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ABSTRACT. We introduce a family of quantum spin Hamiltonians on Z? that can be regarded as
perturbations of Kitaev’s abelian quantum double models that preserve the gauge and duality
symmetries of these models. We analyze in detail the sector with one electric charge and one
magnetic flux and show that the spectrum in this sector consists of both bound states and
scattering states of abelian anyons. Concretely, we have defined a family of lattice models in
which abelian anyons arise naturally as finite-size quasi-particles with non-trivial dynamics that
consist of a charge-flux pair. In particular, the anyons exhibit a non-trivial holonomy with a
quantized phase, consistent with the gauge and duality symmetries of the Hamiltonian.

1. INTRODUCTION

When Leinaas and Myrheim published their remarkable paper [1], the possibility of a new type
of quasi-particles in two space dimensions with more general statistics than the well-established
fermions and bosons, was a purely theoretical observation. This changed abruptly with the
discovery of the fractional quantum Hall effect (FQHE) by Tsui, Stormer, and Gossard [2] and
Laughlin’s many-body wave function [3] as a proposed explanation shortly after the experimental
discovery. Wilczek called these hypothetical particles with fractional statistics anyons [4] and
they quickly became a central piece of many theoretical works on the FQHE [5] [6], (7, 8 9] 10, 11].
Convincing experimental evidence for the existence of anyonic excitations in fractional quantum
Hall materials has emerged in recent experiments [12), [13].

All this motivated several efforts to construct explicit Hamiltonian models of anyons and
study their mathematical and physical properties. Many of such efforts focus on interpreting
anyons as charge and flux tube pairs [14, [I5]. A relation between the filling fraction and the
ground state degeneracy was proved in [16} [I7] for lattice models and in [I§] for the Laughlin
state. Haldane’s pseudo-potential Hamiltonians have been derived in [19]. A truncated version
of a pseudo-potential for the v = 1/3 filled Laughlin state introduced in [20} 21] was shown to
have a non-vanishing ground state gap in [22] 23]. Other aspects were investigated in a variety
of models [24], 17, 25].

The possibility of topological quantum computation envisaged in [26] has been a further
incentive to deepen our understanding of anyons. Among the Hamiltonian models in two di-
mensions developed for that purpose, the most famous ones are Kitaev’s quantum double models
[27] and his honeycomb model [28], as well as the Levin-Wen string-net models [29]. They do
exhibit localized excitations with anyonic statistics, can be extended to describe anyon con-
densation [30, BI], but these quasi-particles are not dynamical. In fact, the main purpose of
these models is to realize, in their ground state space, a topological quantum field theory [32].
This has led to further developments in the classification of topological matter in the language
of tensor categories [33] B4]. Experimental realizations of these exotic topological phases have
recently been proposed [35] [36].

These rigorous results recover some of the features of anyons in the theories for the FQHE
mentioned above but it is fair to say that we are still lacking a coherent theory starting from
first principles. In this paper we present Hamiltonian lattice models of anyons with short-range
interactions of the type prevalent in condensed matter theories of real materials. It may also
be realizable as an artificial system created in today’s laboratories. We introduce our models
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as perturbations of Kitaev’s quantum double models based on an arbitrary abelian group G
and rely on the stability of its anyon structure under short-range perturbations proved in [37].
This generalizes earlier work on the case of G = Zs, which starts with the Toric Code model
[38]. These models have a unique gapped ground state on the infinite lattice, and the excitation
spectrum can be described by a set of abelian anyons. They have a duality symmetry which
is reflected in the structure of the anyons: they consist of two basic sets, which we call electric
and magnetic charges that appear symmetrically in the Hamiltonian. Anyons that have both
non-zero electric and magnetic charges obtained by fusion, appear with their own dispersion
relation. We calculate the dispersion relation for single-anyon excitations and show that it
exhibits a Dirac cone for these fused anyons with non-trivial braiding statistics. We show that
under a simple condition on the coupling constants and the energy and momentum, bound
states appear that should be interpreted as finite-size quasi-particles with non-trivial dynamics.
We also prove that bounds states do not appear when the Hamiltonian only includes separate
hopping terms for electric and magnetic charges. In summary, we have constructed a family of
lattice models in which abelian anyons arise naturally as charge-flux pairs with the expected
properties. We explicitly find that the anyons exhibit a non-trivial holonomy with a quantized
phase, consistent with the gauge and duality symmetries of the Hamiltonian. There is no need
to introduce charge-flux pairs or tracer particles a priori [39, 24 [15]. The anyonic holonomy as
observed in [I3] arises directly from the many-body Hamiltonian.

