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DIRAC CONES FOR POINT SCATTERERS ON A HONEYCOMB
LATTICE

MINJAE LEE

ABSTRACT. We investigate the spectrum and the dispersion relation of the
Schrdinger operator with point scatterers on a triangular lattice and a hon-
eycomb lattice. We prove that the low-level dispersion bands have conic sin-
gularities near Dirac points, which are the vertices of the first Brillouin Zone.
The existence of such conic dispersion bands plays an important role in various
electronic properties of honeycomb-structured materials such as graphene. We
then prove that for a honeycomb lattice, the spectra generated by higher-level
dispersion relations are all connected so the complete spectrum consists of at
most three bands. Numerical simulations for dispersion bands with various
parameters are also presented.

1. INTRODUCTION

In this paper we investigate the spectral properties of the Schrdinger operator
with periodic point scatterers on the triangular lattice A C R? and the honey-
comb lattice H C R? (See Figure [1)). The notion of point scatterers started with
the Kronig-Penny model [I4] which describes the dispersion relation, or energy-
momentum relation, and the band structure of an electron on a 1-dimensional solid
crystal. This idea has been generalized to infinitely many point scatterers on a
periodic structure in R% d < 3 [II, [10] [T1] using Krein’s theory of self-adjoint ex-
tensions. We can borrow the notion of dispersion bands from the Floquet-Bloch
theory [9, [8 12} [15] for a periodic potential to analyze the periodic point scatterers
as well. See Part III of [I] for the formulation of periodic point scatterers in detail.

Honeycomb lattices and regular periodic potentials with such symmetry struc-
ture have drawn considerable interest in the physics community due to the ground-
breaking fabrication technique for graphene [19], a two-dimensional single layer of
carbon atoms arranged in the honeycomb lattice structure. In 1947, using the tight-
binding model, P.R.Wallace [24] found that the dispersion relation of graphene have
conic singularities at the six corners of the First Brillouin Zone. These points and
singularities are called Dirac points and Dirac cones since the wave packet whose
momentum components concentrated near those points behaves as a solution of
two-dimensional Dirac wave equation, which describes the evolution of massless
relativistic fermions. In addition, P. Kuchment and O. Post [16] in 2007 general-
ized the tight-binding model as a quantum graph with potential on the edges of
the honeycomb lattice which also presents the conic singularities of the dispersion
relation.

Fefferman and Weinstein [7, [6] recently showed that generic smooth and real-
valued honeycomb lattice potentials have conical singularities (Dirac points) at
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the vertices of the Brillouine zone. Note that this result does not depend on the
magnitude of the potential. See also [3]. We extend these ideas to the honeycomb
lattice point scatterers, which can be formally considered as a singular potential
on R? concentrated on a honeycomb lattice, and observe a similar type of conic
singularities regardless of the strength of the point scatterers as follows:

Theorem. (Theorem (3.9, Theorem Let ‘H be any self-adjoint operator on
L?(R?) acting as the Laplacian away from the honeycomb lattice H of . Sup-
pose that H satisfies the honeycomb symmetry condition as in Proposition (3.1
Then there exists the Dirac cone on the dispersion relation of H. In addition, the
spectrum of H consists of at most three disjoint intervals on the real line.

In order to prove this theorem, we first investigate periodic point scatterers on a
triangular lattice, which are similar but simpler compared to those on a honeycomb
lattice. Then the spectral properties of point scatterers on a honeycomb lattice
follow by modifying those results. More precisely, for both lattices, the spectral
properties in terms of dispersion bands are studied locally near Dirac points and
globally over the Brillouin zone. In Section[3:1]for triangular lattice point scatterers,
Theorem [3.2] shows that the second and third dispersion bands form a pair of
conic singularities at Dirac points. Then we introduce Proposition [3.3| proving
that the corresponding band spectrum has at most one gap and it occurs between
the first and second dispersion bands. Similarly, in Section for honeycomb
lattice point scatterers, Theorem shows that the first, second, fourth and fifth
dispersion bands form two pairs of conic singularities at Dirac points. Furthermore,
Theorem shows that the band spectrum has at most two gaps and they occur
between the second, third, and fourth dispersion bands. These results are illustrated
numerically by various figures and movies. See Figure [d] [5] [f] and Supplemental
Materials for the conic dispersion bands and the corresponding spectra of periodic
point scatterers. In Appendix [A] we briefly introduce the Floquet-Bloch theory
and the notion of periodic point scatterers.

2. PRELIMINARIES

2.1. Lattice structures on a 2-dimensional space. We introduce three kinds of
lattice structures: a triangular lattice, a honeycomb lattice, and the dual lattice of

them. Let vi = a (?, %) and vo = a (?, —%) with @ > 0. Then A = Zv, ® Zvo
is a triangular lattice with the fundamental domain I' = R?/A. Note that the
fundamental domain I" contains only one lattice point at x = 0.

The union of two triangular lattices generates a honeycomb lattice
(2.1) H=AU(A+x0)

where xg = 2(v1 4+ v2). Note that I' contains two points of H at x = 0 and x = .

The dual lattice A* = Zk; @ Zks corresponding to the fundamental domain I is
spanned by two vectors ki, ko satisfying

ki'VjZZﬂ'(Sij, ’L,j:172

47 1 \/§ 4r 1 \/g
kl = ) ) k2 = o) )
a3\ 2 2 av3 \ 2 2

or equivalently,
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(A) Triangular lattice (B) Honeycomb lattice

FicUreE 1. Two kinds of lattice structures. I' is the fundamental
domain of both lattices. The translated triangular lattice points
on the honeycomb lattice are marked as x.
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FIGURE 2. Brillouin Zone B corresponding to two lattices in Fig-
ure |1} Dual lattice points and Dirac points are marked as x and
o, respectively. In this paper, we only consider K = %kl + %kg out
of six Dirac points without loss of generality.

A Brillouin Zone B is defined as a hexagon centered at the origin. (See Figure
) Note that the triangular lattice and the honeycomb lattice share the hexagonal
Brillouin zone since they have the same fundamental domain I'. The six vertices of
B are called Dirac points.

2.2. Notation.
() (f,9) = [ fx)g(x)dx, f.g € L*(T)
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(2) mult(\, P) is the multiplicity of the eigenvalue A for the operator P.

(3) k is a vector in Brillouin Zone 5.

(4) Vin = V(mi,ms) = M1V1 + maVs is a vector in the triangular lattice A.

(5) &m = Emy,ma) = Maky +moks is a yector in the dual lattice A*.

(6) L2(T) = {f € L2(T) | f(x+v;) = %% f(x), j=1,2)

(7) HP(T) = {f € H™(T) | fx+v;) = %% f(x),” j=1,2)

(8) A(k) is the Laplacian with Floquet boundary condition: D(A(k)) = HZ(T)
Ag x is the self-adjoint operator in L?(R2) for point scatterers placed on

8,

X = {x1,%2,---} C R? with parameters 3 = (1, 2,---), where 8; €

(o0, 0], 7=1,2,--.

(10) Aq,y (k) is the decomposed self-adjoint operator in LZ(I') for periodic

point scatterers placed on Y = {y1,---,yn} C ' with parameters a =

(a1, - ) € (0, 00] .

