] kezg\:{O}

By (B5), this sum is bounded since € < 7 — 3.
We are left with estimating the measure of Q¢(z, f) := [6p, 61]\(x, f). Proceeding in a similar way as for |Dg(z, f)],
we find that

(@) <2053 it

_ B20)
: z/(6) £ (
ke m1n96[90,01]|3a(\f (9)\)‘”€ (\f’gf);\)‘

Here we see why it was necessary to introduce the set ¢ in (B3): if ¢ were taken to be Z?2\ {0}, then we would run into
exactly the same problem as before: the denominator in this bound would not be bounded away from 0. However,
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the problem that gave rise to the necessity of introducing €2 in the first place actually only occurred for the k’s that
are close to being orthogonal to f'(#). So we can restrict ¢ to only include the k’s that are close to being orthogonal

to f'(), which is why we define ¢ as in (B4). Because %( \%I) is orthogonal to f’,

1) € Cer(a) (B21)

and so, for k € ¢, because the maximal angle between k and %( |§;‘) is a4 7,

(9 ) ”
k- &5 ()| > [kl 55 (i) cos(a + 5). (B22)
Thus,
8 (='(0) a ( 1'(0) o ( 1'(0) ™ 8 (z'(0)
|%(|§f(9)|) +k- %(|f/(9)|)| > |k||%(m)| cos(ar+ 7) — |%<\§r(9)|)|- (B23)
Therefore, if
1% ()]
k[ =n+— f,fj) 1O =Ry (B24)
|56 (177(a)| cos(a + )
then
AU a ([0 a (Lo . i
|55 (1) + k- (| > nlkl| 55 ()| cos(a + 5. (B25)

If, on the other hand, |k| < Rq, then (B25) holds by virtue of (B8). Thus, (B25) holds for all k € ¢. Therefore,

c 2¢C .
@S e o2 kT (B26)
neer[%glelﬂ%(lf’(@)\ )| cos(a + Z) kez2\{0}
By (B5), this sum is bounded since € > 1. We conclude the proof by combining (B19) with (B26). -

2. Applying the Diophantine condition to |p%; — p‘;i:j + b+ mb’|

We now apply lemma B.1 repeatedly to prove lemma IV.1.
Let us first consider the case i = j, w = w’, and y = m, that is, we wish to find a condition on 6 such that

s =y + bt | = bt e = || > (B27)
(recall (28) and (31)). We recall (32):
M)z e +m- 1) (B25)
with Iy =1 and [_ =19, and
ul0) = (B, o) (B29)

Now, recalling the definition (B1), we have that if 6 € D(0, f,,), then the inequality (28) with i =i, w = ', and y = m
holds with Cy := 2—\/’%01. We therefore just need to use Lemma B.1 to ensure that the measure of this set is large.

Taking 60, 6, sufficiently small, it suffices to verify the conditions at 6 = 0, and conclude by continuity. In particular,
when 6, 0; are small, f'(0) will take values in a small cone Cy (o) () with a = O(:1). Next, by a straightforward

computation, we find
] o fL0)| 2v3
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Which are both non-zero, so (B5) is satisfied for small enough 6. Since x = 0, the other assumptions trivially hold:
we choose C3 < 1/4/2 and 1 < 1 such that Ry, Ry < 1, in which case the minima in (B6) and (B8) are taken over
empty sets, so (B6) and (B8) hold trivially. Thus, by Lemma B.1, choosing C; = O(6?), the set D(0, f.,) has a large
measure.

We now repeat the argument for the other values of 4, j, y, and w,w’. First, note that p} — pp = %(bl — by) so the
condition (28) holds for w # w’ whenever it holds for w = w’. Next, note that

P — ppj +1b+mb'| = |RT(P%,7: — P + 10+ mb)| (B31)

which corresponds to exchanging m and [, and flipping the sign of #. The arguments made for # may be adapted in
a straightforward way to the case —f so our derivation for y = m also applies to y = [.