In Section [2| we introduce the family of Hamiltonians, discuss their symmetry properties, and
describe the structure of the anyons and the associated superselection sectors for these models,
including concrete instances of the corresponding GNS representations. The spectral analysis
of the Hamiltonian in the invariant subspaces of the relevant GNS representations is carried out
in Section |3 We illustrate our findings with a set of figures based on numerical calculations.

2. THE MODEL

2.1. The (static) quantum double model. Let us start with a quick reminder of the family
of quantum double models (QDMs) with a finite Abelian group (G, -), which will allow us to set
notations. We denote by I the cell complex given by a set V = Z? of vertices, a set & of oriented
edges and a set F of faces. We denote by 9 the standard boundary map of this cell complex.
For simplicity, all ‘vertical’ edges are oriented upwards while all ‘horizontal’ edges are pointing
rightward. We attach to each edge e € £ the |G|-dimensional Hilbert space H, = CI¢! and label
an orthonormal basis by group elements g € G: {|g)e : g € G}; If a statement is not specific
to one particular edge, we shall simply denote H. The observable algebra associated with each
edge is A, = L(H,). For any finite subset A C &, the algebra is given by Ax = L(®eecrHe). As
usual, Ay C Ay yields a natural embedding A, < 2, by the identification of A € A5, with
A® Iy Ap\Ag” The algebra of local observables 2. is the union of these finite volume algebras,
and the C*-algebra of quasi-local observables 2 is the completion of 2}, with respect to the
operator norm.
For any h € G, let L" be the linear operator defined by its action on the basis:

L"|g) = |hg).
Similarly, for any character x € G, let TX be the linear operator defined by

TX|g) = x(9)|9),
where Y denotes the inverse of the character x. These operators form a unitary representation
of G, respectively G, on H, and (L")* = L" (TX)* = TX, where h = h~!, the inverse in G.
Moreover, they satisfy the following commutation relation:
TXLM = x(h)LMTX. (2.1)
It will be convenient to label operators not only by an edge, but by pairs (v, e) with v € de
or (f,e) with e € 0f. For a vertex-edge pair, LM(v,e) = L and TX(v,e) = TX if the edge

is outgoing from v, while £"(v,e) = L and TX(v,e) = TX if it is incoming. Similarly for a
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face-edge pair with incoming (respectively outgoing) being replaced by the face being on the
left (respectively on the right) of the edge. These conventions are illustrated in Figure
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Lhv,e) =Lt  L'v,e)=L:  L'f.e)=Ll  L'(f.e)= L

FIGURE 1. The L operators associated with pairs (v,e) and (f,e). A parallel
definition is made for the 7 operators.

A string 7y is a sequence of pairs {(v;, e;) : v; € V,e; € £} such that de; = {v;, vi41}. If it is
finite, the last vertex is not listed but it is uniquely determined by (vy,en) and we denote it
017y; analogously, dpy = v1, and we let 9y = {9py, 017}. We define similarly a dual string 7,
where faces replace vertices, and the edge e; is the unique edge in 9f; N df;y1, see Figure
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FIGURE 2. A geometric string (solid line) and dual string (dashed line). The or-
dering of the vertices/faces defines an orientation of strings, and correspondingly
an initial and final vertex/face.