In (9), Ag, x is formally defined as a Schrdinger operator

A+ ch(i(x - X;j),

j=1

on L?(R?) where ¢; is constant and §(x) is the Dirac delta function supported
at 0 € R?. However, a renormalization process is required to make this a self-
adjoint operator on a Hilbert space dense in L?(R?). Therefore, we construct the
periodic point scatterers with the following renormalization process: First, consider
a finite subset X,; C X consisting of M points. Then we restrict the domain of
the Laplacian to the functions vanishing on Xj; C R?. According to the theory
of self-adjoint extension by von Neumann, such a symmetric operator has a family
of self-adjoint extensions parametrized by 3; € (—oo,00], j =1,---, M. Then we
obtain Ag x as the limit case as M — oo in the norm resolvent sense. We are
following Albeverio’s notation [I] so that the point scatterer at x; gets stronger
when |3;| < oo and it disappears as §; — oco. In particular, when 8; = oo, Ag x
acts as the Laplacian in the neighborhood of x;.

In (10), we may follow the same steps as in (9) to define A4 y (k) as a renormal-

ization of
N

A+ eb(x—y;)
j=1
on LZ(T'). The Floquet Laplacian restricted to the functions vanishing at Y C I’
has a family of self-adjoint extension Aq y(k) with parameters o; € (—o0, ]
determining the strength of the point scatterer at y;. See Appendix @ for the
rigorous descriptions of Ag x and Aq v (k).

3. HONEYCOMB LATTICE POINT SCATTERERS

Consider periodic point scatterers placed on a triangular lattice A and on a
honeycomb lattice H. We will follow the notion of point scatterers defined in Ap-
pendix [A] in which we introduce Floquet theory and construct the point scatterers
on R? using renormalization and the theory of self-adjoint extensions. For peri-
odic point scatterers, there exists the decomposition of an operator in L?(R?) into
“fibers” [21] in L (T") that corresponds to the Floquet theory for a Schrdinger op-
erator —A+V with a periodic potential V. See also Part III of [I] for more details.
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Note that the resolvent formula of A4 y (k) and the decomposition of Ag A1y intro-
duced in Proposition and respectively, play crucial role to study spectral
properties of periodic point scatterers.

In this section, we first compare the decomposed operator for the periodic point
scatterer —Aq y (k) to a decomposed linear Schrdinger operator —A(k) + V' when
A +Y, the set of scattering points, and the potential V' share some symmetries
introduced in [7].

Definition 3.1 (Honeycomb lattice potentials). V € C*°(R?;R) is a honeycomb
lattice potential if there exists y € I' such that
(1) V is Ty-invariant for all v € A where T,V (x) = V(x + v) is the translation
along v, i.e. V(x+v) =V (x)
(2) V is Zy-invariant where 7,V (x) = V(2y — x) is the inversion with respect
toy,ie V(2y —x) =V (x)
(3) V is Ry-invariant where RyV(x) = V(R(x —y) +y) is the ZF-rotation
with respect to y with

1[-1 —/3
(3.1) R=3 L/g _ﬂ
ie. V(R(x—y)+y)=V(x)

Remark. Since the Laplacian is invariant under 75,Z, and Ry, whenever V is a
honeycomb lattice potential, these operations affect only the Floquet boundary
condition. In other words, they modify the domain of the operator but not the
action of the operator itself.

To(=AK) +V)f=(AK) + V)T f, veA
Iy (=A) + V) f = (A(=k) + V)T, f
Ry(—Ak) + V) f = (~A(R'k) + V)Ry f

Similarly, we can construct a decomposed operator of periodic point scatterers

—Aq x (k) with the same properties. Suppose that X = {x3,--- ,xny} C I' and

there exists y € I' such that A+ X is inversion-symmetric and 2%—rotation invariant

with respect to y, i.e.

(3.2) y-A+X)=(A+X)-y
and
(3.3) R(A+X)-y)=A+X)-y

where R is given by . For example, a triangular lattice A = A + {0} and a
honeycomb lattice H = A+ {0,xo} satisfy those conditions where y = £(v1 + va).

In addition, suppose that for each j = 1,--- N, a; € (—o00,00] is invariant
under the inversion and the 2{—rotaution with respect to y, i.e.,

(3.4) 2y —x; — x5 € A implies o; = .
and
(3.5) R(x; —y)+y—x;; € A implies «o; = a;.

Proposition 3.1. Let X = {x1,--- ,xny} C I'. Suppose that (3.2), (3.3)), (3.4),
and (3.5)) hold for some y € I'. Then for ¢ € D(—Aq, x(k)), we have

TvAa x (k)Y = Aq x(K)Tv), veEA
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IyAax (k)Y = Aa,x (k) Iyv

RyAax (k)Y = Ao x(RK)Ry1)

Proof. Let ¢ € D( Aax (k)) and choose any A ¢ o(—A(k)) Uo(—Aq x(k)). We
can define ¢ € HZ(T') as in . Since gx(e,k) € LE(T) , for v € A, we have
(—Aa,x( ) = NP = To(=Ak) = A)ga

= (A) = N)Tvor = (—Aa.x (k) = )Tt

For the inversion property, we observe

Ty(—Aa.x (k) = A)pp = Ty (=A(k) = A)da
= (—A(=k) = N)Iyéx = (—Aa,x (k) = A)

N
1 —1

Iyox + m ij;I [Fa,X (A k) ]jj’ (ZyPr)(x)9x (x — %51, k)
= (—Aax (k) =)

_ 1 N

—1 / /

Typxr + m ”/211 [FQ,X(Aa —k) Ll, oA(x))(Zyr 92) (x — xp, —k)

= (—Aa,x (k) = A) Iy
by rearranging X = {xy, -+ ,X,} = {x}, -+ ,x},} so that
2y —x;—x; €A and 2y —x;; —x), €A, 4,5, 0,I'=1,--- N

Similarly, we prove the rotation property as in the inversion case by rearranging
X ={x1, - ,x,} ={x}, - ,x),} so that

Rxj—y)+y—-x,€A and R(xj—y)+y—xy €A, 4,5,L,l=1-- N

Hence,
Ry(=Aa,x (k) = N = (=Aa x (R'k) = MRyt
This concludes the proof. ([

3.1. Point scatterers on the triangular lattice. As a preliminary step toward
point scatterers on the honeycomb lattice, we consider point scatterers on the tri-
angular lattice A. We first summarize several known results for point scatterers on
a periodic lattice with only one scatterer in the fundamental domain. See Chap-
ter II1.4 of [I] for more details. Then we observe the spectral properties of the
triangular lattice point scatter as direct applications of those results.

Suppose there is one point scatterer on I', say at 0. Note that the strength of the
point scatterer is determined by a € (—o00, 0] in terms of the resolvent operator
in Proposition [A72] We will exclude o = oo from our consideration since the point
scatterers annihilate at o = oo; therefore,

Ao oy (k) = ~A(K).

For a € R, we can group all the eigenvalues of —A, (0} (k) into two categories: the
perturbed eigenvalues

A€ o(=Aa 03 (k)) \ o(-A(k))
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and the unperturbed eigenvalues
A€ o~ A oK) N o(~A(K)).

By the resolvent formula of periodic point scatterers, the perturbed eigenvalues
A of a triangular lattice point scatterer are given as the solutions to

Fago3(Mk)=0
where T, 10y (), k) is defined in . In other words, A is a perturbed eigenvalue
of —A, (0y(k) if and only if
(3.6) a = gx(0,k)
with gy in , or equivalently,

. 1 27
(3.7) area(l)a = lim % Em TP A arca(®) |
me

|€m+k|<r
See Figure [3al for schematic graph of RHS of (3.7)) as a function of .

In addition, every perturbed eigenvalue A satisfies mult(A, —A, 0y(k)) = 1 with
the corresponding eigenfunction g (e, k).