We are thus left with the case ¢ # j, w = w’, and y = m. Without loss of generality, we choose ¢ = 1, j = 2, and
we wish to bound

[PE1 — Pig + 10+ mb| > PG (B32)
Proceeding as we did above, we bound
2
P~ P+ bt mb| 2 o (@u(0) + e fu(0) (B33)
with
0):= 31— o) + = (B34)
Ty, = 3 Co w \/§59.

Therefore, if § € D(z,, f.), then (B32) holds with Cy = 2—\/’%01. To show that this set has a large measure, we check

the assumptions of Lemma B.1, as we did above. Again, we check the assumptions at 8 = 0, and argue by continuity.
We compute

o) =
e e (B35)

We thus find that if C5 < 1/v/2 —1/+/5 and n < 1 —4+/2/4/45, then Ry, Ry < 1, so the minima in (B6) and (BS8) are
taken over empty sets, so (B6) and (B8) hold trivially.

All in all, we have found that if we restrict the values of 6 to an intersection of Diophantine sets:

oe ) ﬂ D(0, fu(00)) N () [ D(zw(00), fu(00)) (B36)

w=+ o= w=%+o=%

then (28) is satisfied for any value of i,7’, w,w’, and y with a constant Cy = O(6%). Because each set has an arbitrarily
large measure (relative to [0y, 0:]), their intersection also does.

Appendix C: Naive perturbation theory

The Schwinger function is computed using perturbation theory: formally,

(Sl 1 Z Z (gl (k)>a7a0 (H (Z Tl2n azn k + map_1b + lzﬂb)(QQ(k + lan))azn,a2n+1'

N=0 ag, ,0aN+1 n=0 \l2p (Cl)
Z T?’(rfz)n,+1,oé2n+1 (k =+ lznb + anJ’_lb/)((gl (k + m27b+1b/))0¢2n,+1,042n+2)]ln<N (gl (k))a2N+17O¢/

Mman+1

where m_; =11 =0 and 1,y € {0,1} is equal to 1 if and only if n < N,

N
(S2,2( Z Z (92(k))a,a0 (H ( T2 v (b A+ lan— 10+ monb’) (91 (K + M2nd) s, s

N=0ag, " ,xaN+1 n=0

(C2)
Al (k + monb’ + Lons10) (920K + lant10)) a1 sammia) < | | (920K)) anyss,or

12n+1 ;02m+1
lon+1
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N
(S2 1 a o — Z Z a ,Q (H < 7_[(2173,0(2"(]{3 + an—lb, + l2nb)((92(k + l2nb))o¢2n,o¢2n+1)ﬂn<N'
lon

N=0 g, 02N n=0
ILn<N
Z T7(T?2)n+1,042n+1 (k + lonb + m2n+1b/)(gl (k + m2n+1b/))02n+1,2n+2 (92 (k))a2N,o/

man41

(C3)

N
(Sl 2 Z Z a Q0 (H ( 7—7(7122)n aQn k + lon—1b + m2nb/)((91 (k + man/))azn,azn+1)ﬂ"<N'
man

N=0ap," 02N
Inen

Z Tl(f‘,l)Jrl k+ man/ + lQnJrlb) (92 (k + 12ﬂ+1b))0¢2n+1,0¢2n+2
lon41

(C4)

Appendix D: Symmetry constraints on the resonant terms
1. Symmetries of the system

Let us state the symmetries of the model, which will play an important role in our discussion. Note that the CyT
symmetry in (c¢) only holds if £ = (0,1/2).

a) Complex conjugation: every complex constant is conjugated and

~p TFit(b14bo) T ~p Fig (b, +by) T
VL koka € e 2)1/’ B A S e ( )1/’ —ko,—k,a (D1)

Indeed, it is straighforward to check that Hy and Hy (see (5) and (9)) are left invariant by (D1) (following from the
fact that (—k) = Q(k)"). To check the invariance of the interlayer hopping term V' (see (A4)), there is one subtelty:
because El and /32 have different periodicity, we cannot simply change k1 to —k; and k% to —k%, which would not

leave /3 invariant. Instead, we map ki to —ki + by + bo and kb to —kb + b + b,. It is then straightforward to check
(using (A4)) that V remains invariant under (D1), using e?(1Db#1 = ei(l’l)b'g”/2 =1 and periodicity.