We now define the following unitary string operators

F= 1 c%f.e)  Fr= ] ™@.e (2.2)
(fe)ey (v,e)ey
forge G,x € G. Note that the order in which the operators appear is irrelevant in the present
context. The boundary of a face f € F is naturally associated with a string y(f), while a vertex
v € V is naturally associated with a dual string 7(v). We shall always consider these strings to
carry a counterclockwise orientation. We define for any face f and vertex v
1 1
h - X X — Evd g
5 =& 2 XMy A= D X9, (2:3)
xGG‘ geG

The normalization is chosen so as to make these operators into (orthogonal) projections, and
one can check that they are mutually commuting: In fact,

ASAS = 6, e AY = ASAY,  BYB} = 6,089 = B}BY, (2.4)

by the orthogonality of the characters. Their action on basis vectors is illustrated in Figure [3
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FIGURE 3. The action of the vertex and face operators.

For any finite subset A C &, the Hamiltonian of the (static) quantum double model is given
by
HY = (1= A+ 3 (1-B)), (25)
vEA feA
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where ¢+ € G is the constant character t(g) =1, 1 € G is the neutral element, and v € A means
that {e € £ : v € de} C A, and similarly for f € A. This choice of boundary condition is
arbitrary and made only for simplicity here; it will not play a role in the following discussion.

In fact, we shall be interested in the infinite-volume limit of the model. We recall some
elementary properties of the model exhibited in the original [40], and refer to [30} [41], [42], [43], 44]
for a complete set of proofs. The sum is not convergent in norm, but it remains meaningful
as the generator of the dynamics: for any local observable A, the limit

§9(A) = Jim, i[HO, A] (2.6)

exists for all A € ;o and extends to a densely defined unbounded *-derivation on 2[. In this
infinite volume limit, the model has a unique translation-invariant ground state wy which is
frustration-free and gapped — we shall henceforth call it the vacuum state. wq is a ground state
in the sense of being a positive normalized functional on 2 such that

— iwp(A*8°(A)) >0 (2.7)
for all A € .. That it is gapped means that there is g > 0 such that
—iwg(A759(4)) = guwo(A"A)

for all A € o such that wo(A) = 0. Specifically, g = 1 here. Finally, the frustration-freeness
is expressed by
wo(Ay) =1,  wo(Bf) =1, (2.8)

forallveV, feF.
Additional properties of the vacuum state are that wo(Ay) = 0 = wo(B?) for all non-trivial

elements of G (respectively () from which we deduce that
wo(i[A}, A]) =0, wo(i[B}, A]) =0, (2.9)

for all A € 2 by the Cauchy-Schwarz inequality.
Let us briefly come back to the string operators introduced above. They satisfy the following
commutation relations:

§ _ 1€ S
Aamf =F ‘AB v’ Aam' =F Aal’)”

Bh-FS=FIBI,  BhLFS=FIBY 210
0oy oy

007’ Yy’

where we used that x(3) = x(g) = X(g). Moreover, AY commutes with .7-'§ for v ¢ Oy and
B’]} commutes with .7-"% for f ¢ 0. We further note that any (dual) string operators commute
with all A’s and all B’s. We shall also need commutation relations between string operators of
different types:

FYFS = (X)) OV PRy (211)

Here, ¢(7,7) is the number of signed crossings of the two strings: each crossing, from right to
left, of 7 and ~ yields a factor x(g); since a change in the orientation of a string amounts to the
exchange of the charge with its inverse, a crossing from left to right yields X(g) = x(9).

Localized excitations above the ground state are simple to characterize. These quasi-particles
arise from the violation of the conditions . Indeed, we shall say that a state w carries an
electric charge at Vertex v if w(AY) = 0, or a magnetic flux through face f if wo(B}) = 0. The
commutation relations ([2.10]) yield that

wo((FX)* A5 FX) =0y, wol(FX) A5 FY) = b¢x,

so that it is natural to interpret the string operator }"§ as creating a pair of quasi-particles with
opposite electric charges (,X) at either ends of «y, while .7-"79 creates a pair of fluxes (g, g) on the
two extremal faces of 7. This is consistent with the fact that if v1,v2 are such that 01y = 9gye,

then ]-'%.7: .7-}1 2> Where 1 - 72 denotes the concatenation of two strings.
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Since this Hamiltonian is a sum of strictly local commuting terms, we have that
§°(AY) = 0= 8°(BY), (2.12)

for all x € G and g € G, showing that excitations are not dynamical. We shall in the next
section introduce hopping terms for these quasi-particles which will define a dynamical version
of the QDM.