Remark. We may use a simpler summation formula (3.8) equivalent to the limit
and partial sum notation (3.7):

1 P
o eaD)(erta0) = ) [Ié‘m e Iffl‘* |+ 1]

meZ?
with a constant «q defined as
. Inr 1 |€ml?
3.9 =1 —_— =
(3.9) a0= I | on area(T) 222 |Eml* +1
me
[€m|<r

On the other hand, the unperturbed eigenvalues A are given as the eigenvalues
of —A(k) with mult(\, —A(k)) > 1. More precisely, let g = mult(A, —A(k)). Then
there exist my,--- ,m, € Z? such that

A=, +k?=--- = ém,, + k%
Then we have
(3.10) mult(A, —A, {03 (k)) = mult(A, —A(k)) — 1

with the corresponding eigenspace

“w
fixe— chel(gmfrk)'x f(0)=0, c1,---,¢c, €C
j=1
In particular, if mult(\, —=A(k)) = 1, then A ¢ 0(—A, 10y (k)).
Now we observe the conic singularities of dispersion bands near Dirac point due
to the symmetry property of the triangular lattice.
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Theorem 3.2. Let v1(k,a) < vo(k,a) < --- be the eigenvalues of —A, 1oy (k). As
k — K| —0,

4
(3.11) va(k, a) = [K|* = 22k — K] + o([k — K])
4
(3.12) va(k, a) = [K[* + 2=k — K] + o([k — K])
Proof. We have 15(K, o) = 13(K, a) = |K|? by (3.10)), whereas 11 (K, a) < |K|? is
obtained by (3.6). Consider dk with |dk| < 1 such that |K + dk|, |K + Rdk|, and

|K + R2?8k| have distinct values where R is defined by (3.1)). Then we decompose
the direction vector u = % € St into

k; ko

u ulm + uQH
where
(3.13) u? +ud — ujug = 1.
and
(3.14) | = ko] = .

av3

Therefore,

K + 0k|? = |K|* + uq|kq||0k| + |0k|?
(3.15) IK + ROk|? = [K|? + (ug — uy)|kq||0k| + |6k|?
K + R%6k|? = |K|* — ug|kq||0k| + |0k|?
Suppose X = |K|? + 6\ solves (3.6) at k = K + ¢k, namely,

1 2w
3.16 Da = li - o
(3.16)  area(l)« . Zzz |6m + K+ 0k[2— X arca(B) nr
me
|€m +K+3k|<r

To simplify the notation, let
MO = {m € ZQ ‘ |€m + K| = |K|} = {(0,0), (_170)7 (_17 _1)}

and let
1 2
Co=1li — 1
0= 22: |ém + K[2 — X area(B) nr
meZ=\ Mg
[Em+K|<r
Then due to the assumption on dk, (3.16) reads
area(I") C ! + ! + !
r a—Cy=
OTIK+0k2— XN " K+ Rok]2— XN | |K+ R25k[]Z — X
1 1

Tk [[0k[ur — [0KIZ — oA | ki [|OK|(—ur + wa) — [OK|Z — O
1
+ 2
k1[0k|(—uz) — [6k|* — 6A
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Multiplying |6k| on both sides, we obtain as |0k| — 0,
1 1 1

+ X +
AT ) — 2 k(=) —
0K] [k |(ug — u1) oK] [k |(—u2)

By T3 and (E10)

—0

oA
k — et
e |0k]

1 —=t—=4—

|51ifgo ok V3 3a
By the continuity of each dispersion band, we can extend this result to any

direction u € S'. So we obtain the directional derivative of k — v;(k, a) at k = K,
j = 2,3 as follows:

4 47
vuVQ(Kv a) = _g, vuVB(Ka a) = +£

O

Note that the second and third dispersion bands described in Theorem [3.2] are
not the only pair of conic dispersion bands. Using the same argument, we ob-
serve infinitely many additional pairs of dispersion bands with a (3n — 1)-fold conic
singularity at each (K, \) where

N € {[ém + K[* | m € 2%} = 0(~A(K))

and
(3.17) n= % (#{m e Z? | |em + K[ = N})

Furthermore, these are the only conic singularities at Dirac point since all the other
perturbed eigenvalues \' € o(—=A, {0}(K)) \ o(—=A(K)) have multiplicity 1 which
does not allow dispersion bands to meet at the eigenvalue. Note that n > 1 in
(3.17)) is an integer since for any m € Z2, we have

|§m + K‘ = |R§m + K| = |R2§m + Kl

where R : R2 -5 R? is a 2%-rota’cion around a Dirac Point —K. For instance, the
j-th dispersion bands with j = 2,3 and j = 8,---,12 form a 2-fold and a 5-fold
conic singularity, respectively. (See Figure )

Now we investigate the dispersion bands globally over Brillouin zone and the
corresponding band spectra. A similar model has been already examined in [I]
for rectangular two-dimensional lattices with one scatterer in each fundamental
domain. Here we introduce an application to the triangular lattice A. The proof is
similar to that of Theorem IIT.4.7 in [I].

Proposition 3.3. Let vi(k,a) < wva(k, ) < --- be the eigenvalues of —Aq (0} (K).
For « € R and B = (o,a,---), the spectrum of the operator —Ag x is purely
absolutely continuous and equals

(3.18) o(=Aga) = [1(,0),v1(a, K)] U [ra(a), 00)

where

(3.19) yz(a)min{VQ(o,a),yg (kl+k2,a>} >0 a€eR

2
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In addition, o — v;(k, ) is strictly increasing on R, namely,

ov;(k
(3.20) %x), a€R, keB, j=12
Hence, there exists oy such that
(3.21) o(=Aga) = [n(e,0),00), a>a

See Figure paj and Supplement Material #1 for the global view of first five dis-
persion bands with a fixed « and various a’s, respectively. See also Figure [6a] for
the graph of spectral bands o(—Ag ) versus a where 8 = (o, o, - - -).

3.2. Point scatterers on the honeycomb structure. Consider the honeycomb
structure H = A + Y defined in Section [2.1] with

Y ={0,x0}, A=2Zvi®Zvs.
Suppose the parameters for two scatterers at 0 and x are the same, say a.
a=(a,a).

This is a legitimate assumption for the model of crystal structure comprised of
only one element, such as carbon atoms in graphene. Then the set of perturbed
eigenvalues, o(—Aq v (k) \ 0(—A(k)), is determined as follows:

Proposition 3.4. Suppose \' ¢ o(—A(k)). Then N € o(—=Aq 0,x,3(k)) if and
only if

(3.22) a = gx(0,k) + [gx (%0, k)|
or
(3.23) a = gy (0,k) —[gx (x0, k)|
In addition,
(3.24) mult(\, —A, y (k) = dim ker(I‘m{O’xO} (N, k))
PTOOf Suppose DS U( a {0, xo (k))\ ( . By -a o,{0,x0} )‘7k) is
Hermitian for all A ¢ o(—A(k)). So we can decompose Ia{0,x0} (A k) into
FOC’{O,XO}()\ k) Ua {0, XO}( ) ) {0, XO}()‘ k) a,{0, xo}()\’k)
where
1 _ g/\(XOa k)

1 lax(xo, K)[ |,

\/i 97(X07 k L if g)\(x07 k) 7é 0
(3.25)  Us oxe) (M k) = g (%0, k)|

1 0 .