b) Particle-hole

ifko,k,a s ie:ﬁ:ig(b1+b2)$ﬁko’ik’a’ J;kmk,a s Zeizg(b +b%) w:p’ fo o (D2)
The argument is substantially the same as for the conjugation symmetry (a).
¢) CoT symmetry
{p\ji,ko,k,a = eiin(k)Qkao,fk,a (D3)
where if « = a then @ = b and if « = b then @ = a, and
x1(k) == ds (b1 +bo) — kdp — o 2bdy,  x2(k) := %(b’1 +by) — kRdy, — 0,10 dy. (D4)

H, and H are invariant under (D3) for the same reason as the conjugation and particle-hole symmetries. For the
interlayer hopping, it is easiest to use the expression of V' in (13), which involves two integrals: one over 21 and one
over EQ. Let us discuss the invariance of the integral over El, as the invariance of the other follows from a similar
argument. We change variables in the integral: k: H —k+b; +b2, as well as in the sum over I: (I1,03) = —(l1+1,12+1),
and in the sum over a: o — @. This changes Tl (k‘ +1b) to T l) (1.1), 5(=k —1b). Now, by (13),

+O 5 ~
—i-(,1),a (—k —1b) — o QUL i(k+b)(da+do—Rdo—Rds) g—i€(0 - k15,1~ 0kt1,1)b’ (k +1b) (D5)

78 (k + 1b) o (k +1b)
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In addition, if k + Ib — o4yp16' € Lo, then —k — Ib + (0xpip1 + (1, 1)) € Ly, so

O— kb = —Oktip,1 — (1,1) (D6)
and, since d, = 0 and d;, = (1,0),
dg +do — Rdy — Rdg = dy — Rd,, (D7)
and, since s(z) = ¢(—z), < € R. Therefore,
(1) .
T—l—(l,l),d( k lb) _ e—i5(21+(1,1))bei(k+lb)(db—Rdb)eig(QakHb,l-s-(l,l))b’ (D8)
(1) )
T (k+10)
Since & = dy/2,
(1) e
7717(1(,11)),5(( k lb) _ eikdbe—i(k+lb)Rdbeidbokﬂb,lb’ei%(b’1+b;—b1—b2). (D9)
Mo (k+1b)

It is then straightforward to check that this extra phase gets canceled out exactly by e*™i in (D3) (to see this, note
that if k£ € L4, then Ok,2 = O)

d) Inversion

N G DRI G DA PN (D10)

It is straightforward to check that Hy, Hs, and the interlayer hopping (using (A4)) are invariant under (D10).

2. Constraints on the resonant terms

The discrete symmetry properties seen above implies severely constraint the form of the resonant terms. In the
following, we use the notation “=%” to mean “by using symmetry (a) from Section D 1 (that is, Complex conjugation),

w_b» w_en w__d»

it is equal to”, and similarly for , ,

1. Using that Waa(ko, k) =4 —Waa(—ko, k) we get Woo(0,p%9) = 01Wau(0,p%) = 9aWaa(0,p%) = 0. Similarly,
Wi (0, p%) = 01 Wi (0, p%) = 02Wi (0, p%) = 0.

2. From W, (ko, k) =b Whia(ko, —k) =2 Wl;"a(—ko, k) we get Wyp(0,p%) = Wb*a((),p‘l‘é), M Wap(0,p%) = 31Wb*a(0,p‘;i),
2 Wap(0,p%) = 02Wy (0, p%). Moreover Wy (ko, k) =4 Wop(—ko, k) hence OoWap(0,p%) = 0.

3. O0oWaal(ko, k) =* —0oWS (—=ko,—k) =b —0oWi,(=ko, k) hence is pure imaginary at ko = 0; moreover
0oWaa(ko, k) =° oW (ko, —k) = —0oW (—ko, k) so that 9gW4,e(0,p%) = OWi(0,p%) = iz with z real
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