2.2. The dynamical quantum double model. Hopping of electric charges between two
vertices along an edge e € £ will be induced by the following operator

Te= >0 (TR Ay + F,  ALAY ) (2.13)
X€G,xF#t

where the edge e is between v and v’. Since (]-"(Yv e))* .F(U o = .F(Y, ¢ the second term is

the adjoint of the first one and hence 77 is self-adjoint. Flux hopping between two faces across
e € £ can be defined similarly,

_ h 1 12h h 1 12h
T¢= ), (F (r.e) BB +F (fce)Bfo') (2.14)
heG,h#1

where the edge e is shared by f and f’.
Finally, and in accordance with the fact that a flux-charge pair can be considered a particle
of its own type, we also introduce a hopping such a pair:

T = S {(FL A+ FL ALY (B + B
heG,h#1
XEG, xF#L

+ (FlyoBYB + Fly o B1BY ) (AX +AY) | (215)

where e, v, v/, f, f’ are illustrated in Figure

FI1GURE 4. Two possible hoppings of a composite particle across or along a given
edge e.

With these definitions, we define the full Hamiltonian of the model by
H=H"+ \H+ \,H" + N\, H,

where H* = Y oece Tg, with # stands for €, u or €u, and the sum is interpreted as in . We
denote

6= lim i[Hyp, ] = 6% 4 6 + 6" + 5,
AN—72

the generator of the dynamics in the infinite volume limit, while 6% are the derivations associated
with H?. The corresponding dynamics is denoted 7, respectively Ttﬁ.
The following proposition justifies the nomenclature that has been used thus far in describing

the various terms of the Hamiltonian. The first part (2.16)) is a continuity equation for the charge
¢ € G and it should be contrasted with 1) The operator N’ ﬁ has the natural interpretation
of the total charge of type ¢ in the volume A. The second part of the proposition shows that

the hopping terms are gauge invariant.
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Proposition 2.1. Let ( € G, ¢ 75 L, and let A be a finite subset of £. Let NS = Y veh AS.

(i) Let T, o) = 1 (FG, o AL AS = Fly ) ALAS, ). Then
SN = D Ty (2.16)
(v,e)€0A

where (v,e) € OA if de N A # O and de N A® # (. Moreover, 5“(/\6?) =0.

(ii) For any edge e € &,
> [ As] =0

veY

Proof. The operators T and AS do not commute only if v is one of the vertices at the boundary
of e, in which case as short calculation yields

15, A =S ([ AC} AL AX [ A<] ALAX>
xe@

= 3 () (AS =AM A + F ) (AS = AT)ALAY )

xe@

With 1} and since ( # 1, we have that ASXAX = 0 as well as .A Al = 0, and this further
imposes that y = ¢ in both remaining terms, namely i[T¢ Av] = .7 o Claim (ii) immediately

follows since [T, >, A5 = ‘75)1 e +j(§)27e) = 0 by the antisymmetry of j(v’e) under the exchange
of the vertices. Claim (i) follows similarly: By the same argument, the contribution from all
edges that are internal to A vanish, the only remaining ones being those on the boundary.
Finally, 5“(N§) = 0 follows from the fact that both A’s and dual strings are products of £
operators, which are all mutually commuting. O

We conclude this section by pointing out that a natural extension of the Hamiltonian above
would be to introduce an external ‘vector potential’ by twisting the various hopping term, as
for example

0T A AY + &P FE, AAY,

An edge-dependent 8 : £ — R would allow one to add external ‘fluxes’ through plaquettes. Of
course, similar variations are possible with the other hopping terms. As we shall see shortly,
such a flux attachment that is typical of anyons will appear intrinsically as soon as pairs of
particles are present in the system.