{O J if ga(x0,k) =0
and
(3.26)

Lo (0.x01 (A k) = diag (91,0, {0.x0} (A K)s F2,0,10,x0} (A, K))
= dlag (Oé - g)\(07k) + |g/\(X0a k)'a o — gk(ka) - ‘g)\(x(h k)')
Then for A ¢ o(—Aq f0,x,3(k)), we can rewrite (A.18) as
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-1
(3.27) (_Aoz’{O,XO}(k) - /\) f(x)

= (~AK) - N f(x) EZ%iau@ K) (350 (0K, 1) Gir (x.K)

area

where §; »(x,k) is the j-th entry of the vector

a0 |, B ]

In addition, we observe from (3.26)) that
a)\ﬁ/j,a,{ﬂ,xo}()‘vk) < 07 ] = 17 2
which implies for X' € o(—A4 10,x0} (k) \ o(—A(k)),

i afomoy (VoK) =0 if and only if  Resy_y (&;;7{0,}{0}@,1{)) £0, j=1,2.

Therefore, we obtain the multiplicity of A = X\ as follows: For ¢ > 0 sufficiently
small,

mult(A/7 _Aa7{07x0} (k))

1

= rank% (_Aa,{O,XO}(k) - )‘)7 dA
A==€
= N_l 0. 0.
= rank ]{A Vi area ]z: e, {0, xU} k) (gJ,A k), 0) gjx (k) dX
:#{j:l,z‘ RGS,\:,\/( ]a{OX()} k))?é()}
=#{j =12 % a0x} (N, k) =0}
= dim ker(Fa,{O,xo} ()\,, k))
In addition, the corresponding eigenspace is the range of the operator:

(3.28) span {J; (9, K) | 7j.a.{0x01 (N, k) =0, j =1,2}

™)

O

On the other hand, we observe that some eigenvalues of —A(k) remain in the

spectrum of —A, 10.x,}(k) as unperturbed eigenvalues with multiplicity decreased
by 0, 1 or 2.

Proposition 3.5. Suppose ' = A, = --- = Am, is an eigenvalue of the unper-
turbed operator —A(K) of multiplicity u where Am = |ém + K|?. Then

(3.29) mult()\’, _Aa,{O,xo}(k)) =

w—2 ifp# “1e’£“‘ (Case 1)
p= i p= |30
and o # limy v (g2 (0,k) — |gr(x0,k)|) (Case 2)

M i&m ;X0

7 fu=1>2_¢
and a = limy ~y (g(0,k) — |gx(x0,k)|) (Case 3)
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FIGURE 3. RHS of (3.7), (3.22)) and (3.23]) as a function of A\. The
dashed vertical lines represent A € o(—A(k)).

with the corresponding eigenspaces in the same order

o
(3.30) fixe— chel(fmﬁk)'x F(0) = f(x0) =0, ¢1,-+ ,¢, €C
j=1
H .
(3.31) fix— che'(f'“f"k)‘x f(0)=0, ¢c1,---,c, €C
j=1
(3.32)

n
fixm— cheuimj+k)~x f(0)=0, ¢1,---,¢c, € Cp Dspan {572,)\/_ (.,k)}

j=1
with oy (@, k) = limy ~x 2, ( as in - Note that

mult()\ ,—AQ){QXO}(k)) =0
means \' ¢ o(=Aq {0,x0} (K)).

Proof. First, consider the Laurent expansion of gy as A — \.

area(I) g (x, k) Zelﬁm FON=N)T T Ry (k) +O(A = N]), A= N

with the remainder term Ry (x,k) = O(1). Also, suppose f € Li(T') has the
expansion

1 .
—i(€m+k)-x
area(B3) /5 f(x)e dx

Then we can rewrite the integral kernel of (A.18]) for —A, 10 x,} (k) using the matrix
and vector notation.

(333)  (—Aajose (k) —A) ' (x,¥) =

- Z fmei(£m+k).x7 Jm =

meZ?
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gx (X - X/) + @(X/7 k)] ' [Fa,{U,xo}()‘v k)] - [gA (X7 k)]

1
area(B)
where each term has the Laurent expansion

. _ H_ ei(gmj'i‘k)'x
g)\(x,k) = [_ NZ]—l

j=

R)\’ (X7 k)

L elEm +k>-<xxo>] A=)+ [RX(X - xo,k)] +O(A =)

i(Em, +k) %0
. I — et -
adj F%{O’XO}()\,I{) = [ u (€. +K) %0 Jj=1 ()\ _ )\/) 1
—2.5=1€¢ ! M
o — R)\/ (0, k) R,\/ (XO, k) RV
[m—xO,k) o= Ry(0,) TORXD
2
M .
det o go,xoy (N K) = | p? = D efmi™| | (A= X))~
j=1
'LL .
+ 2 ,U,(OL - R)\/(O)) + Re Z eizgmf VXOR)\/(X()) ()\ — )\/>71
j=1

+0(1)
=C oA =N)24+C_ 1 (A=XN)"1+Co+0(X= X))
eifmj'xo

Case 1: Suppose p # ;‘:1 . Consider an operator P : L(T') — LZ(T)

as the norm limit

P = lim (A= X) (=Aq oy (K) = 2) .

A=

Then P is a projection onto the eigenspace corresponding to the eigenvalue A = \'.
Since C_y # 0, for all f € LE(T),

n T
- i 5 fon
Pf(x) = eemithxp, {m, 'x]
9 j=1 4 R O meje(fijrk) ’
M _ E ei(§mj +k)-xq Z ei(gmj +k)-x
_ Z e*i(émj +k)-xo M Z ei(fmj +k)- (x—x0)

Hence, we can show that P is the projection of f onto the eigenspace (3.30]) since

Pf(0)=0, Pf(xo)=0
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I i&m ;X0

Case 2: Suppose y = ‘ j=1€
Since C_5 =0 and C_;1 # 0,

% T
Pf(x) =3 elem g (z fmj) { z(fm1+k) x0:|

P o] (£

:Zei(fmj—i_k)'xfmj N f:fm] ie’i(fmj +k)-x
j=1 i=1

and « ;é lim)\/)\/ (g,\(O,k) — |g>\(X0,k)|).

=

Hence, P is the projection onto (3.31]).

i&mj'xo

and o = limy v (gx(0,k) — |ga(x0, k)|).

Case 3: Suppose i = ‘Z;‘:l e
Since C_5 =0, C_; =0 and Cy # 0,

s i(€m; +k)-x 1 (RiN(.v k)v f) g
Z " = Co [(Rw(. - xo,k),f)]

l " VAT

-/; 1 e (&mJ +k)'x0 M

e )

e () et [ 302
{ » Em1+k) XO} (Z i, +10)x )
N il 0 - il H0x
_;e TR ;fmj j;e j

+ c (g27)\’_ (., k)a f) g?,)\’_ (Xa k)7 for some C 7é 0
Hence, P is the projection onto (3.32]). O

Although the conditions for Case 2 and Case 3 seem restrictive in some sense,
we can observe various cases satisfying those conditions. For example, suppose
k = (k;,0) € B, k; > 0 and choose X as

= [§0,—1) + k| = [§—1,0) + K|
so that A’ is an eigenvalue of —A(k) of multiplicity u = 2. Then we have

. : 4
}615(0"1)*0 +615(71,0)'X0| =275 | =2,

which falls into either Case 2 or Case 3 of (3.29) depending on the value of a.
Hence,

1 ifoz;élimA/(/\/ (gA(O,k)— Ig)\(Xo,k)D
2 if a =limy ~v (92(0, k) — [ga(x0, k)|)
On the other hand, suppose k = (0, k,) € B, k, > 0 and choose X" as

N =101 + k| = 1§10 + K.

mult (X, A 0%} (k) = {
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so that g = 2. Then we observe

4 jAm
3

|ei§(o,1>'xo _|_€i§<71,0)‘x0| _ ei% 4+ et

# 2,

which corresponds to Case 1 of (8.29). Therefore, mult (N, —A, (0,x,1(k)) = 0,
which implies
N §§ o (—Aa7{07xO}(k)) , aelR.