2.3. Superselection sectors and anyons. Recall that the state wg is the unique translation
invariant ground state. We briefly discussed above the states wy o I'Y where I'Y = FX(-)F¥
creates a pair of excitations (x,X) localized at the ends of the string on top of the existing
vacuum.

If v = {(vi,e;) : i € N} is an infinite string, the operator F5 is not well-defined, but the
corresponding automorphism I'Y exists. Indeed, let ’y(N) = {(vi,e&;) : i = 1,...,N} be its
truncation to the first IV edges. For any A € 2jo¢, the limit

DY) = Jim 7 AR

exists since the sequence of operators on the right hand side is eventually constant, and T'Y
extends to an automorphism of 2 since |[TX(A)|| = [|A||. In particular, the linear functional
wp o T'X defines a state on 2, which we shall refer to as a charged state. It is so that

0 ifv=0ayy

1 otherwise (wo o %) (By) or all f

(wo o TX)(AL) = {

6



Now, if A is a (finite) closed loop, namely dpA = 01 A, then the action of F /{‘ is trivial on the
vacuum state, namely

wo(FYAFY) = wo(A) (A closed) (2.17)
for all A € 2. This, and the composition property of string operators implies that

_ X
(,uOOI‘if—wooI‘7

for all strings v such that 9y = 97. If v is an infinite string, this shows that the state wy o 'Y
depends only on the position of the initial vertex v = 8y, which justifies the notation w;.
Physically, the state wy is a state carrying one electric charge y at the vertex v and remains
indistinguishable from the vacuum state everywhere else. It can be shown ([43],[44]) that w. is
a ground state in the sense of for any x € G and any v € V.

Let (Ho, m0, ) be the GNS representation of the vacuum state — we shall henceforth refer
to it as the vacuum representation. For a given state, all GNS representations are unitarily
equivalent. A charged state wy is not equivalent to wg. Its GNS representation can be given by

(Ho, m0 o TX, Qp), where dyy = v:
wy (A) = (Qol(mo 0 I'Y) (A)Q0) = wo o X (A).

Similarly, if x # &, then wy and w$ are inequivalent.

While the state wy depends only on the endpoint v of the string v, the GNS representation
does depend on the entire string . The uniqueness of the GNS representation implies that for
any two strings 71,72 starting at v, the representations mg o I'Y,, m o I'Y, are equivalent: this
is very reminiscent of the freedom of choice of the flux line needed to introduce a flux piercing
the plane in a 2d electron gas. We shall make a choice which will be convenient for the rest of
the discussion: The string associated with the state wy is taken to be extending vertically down
from the vertex v, as illustrated in Figure

The construction just discussed can be carried out with dual strings to yield charged ground
states of the form w? = wp o I’%, and we pick those strings to be oriented vertically upwards
from the face f.

v

FIGURE 5. The gauge fixing for both types of states wh and wiﬁ.

A superselection sector of ¢° is a class of unitarily equivalent 6°-ground state representations.
The above discussion shows that group elements and characters label superselection sectors.
We claim furthermore that states carrying the same charge but located at different vertices are
equivalent. Indeed, the composition property of the string operators implies that two states wy
and wy, are related by
WY (A) = wX(FX AFX

v ~y(v'—=v) w(v’—w))’

(2.18)

where v(v — v) is any string such that 9yy(v — v) = v/ and 91y(v' — v) = v. The

operator FX . isa unitary element of the algebra, so that the two states are indeed unitarily
y(v—v')

equivalent. That these are all possible sectors is the following result of [44]:

Theorem 2.2. The complete set of superselection sectors of 8° is labelled by elements of G x G.
7



As was already pointed out in the original paper [40], the quasi-particles associated with each
superselection sector are Abelian anyons. In the present language, this can be made precise in
the sense of the DHR analysis [45], see again [44]. While the anyonic nature of particles has
a general abstract treatment in terms of the superselection sectors, see [46], or [47] for the
quantum double models, we can understand braiding here in the sense of parallel transport,
close to the original description of Leinaas and Myrheim, namely by starting with the two-
particle representation (Ho,mo © F% o I'¥,Qp), and continuously braiding the electric charge y
around the flux g. For this, let A\ be a closed string of length N such that dy\ = 01\ = Jp.
Let W)(t) € Ho be defined by ¥, (0) = Qo and W(t) = FY(t)Qo, where FY(t) is given by

N
FX(t) = (moTLoX) | I (11 = DFS e 11)) . (t>0). (2.19)
j=0

Here, f is a smooth switch function such that f(t) =0if ¢ <0 and f(t) =1if ¢t > 1. At integer
time steps t = k with 1 < k < N, we have that

UN—j,€N—j)

k—1
UA(k) = (mooTZoT) | [ 7Y o,
j=0

and W)(t) = (mg o 7 o TY)(F})Qp for all t > N. Tt is now immediate to compute the holonomy
associated with A and note that it is quantized.

Theorem 2.3. Let ny = (Q|PA(N)). Then

m = x(g) o7,

where wa () is the winding number of the string A around the face Oy7.
Proof. The commutation relation (2.11]) implies that
(19 0 T)(73) = TYUFY) = xlg) " V7Y
which yields immediately n) = X(g)waoﬂ/\)(ﬁo,wo(}?f)ﬁo} = x(g9)"7™ since X is a closed

string, see (2.17)). O
2.4. Symmetries.

2.4.1. Charge conservation. For any y € G, let 6% be the *-derivation on A formally given by
1> [A%Y,-]. Similarly, for any g € G, let 69 be the *-derivation given by izf[Bch, . Let aX,

respectively 37 be the corresponding groups of automorphisms. A slight extension of the proof
of Proposition yields the following proposition:

Proposition 2.4. For all x € G and all g € G,
ayoT =T oy, Blom =m10p,
for all s,t € R.

2.4.2. Charge conjugations. There are two types of conjugations in these models, corresponding
to a flux-anti flux exchange or a charge-anti charge exchange. We first define an antilinear
transformation #* on H by

0*19) = 19),
and extension by antilinearity, for which (##)2 = 1. It is immediate to check that

O LI = LIG*, OHTX = TXPH,
forall g e G,x € G. The automorphism
CHOES Ali_{ﬂ;2 CNOEHE
8



where O = ®ccg, be, acts as

OH(AY) = AY,  eH*(B") =B
A second antiunitary on H is given by complex conjugation, namely
0lg) = lg),

and extension by antilinearity. It again squares to the identity but

0°LY = LI, OTX = TXG,
for all g € G,y € G. Tt follows that

O°(AY) = A},  e(B") =8",
where ©°€ is the automorphism of 2 associated with the local 6¢.
Proposition 2.5. For all x € G and all g € G,

of 0Tt =T_t 0 @ﬁ,

where § € {e, u}.

2.4.3. Duality. The Abelian quantum double models exhibit a duality symmetry that corre-
sponds to the exchange of fluxes with charges. Using the Fourier transform associated with the
finite Abelian group G, and the fact that G and G are isomorphic as Abelian groups, we can
define a duality transformation U on the edge Hilbert space H. For clarity we recall the stan-
dard definitions. Since H = (%(G) = ¢2(G), and using the orthogonality relation for characters,
we can introduce an orthogonal basis {|x) | x € G}, labelled by the characters, by requiring
(x|€) = X(g). The conventional normalization then gives:

(xI€) = |Gloye, x.E€QG.
The two bases {|g) : g € G} and {[x) : x € G’} give rise to a unitary transformation U on
H = ¢%(G) such that

o = Uv, with 8(x) = |G|7/* Y x(g)v(9)-
geG

and with the inverse given by

v(g) =1GI72 > x(9)d(0).

xeé

As operators on ¢2(G), L" and TX take the form
(L"0)(g) = v(hg), (T¥v)(g) = X(9)v(9)-
The Fourier transform interchanges their actions on £2(G) (up to a complex conjugate)
UL'U*0() = £(h)o(8),  UTXU*8(€) = d(x¢)-