Remark. If mult (A, —A(k)) = 1, then ‘25:1 em; o
into either Case 2 or Case 3.
N (B oK) a2 T (02(0,) ~ loa(xo, )
A€ 0(=Rafoxoy(K))  ifa= lim (9:(0,k) —[gx(x0, K)])
On the other hand, if mult (A, —A(k)) > 3, then
A E U(an,{O,xo}(k))

Also, we can easily show that the dispersion bands A;(k,a) < Aao(k,a) < ---
given as functions of k by Theorem and Theorem are continuous and B5-
periodic so they are literally ”surfaces” over the Brillouin Zone. Now consider the
spectrum as a function of . Note that e = oo corresponds to the free Hamiltonian

~AK).

Proposition 3.6. Let A\j(k,a) < A(k,a) < -+ and A\P(k) < AP(k) < --- be
the eigenvalues of —A, 10x,} (k) and —A(k), respectively. Then o — X;(k, a) is
increasing for all j and

Aj(k,a) > A°(k) >0, j>3, Vae (—oo, 00

= |eifm1'x0| = 1 so this falls

Ak,a) > —o0 as @ - —c0 j=1,2
In addition,
lim Aj(k,a) = li)ril Nipa(k,a) = A°(k)  forallj>1

a—r 00

Proof. First, A — ¢x(0,k) & |gx(x0, k)| is continuous and increasing for both signs
for A € (=00, A?°(k)). In addition, we observe that

lim ¢x(0,k) £ |ga(%0,k)| = —c0
A——o00
Therefore, by (3.23) and (3.22)), there exist exactly two perturbed eigenvalues
A1(k, @) and Aa(k, @) in (—oo, AJ°(k)) whenever

a<  lim 0,k) — |gx(x0,k)|) -
_/\/(/1\1 ( )(9,\( k) = |ga(x0,k)|)
This also implies that

lim Aj(k,a) > —o0, j=1,2

a—r—00

On the other hand, consider the other eigenvalues near an arbitrary X' € o(—A(k)).
Since gx(0,k) £ |gx (%0, k)| is finite for A ¢ o(—A(k)), we observe that

Tim (k@) € o(~A(K))

for all j >1
lim Ajo(k,a) €o(—A(k)) orall j >
a——o00
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Therefore, it suffices to show that those two limits agree with the same multiplicity
at A = X for all 7 > 1. Note that as A — X,

_ _ -1
gx(0,k) = area(T) A=X)"+0(1)
1 S
— 1 m; X0 Y/ -1
|g)\(X05 k)‘ - area(r) §:1 € |/\ A | + 0(1)

Let p = mult(N, —A(k)). We consider two cases as follows:
Case 1: If p # ‘Zgzl gifm; X0

mult()\', 7Aoz,{0,x0}(k)) =pu—2
according to Theorem [3:5] We also observe

hm gA(O k) + |ga(x0,k)|] = o0
hm L 92(0,k) — [gx(x0, k)| =00
Ah\n;, 9x(0,k) + [ga(x0, k)| =

hm g>\( k) — |ga(x0,k)|] = —o0

which imply by Theorem that there exists exactly two perturbed eigenvalues
converging to A = X as a — 4oo. So the multiplicity of A = X\’ is conserved for
both cases when a = +00 and o = —o0.

Case 2: If u = ‘ ;‘:1 gtm; o ’, then the unperturbed eigenvalue )\’ satisfies

mult(/\/, _Aa,{o,xo}(k)) =K 1
for |a sufficiently large according to Theorem We also observe
lim/g,\(O,k) + |gr(x0, k)| =00

hm 9x(0.k) — [gx(x0, k)| =C
. C'is finit
hm 9A(0.k) + |ga(x0. k)| =C 18 e
(0, (%0, k)

hm 9x k) — |ga(x0, k)| = —o0

which imply by Theorem that there exists exactly one perturbed eigenvalue
converging to X' as @ — Fo00. So the multiplicity of A" is conserved for both cases
when o« — 400 and o — —o0.

This concludes the proof. O

3.2.1. Eigenvalues near Dirac points. Now we investigate local behavior of disper-
sion bands near Dirac points, which are located at the vertices of the Brillouin Zone
boundary. (See Figure ) Without loss of generality, we choose one Dirac point

2 1
K="k +-k
3Rt g

out of six points and observe the conic dispersion bands generated by —A, 10.x,} (k)
near k = K.



DIRAC CONES FOR A HONEYCOMB POINT SCATTERER 17

Proposition 3.7. At Dirac point K, the perturbed eigenvalues of —Aq f0,x,}(K)
has multiplicity 2 and coincides with those of the triangular lattice operator —A, (03 (K),
namely,

o(=Aa.{0,x0} (K)) \ 0(=A(K)) = 0(=Aq (0} (K) \ o(-A(K))
and for all N € o(—Aq 10,x01(K)) \ 0(—A(K)),
mult (X, —A, 0,x,1(K)) =2
Proof. We use the symmetry of the honeycomb structure and dual lattice as in

Section 2.4 of [7].Let R : R? — R? be a Z-rotation around a Dirac Point —K.
Then we see

Rfm = Rg(ml,mz) = §(=mitma—1,-m1-1)
(334) R2§m = R2€(m1,m2) = 5(*7712*1,7711*7”2)
Rgfm =1d g(ml,mz) = E(m1,m2)

Here we abuse the notation and write Rﬁm = €pm 50 that

Rm = R(ml,mg) =(—mi+ma—1,—-m; — 1)
RQm = R2(m1,m2) = (—m2 — 1,m1 — m2)

RPm =1d (m1,m2) = (m1, ma)
So we can decompose Z2 into three disjoint subsets S, RS, and R2S where
7Z* =SURSUR®S
For instance, {(0,0),(—1,—1),(—1,0)} is an orbit of R. So we choose exactly

one of them, say (0,0), as an element of S. (See Definition 2.4 of [7].) Since
Xg = %(vl + v3), we obtain

27
€m - X0 = ?(m1 + ma)
2 2w 47
Efm " X0 = ?(—2m1 +mg —2) = ?(ml +ma) — (2rmq + g)
2 2T 2T
fézm - Xg = ?(ml —2my — 1) = ?(ml —|—m2) — (27rm2 =+ ?)

Therefore,
eigm'x() + ei‘EI_{m'xO —+ eigl_%Qm'XO — ei%(m1+m2) (1 + ei%’( + 62%) = O
In addition, note that

l&m + K| = [€5,, + K| = [€42,, T K]
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‘We can conclude that

( ) Z eiEm'Xo
g (%0, K) = 12 L K12 —
meZ? |£m + K| A
Z e?ém X0 €€ am X0 '€ 32m X0
= + +
2 NZFKP-N & TKP-X [, T KP-N
Z em X0 4 oiam X0 | ol€z2m X0
D
=0

Hence, (3.23) and (3.22)) become two identical formulae and
mult()\’7 —Aa’{ony}(K)) =2 V) e U(—Aa,{o,xo}(K)) \ 0’(—A(K))
Moreover, (3.23) and (3.22)) coincide with (3.7]) of the triangular lattice case.
o(—Aa 0,x0} (K)) \ 0(=A(K)) = 0(=Aq 10} (K) \ o(-A(K))
O

In addition, those eigenvalues of multiplicity 2 given in the previous proposition
are the conic points on pairs of dispersion bands.

Lemma 3.8. For each X' € 0(—Aq j0,x,}(K)) \ 0(—=A(K)), there exist a pair of
dispersion bands k — A_(k) and k — A (k) of the operator —Aqq.x,3(k) such
that

)\/ == A_ (K) == A+(K)
In addition, Ay and A_ meet conically at (K.N') with the directional derivatives
independent of the direction u € S!,

Vurx(K) = £¢()\)
where ¢(A') > 0 is defined by
i&m X0
mie

A EmeW (‘gm —|—K|2 _ )\/)2
= — 1 ’ m = (mlva)

a >
(e + K~ NP
Proof. Suppose X' € 0(—Aq {0,x,1(K)) \ o(—=A(K)). By Proposition N s

an eigenvalue of —A, 10 x,}(K) of multiplicity 2. So we can choose j such that
N =X(K,a) = X1 (K, a). Since « is fixed, let

A (k) = Aja(k, a)
A_(K) = A (k, @)

Now we prove the conic behavior of k — A; (k) near A = X. Consider a small
perturbation dk and the corresponding §A:

0k = [o)kjlu e R?, |0k| <1, ucS!
SA = Ay (K + 0k) — Ay (K)
Then both (K, ') and (K + ¢k, X' 4 d\) solve (3.23)):
(3.36) a—gx(0,K) + |gr (%0, K)[ =0

(3.35) c(N)
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and
(3.37) o — gxn+ax(0, K + JK) + |gx16x(x0, K + 0k)| =
Subtracting (3.36) from (3.37), we obtain

2(em + K) - 0k — O\ eibmx0 (9(€m + K) - 0k — 6A)|
539 2 (et KF 32 | 2 (emrrp-wp |0

meZ? mez?
In addition, we observe that
2, ([ + K — V)2
and
Z ¢m + K _o

2 _ 2
2 (Jem + KP — )

due to the symmetry property as in Proposition So we can simplify (3.38]) as

iy e eitm>o (¢ + K) - 0k

(em+KP - |~ 1K

o\
> (&m + K[2 = N)2

meZ?

mez?

Hence, as |0k| — 0, we obtain the directional derivative of the upper dispersion
band,

A 26160 (6m + K) |
" (Jm + KPP X)?
1

Vs (K

Zmez2 (|£m +K|2 _ )\/)2
Define ¢ : R — C? by
2eitm>o (£, 4 K)
ZmEZz 2 \/)2
([€m + K[> — V)
i .
ZmeW (|§m +K|2 _ )\/)2

c(\) =

so that
Vuri(K) = [e(X) - ul.
Then we observe that

Fe\) - YL e\ . Y2
FFe(n) - = e(x). ¥
which implies for any u € S',
(V) -l = [e(V) - 22|
a
myeiém o
B A ZmGZQ (|§m+K|2 7)\/)2
— 1
a
Z:meZ2 (|§m + K|2 _ )\/)2
=c(\)

This concludes that the directional derivative is independent of the direction
u € St. We can show that VyA_(K) = —¢(\') by similar considerations. O
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Remark. The parameters a = (a, ) and the location of the point xg = %(vl +vs) in
the fundamental domain I" both play crucial roles in existence of conic singularities
on dispersion bands since perturbed eigenvalues X € o(—Aq v (k)) \ o(—A(k)) of
multiplicity 2 can only be obtained when the matrix I'y 0x,1(\', k) defined by
is a 2 x 2 diagonal matrix with identical diagonal entries. In other words, xg
determines if I'y 04,1 (', k) is diagonal and the identical parameters o = (v, )
make those diagonal entries equal to each other so that the two dispersion bands
meet at Dirac Point.

Now we introduce one of the main theorems about the conic singularities of a
honeycomb lattice point scatterer. We observe two pairs of conic surfaces above
and below the third dispersion bands as follows:

Theorem 3.9. For alla € R and k € B,
)\1(1(, Oé) = )\Q(k, a)

and
)\4(k7 a) = >‘5 (k7 Oé).
In addition, as k — K,

Ak, o) = A (K, o) = —c(M (K, o)) [k — K| + o[k — K])
Aa(k, a) = Ao (K, @) = c(M (K, @) [k — K[ + o[k — K])
Ak, @) = M(K, @) = —c(M(K, @) [k — K| + o[k — K])
As(k, @) = A5 (K, a) = c(M(K, a)) [k — K| + o[k — K)

Proof. By Proposition [3.5
AT (K) = 0,0 + K[ = {11 + K| = |10 + K]

is an eigenvalue of —A, (0,3 (K) of multiplicity 1. Then \3(K,a) = A°(K)
since we obtain A\ (K,a) = A\(K,a) and M\ (K,a) = A5(K,«) by solving
on (—00,A°(K)) and on (A°(K), As°(K)), respectively. Then we obtain the de-
sired conclusion by applying Lemma to M (K, a) = (K, a) and \(K, «) =
As(K, ). O

Remark. In addition to the two pairs of conic singularities described in Theorem [3.9]
we observe by Lemma that there exist infinitely many pairs of dispersion bands
sharing the same property. More precisely, for each perturbed eigenvalue X' €
(—Aq 10,x0} (K)) \o(—A(K)) at a Dirac point K, there exist two dispersion bands
passing through )\ forming a pair of conic singularities. On the other hand, by
Proposition we observe a different kind of (3n — 2)-fold conic singularities
at (K,)\) where M € o(—A(K)) and n defined by is greater than 1. For
instance, the j-th dispersion bands with j = 9,--- , 12 form a 4-fold conic singularity
at Dirac point. See Figure [ for both kinds of conic surfaces at Dirac point.

Due to the global asymptotic behavior of dispersion bands described in Theo-
rem the conic points also approach other surfaces as &« — +oo. In particular,
as a — 00,

(K, a) = X (K, a) /K|
where A\3(K,a) = A\°(K) = |K?| is independent of a. On the other hand, as
a — —o0,

/\1(Ka a) = >\2(Ka a) — —00
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FIGURE 4. Local view of the j-th dispersion band generated by
a triangular lattice point scatterer —Aq f0;(k), and by a honey-
comb lattice point scatterer—Aq f0.x,} (k) near Dirac Point K. See
Supplemental materials for the first five dispersion bands with «
moving from 100 to —100.

)\4(K,a) = )\5(K,O{) \, |K2|
See Supplemental materials for continuous transition of dispersion bands where «
is moving from 100 to —100.

3.2.2. Spectral properties of the full Hamiltonian. By Proposition [A3] the full
Hamiltonian of the honeycomb lattice point scatterer —Ag g, 3 = (o, , - - - ) gener-
ates a spectrum given by the union of o (—A, {0,x,}(k)) for all k € B. Furthermore,
o (—Apg,n) formulates a band structure due to the continuity of each dispersion
band. More precisely, we obtain a union of infinitely many intervals corresponding
to all dispersion bands:

(339) 7o = i ). g (k)
J=Z

Although a generic dispersion band k — A;j(k,a) attains its maximum and
minimum at various points k € B that depends on «, we observe a simple result at
least for the lowest level.
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Proposition 3.10. For any « € (—o0, 00|, the lowest eigenvalue of the first band
occurs at k = 0, namely,

i k = .
min A1k, @) = A1(0, )

Proof. This can be proved easily when a = oo since
A1 (k, 00) = A\°(k) = k|

Now suppose o € R. Then A, (k, «) is obtained by solving (3.22)) on (—oo0, Af°(k))
where the RHS of the equation is continuous and increasing as a function of A. Since
A1(k, @) < A°(k), it suffices to show that

o> 9x1(0,) (07 k) + |g)\1(0,a)(x07 k)|
or equivalently,
921 0,0)(0,0) + |93, (0,0) (X0, 0)| > g1, (0,0)(0, k) + |92, (0,0) (X0, k)| -