It follows that the transformed Hamiltonian (®U)H (®U™) is identical to H upon the replace-
ment of G by G and the lattice by its dual lattice, and after interchanging Ac and A,.
Note that in the cyclic case G = Zy, with the characters labelled by m = 0,...,N — 1,

Xm : J— w™, with w=e~, U is the usual finite Fourier transform:
N-1

w®|k).
k=0

Ulj) =

=l



2.5. Dynamics in Hilbert space. The vacuum state remains invariant under the full dynam-
ics T3 since wpod = wy. It follows that 73 is unitarily implementable in the vacuum representation,
namely there is a strongly continuous unitary group ¢+ Up; on Hg such that

U()¢7T()(A)(U07t)* = FO(Tt(A)), U()JQ() = Qo. (220)
Let K be its self-adjoint generator, normalized so that Koy = 0:
i[Ko, m0(A)] = mo(6(A)). (2.21)

While the charged states were also invariant under 6%, this is not the case anymore in the
presence of the hopping terms. However, the dynamics is still unitarily implementable in the
charged representations. We start with the charged state having one electric charge x.

Theorem 2.6. The dynamics 7; is unitarily implementable in the GNS representation of wy:
There is a strongly continuous unitary group t — U;it on Ho such that

U y(mo o TX)(A)(U7,)" = (mo o I'X)(1(A)),
for all A € 2.

Proof. Since the automorphism T'Y is strictly local, in the sense that TY(Ax) C Ay for any
A C &, its action on any Hamiltonian is naturally defined by letting T'X act on every interaction

term. Denoting the resulting Hamiltonian I'Y(H) and the corresponding derivation STAH ), we
have that
[Yod= sTAH) o rX.
A short calculation yields that
TX(H) = H° + (Ap,, — Ay ) (2.22)
and

HE)=H+ Y% ((am AL (AKE — A )+ fv’e)(Agm—Agm)%). (2.23)

ecé:
Be={8py,v} SeC L

The action of I'Y on H* is trivial, up to the phase picked by all hopping terms across 7, see (2.11),
resulting in

Y = Y Y ( 1) 1) Fl, BB+ (X(h)d%(f’v@)) - 1) ]-'(’},76)8}3}‘,) .
e€y heG,h#1

(2.24)

Finally, we consider the action of I'Y on H%. The charge hopping corresponding to the first

line of is affected as in since B operators are left invariant. The flux hopping

corresponding to the second line of if affected in two ways: Firstly as in , the

hopping terms across the string v pick up a phase, and secondly the projectors Ago , are mapped
to Agg‘ .

By , all terms that contain an AX for y # ¢ or a BY for g # 1 leave the vacuum state
invariant. The same holds for H°, and we gather the action of all of them under the notation
5;(70. The only terms that have a non-trivial action on wg are supported in a finite neighbourhood
of 0gy and given explicitly by

LoAL
30’7 .Aao,y + Z ]:(807 e AvAao'y S Sleoc-
ect:
de={doy,v}

Summarizing, we have that
X (H .
sTA(H) — 5% +1[Pf>9fw"]’
and wp is invariant under the action of 83 ,. We conclude as in (2.21) that ¢, is implemented
by a self-adjoint operator KX .0 and so
FQOF§06(A) :I[K%O—i-?'ro(Pg[w),WoOF,)y((A)] K?y(,OQO =0. (2.25)
10



Hence, U}, = e K3 where KX = KXo+ m0(Py ) O

The Hamiltonian K% — and its cousins to be described shortly — will be the main object
of the spectral analysis carried out in the next section. Before doing this, we recall that, in the
representation m o I'Y, the vector )y corresponds to the state having one electric charge x at

0oy. That this charge is dynamical is reflected in the fact that the propagator has a non-trivial
action on £y since

KX = mo(PX )% = Qo+ A > mo (F, ) Q. (2.26)
e:0pyEde

where we used that mo(.A%)Qy = Qp for all v € V.