By the Poisson summation formula (Lemma II1.4.4) in [I], for ImvX > 0 and
xel,

Z Ga(x 4 v)e kv ifxeI\ {0}
veA
g)\(X, k) - .
D Ga(v)e Y 4+ zi In <ﬁ> ifx=0
= 7r i
v#0

Since A1(0,) < A°(0) = 0, we have G, (0,0)(x) > 0 for x € R?\ {0}. So we
obtain

g)\l(O,a)<0a k) + ‘g)\l(O,oz)(XO; k)’

> G0, (X0 + v)e ™Y

veA 2m vEA
v#0
1 )\1(0, a)
<Y Gnowv) -l ( [ Cruo.a (30 +v)
viﬁ veA

= 92,.(0,0)(0,0) + |9x, (0,0) (%0, 0) |
which implies

min A1k, @) = A1 (0, @)

]

Recall that the full Hamiltonian of a triangular lattice point scatterer has a
spectrum consisting of at most two intervals by Proposition [3.3] We now observe
an analogous result for honeycomb lattice point scatterers. See Figure [6] for the
graph of spectral bands o(—Ag, gr) versus a € R where 8 = (o, v, - - ).

Theorem 3.11. For o € R and B = (o, - - ), the spectrum of —Ag g consists
of at most three disjoint intervals, namely,

U(*AB,H) =L Ul,Ul;
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where

(3.40) I = {Al(ﬂ,a), Ill(’leaé()\g(k, a)}
(3.41) I, = [{(1161181)\3(k,a)7 Iﬁlea.é()\3(k,a):|
(3.42) I; = [11?612/\4(& a), oo)

Proof. (3.41)) is trivial due to the continuity of each dispersion band k — \;(k, ).
(3.40) can also be easily shown since we have

in A\;(k =X (0
{(HGHBl 1( ,Oé) 1( ,OZ)

and A\ (K, a) = A2(K, ) by Proposition and Proposition respectively.

Now we prove all spectral bands except the three lowest levels overlap with
adjacent band spectra to produce a single interval Is. Fix o € R and assume that
there exists A ¢ 0(—Aq,10,x0} (K)) such that

A> min Ak, @)

Then we can choose j’ > 4 such that
Aio(k,a) <A < Aj(k,a), keB
Also, it was proved by S.Albeverio [2] that

(3.43) A72a(k) < Aj(k,a) <AF(k), keB, j=>3

where A%°(k) is defined as in Theorem So we have for all k € B,

(3.44) % _o(k) < A < A%, (k).

On the other hand, we know by the symmetry property of the dual lattice A* that
(3~45) )‘g§+2(0) = )‘g§+3(0) == )‘g?+7(0)7 j=>0

and

(3.46) Agj41(K) = A37 o (K) = A\5743(K), j>0.

By (3.44]) and (3.45)), we can choose j” > 1 such that
A 11(0) < X < A 45(0).

Then by the assumption on A and continuity of k ~— A3°(k), we obtain
A1 (K) < X < AZ o (K)

which contradicts (3.46)). Hence,

U 0ulic) 1€ B = g (k.0 o

Jj=4
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FI1GURE 5. Front views of the first five dispersion bands generated
by a triangular lattice point scatterer —A, 1o} (k) and a honeycomb
lattice point scatterer —A (4, q),{0,x,} (K) With a fixed at —0.07. See
Supplemental materials for the first five dispersion bands with «
moving from 100 to —100.

G('Ap,H)

(A) Triangular lattice (B) Honeycomb lattice

FIGURE 6. Spectrum of the triangular lattice point scatterer
—Ap,a and honeycomb lattice point scatterer —Ag y with identi-
cal parameters 3 = (o, «, - - - ) where a € R. The vertical section of
the shaded region at each « represents o(—Ag ) and o(—Ag ).

APPENDIX A. INTRODUCTION TO PERIODIC POINT SCATTERERS

In this section, we briefly introduce some important results already known for
periodic point scatterers. First, Floquet theory for smooth periodic potentials will
be discussed. See also [2I] for a rigorous mathematical formulation and [12] for
a discussion in a more physical context. Then we summarize the corresponding
theory of periodic point scatterers in R2. See Part III of [1] for more details.



DIRAC CONES FOR A HONEYCOMB POINT SCATTERER 25

A.1. Floquet Theory. Suppose V : R? — R is smooth and periodic. Then we
can expand V in a Fourier series:

X) = Z Vin€'em™

me7Z2
with the Fourier coefficients

1 .
— Vv —i€m X
area(T") /F (x)e dx.

Consider the Fourier transform of P = —A + V. A denotes the Laplacian.

(A1) PO =FPFAQ = 6FFO) + 5 [ Ve mimin ¢er?

By the Fourier inversion formula, we formally obtain

(A2) V() =21 Y Vind(§ — &m)
meZ?2
since
= Z Vineem ™=
meZ?
(& — Em)e " dg
m%Z /
_ 1 ¥ i€-x
~9r Vi(&)e
Combining (A.1) and .7 we obtain
(A.3) PFE) =16+ D Vmf(€ —&m)
meZ2

Also, we can always decompose & € R? into a lattice point &, € A* and a remainder
k € B so that

(A.4) €=tm+k

Hence, for each k € B, the eigenvalue problem (P — \)f =0, A € R becomes an
algebraic problem for {f(&m + k) | m € Z2} as follows:

(A5) (b Tk = Nfm+K)+ Y Vi f(ém-m +k) =0, meZ’
m’€Z?
which is called the “central equation” [12] for Floquet-Bloch theory.
In order to study the spectrum of the full Hamiltonian —A+V in detail using the

central equation, we consider a decomposition operator U : L?(R?) — flgB dk (%2(A*)
defined as

Uk &m) = flem + k). [ e LR
which corresponds to the decomposition of a vector in (A.4)).
Then we obtain

(A.6) (U PUf) (k. m) = (POROF (K. ®)) (6m)
with P(K) : 2(A*) — ¢2(A*) defined for each k € B by
(A7) P(K)g(Em) = l&m + K29(Em) + Y Vi 9(€m — &)

m’€Z?
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Note that (A.6) can also be written
A @ A
(A.8) Upu = / dk P (k).
B

In addition, we obtain a similar result to (A.7)) in the x-space. Define P(k) :
LZ(T) — L(T') as the inverse Fourier transform of the operator P(k), namely,

Pk)=F 'Pk)F=-AKk) +V

In particular, if V' = 0, we observe from (A.7) that the spectrum of the free
decomposed Hamiltonian —A(k) is discrete. More precisely,

o(~AK)) = 0a(~A(k)) = {|&m + k[* | m € 2%}

Similarly, the non-zero potentials also produce discrete spectra determined by
(A.7). Then we observe

o(P)=a(P)= | o(Pk) = | o(P(K)).
keB keB

Hence, the spectrum of P appears as a union of bands where the j-th band consists
of the j-th eigenvalue of P(k), k € B if the dependence in k is continuous.

A.2. Point scatterers on periodic structures. We define the point scatterers
on a periodic structure using self-adjoint extension theory and renormalization pro-
cess. For simplicity’s sake, we will focus on formulating periodic point scatterers
on a honeycomb lattice

H:A+Y:{5’175’2,5’3;"'}

with A = Zvi®Zvsy, and Y = {y1,y2} = {0,x0} as defined in Section However,
the whole process in this section can be also applied to the case of a lattice different
from A and a finite set different from Y in the fundamental domain of the lattice.
In particular, if we pick ¥ = {0} with the same A, then we can formulate periodic
point scatterers on a triangular lattice.

We first investigate a self-adjoint operator

7AB,H3 /6:(617523'”)

on L*(R?) for infinitely many point scatterers on H where the parameter j3; €
(—00, 0] describes the strength of the point scatterer at §; € H. For those pa-
rameters, we will follow Albeverio’s notation in [I] so that the point scatterer at
¥, gets strong when |§;| < oo while it vanishes and acts as the Laplacian near y;
when 3; = oo.

More precisely, we formulate a self-adjoint operator for finitely many point scat-
terers in R? using Von Neumann’s theory of self-adjoint extension [20] and Krein’s
formula [I7]. Then we consider —Ag g as the limit of such an operator in the norm
resolvent sense.

See Chapter II1.4 of [I] for the complete formulation. Then the resolvent

(=D, — N L*(R?) — L*(R?)
reads for f € L?(R?), x € R? and A ¢ o(—Ag.g) U [0, 0),

(A9) (—Apm =N f(x) =
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oo
GAf(X) + Z [FQ,H(A)il]]]/ (G)\(.ayj/)7 f) G)\(X7 5’])
J,3'=1
where G, = (—=A — X\)~! is the integral kernel of the free resolvent in L?(R?)
explicitly defined by

(A.10) Gr(x,x') = iHél)(\fA\x —x|), ImvVA>0, x#x

where Hél) is the Hankel function of first kind of order zero and I'g g () is a closed
operator in ¢2(H) given by

1 VA
+7 17 ’ .f‘:‘/7 .,‘/GN
To(\) = fit o (n 2@) BI=0 0

—G/\(j’j’75’j)7 lf]#]la j?jIEN
See Theorem 4.1 in [I] for the complete proof. Note that §; in this section corre-
sponds to a; + 5= in [I].
In addition, if the parameters of point scatterers on each translated lattice A+y;,
7 = 1,2 are identical, then we call them periodic point scatterers and the operator

can be decomposed into “fibers” [21]. More precisely, suppose that the parameters
at periodic points are identical, namely,

(A1l) «a; =By € (—o0, 0], j=1,2, 7 €N,
if and only if ¥y =y; +vm for some m € 72,

Then we can follow the idea of the Floquet theory with a periodic potential V'

defined by
2

V(x) = Z Z cd(x—v—-y;), ¢ €R,
j=1veA
which provides a simplified model of a crystal consisting of two kinds of atoms
whose nuclei are located on the honeycomb lattice H.
Then the corresponding Fourier coefficients become

2
1 .
A12 Vin = ———— e~ iEm i 72,
( ) area(T") j;c]e » WS
Hence, we obtain the central equation for a formal operator P = —A + V(x)
from ([A7). For g € (3(A*) = {h € (*(A*) | supp h is finite},
(A.13)
2
N 1 . .
P(k m) = [€m + k[29(Em) — o~ Em Y o Vi g(Epr
()9 (6m) = [€m + k9 (6m) = s g m% ()

However, this is obviously not a well-defined self-adjoint operator in £2(A*) since
the infinite sum on the right-hand side does not always converge for g € £2(A*).
So we propose a renormalization by the momentum cutoff |&, + k| < r. Then we
consider the coefficients c; as a function of r so that they approach zero as r — 0.
In other words, this renormalization process will make the summation in
converge by weakening the delta potentials in some sense so we can have the Fourier
transform of the point scatterer as a well-defined self-adjoint operator in ¢2(A*).

So we obtain the resolvent of —Ag y(k), the Fourier transform of decomposed
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operator —Aq y (k), as in the following proposition. See Theorem III.1.4.1 and
Theorem II1.4.3 in [I] for the proof. Note that a; in this proposition corresponds
to a; + 5- in [I].
Proposition A.1. Let I:”"(k) be a self-adjoint operator such that
2
R 1
r _ 2 . r r
(P (19) (6m) = lem + K0(6m) — oo D [e5(r) (64, (). 905, (19|

where (e, ®) is the inner product in £2(A*) and ¢;j (k) is the function
d);j (k,&m) = xr(&m + k)eii(5m+k)-y.f

with domain

D(P"(k)) = D(=A(K)) = {g € (A7)

D lem + K *g(6m)? < 00} :

meZz?

If X
Inr—In2\
¢ji(r) = (aj+nr27rn ) . ay € (—o0,00], >0

then for all k € B, If’r(k) converges in norm resolvent sense as r — oo to a self-
adjoint operator —Aq y (k) with resolvent

(A.14)
(—AQXGQ—AYJ==Gﬂkf+gﬁé&§EZH@J(&kfﬂbyu&yxk%qﬁx”(kx

A {[ém + K | &m €N}, a= (a1, a0)

where
(A.15)
1 e1'(§m—‘,-k)~x
] A
area(T") Z €2, + k|2 — A ifx¢
meZ2
(k) = 1 1 2
T
— i — 1 ifx e A
area(T") Frr00 Zz |€m + k|2 — A area(B) nr| o ifx
meZ
[Em+k|<r
(A.16) Loy N K], =a;d —ga(yy —vi k), 4.5 =12
and
e_i(ém"!‘k)'Yj
(A.17) Fyry,(k,{m)

" [ém RPN
and Gy(k) : 2(A*) — (2(A*) is the multiplication operator
(Gr(K)g)(Em) = (|m + kI = N) 7 g(ém)

Finally, we apply the inverse Fourier transform to —Agq y (k) and obtain the
resolvent of the decomposed operator —Aq y (k) on LZ(T). See Theorem I11.1.4.3
and Theorem IT1.4.3 in [I] for more details.



Proposition A.2. Let a = (a1, as) € (—oo,0)%. For A ¢ o(—A(k)), the resolvent
(—Aay (k) = X) " LE(T) — LE(D) is defined by

(A18)  (—Bay (k) =) f(x) = (~A%K) =) f(x)
+ Me:\(lg)j;; [Fa,y(A,k)fl]jj/ (m f) ga (x — yi,k)

where gx(z,k) and Tq y (A k) are defined in (A.15) and (A.16), respectively.

If the infinite sequence of parameters 3 satisfies the periodicity condition ,
we can find unitary equivalence between —Ag g, the Fourier transform of the full
Hamiltonian in , and the direct integral over B of the decomposed operator
in . Note that this result corresponds to the Floquet theory for smooth
potentials in Section See Theorem I11.1.4.3 and Theorem I11.4.5 in [I].

Proposition A.3. Suppose o and (3 satisfy (A.11). Then —A@H is unitarily
equivalent to f? —Aqy(k)dk so

(A.19) U o(-2ay (k) = |J o(-Aay (k) = o(-Ap.n) = o(~Ap,n)
keB keB

Note that the decomposed self-adjoint operator —Aq, y (k) has a purely discrete
spectrum. Hence, as in the periodic potential case the eigenvalues of Ag g also
form a band structure if the dependence in k is continuous.

On the other hand, Proposition [A22] provides additional information about the
domain of —A4,y (k). The proof is similar to those of Theorem 1.1.1.3 and Theorem
I1.1.1.3 in [1].

Proposition A.4. Let ¢ € D(—Aq,y(k)). Then for any
A ¢ o(=Ak)) Uo(=Aay (k)
there exists a unique ¢ € HE(T') such that
2

Z I:Fa,Y()‘v k)il]jj/ ¢)\(Yj)g>\ (X - yj/7k)'

J:3'=1

(A20)  (x) = oa(x) + arca(B)

In addition,

(—Aay (k) = X)W = (=A(k)) — A) " '¢a
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