The results above extend with the obvious modifications to the case of a magnetic charge
localized on a face. The case of both an electric charge x € G at vertex v and a magnetic flux
ge G at face f is similar but requires a little more attention. The GNS representation of the
state wX 7f is given by (g o F% o I'X, Ho, ), where dyy = v and 9y = f, as in Figure |5 We
denote K ;‘fj the generator of the dynamics in the GNS representation. It is of the same form

as (2.25)), namely
KXY = KX4,+m0 (PYY), K;gg’ Q =0, (2.27)
where Pg"fq is again strictly local. The action of F 9 on ) is simple,
(T oTX)(H®) — H = (A, — Aam) (Byy — Bys)s

providing (Aj, ., + Bé(ﬁ) to Pif’fg. Secondly, I‘% adds phases to the hopping terms of li that
cross 7y with only

Z x(9)~ C((ame)ﬂ)]ﬁéme/v b (2.28)
ee&:
e:<6077U>

not leaving wp invariant. Furthermore, the only non-trivial action of I' % on TX(H") given
in (2.24) is at the end of the dual string dy7, which adds

d 1121
Z x(g)cn (@07, e))f(qao»y BBl (2.29)
ecé:
c€dIyNOf
to ng’fg. Finally, (I'Z o T'Y)(H) acts that act non-trivially on wo if and only if dy, 87 belong

to the same site, namely dyy € Jp7y. In that case, there are four different possible hopping terms
of either form above, as illustrated in Figure [6]

— +>

807 1

0"\

FIGURE 6. The four possible hopping terms arising from H. A non-trivial
phase is only associated with the two horizontal displacements.

As expected, the see that in a two-particle state, the y particle exhibits nearest neighbour
hopping on the set of vertices, the g particle exhibits nearest neighbour hopping on the set of
faces, and the hopping of the composite particle is to the neighbouring sites. The hopping of
each type of single particle is influenced by the presence of the other type in its immediate
vicinity.

11



3. SPECTRAL ANALYSIS IN THE ONE-PARTICLE SECTORS

3.1. The Hamiltonian in one- and two-particle subspaces. We introduced in Section|2.4.1
the derivations corresponding to the number operators. In the GNS representations discussed
above, the derivation is implemented by the commutator with a self-adjoint operator, analogous
to the number operator on Fock space. Let us first recall the definition of Nf; in Propositionh
We define A
NE =D Ngea
ced
If dyy € A, then

€ €
Y (VO) = N§ + (A5, - A%, )
In the vacuum representation, the limit

NE = wili G
0 "X;?WO(NA)

defines an unbounded self-adjoint operator with a dense domain for which NOG Qo = 0. It follows

that the derivation limp_,y i[Nf, -] is implemented in the GNS space of wgo . by
€ €
N™ = Ny + mo(Ap,, — Ag‘w).
In particular, NV GQO = WO(AgM)QO = . Had we not summed over G, the same sequence of
ideas would have given a generator N¢ for any ¢ € G with the property that N¢Q = d¢ 1 20.

Replacing AX’s by B9’s, we obtain a second number operator denoted N and such that
NEQg = 0. Finally,

N =NY 4 NC¢
is the total number operator.

Two charged states differing only by the position of the particle are unitarily equivalent and
the intertwiner of representations is explicit. |i shows that if T,_,, = 710(]-",);(”, %v)), then
T, (mo oY) (A)T,—. provides a GNS representation of wY, on Hg. The corresponding string
does however not satisfy the gauge fixing condition. As shown in [44], this can be remedied
by introducing an additional unitary intertwiner VX which is explicitly given as a limit, in the
weak operator topology, of operators corresponding to closed strings. In particular, VXQy = Q.
Precisely,

X _ 1 X X
Fw,(A) = nl;rrgo(f w,m)*(}"

v ~y(v'—=v)
for all A € 2Ajo¢, and wo((ff,fv/’n)*/l]:x ) = wp as well as VX = w-lim,,_,o mo(FX
FX,

v, n v’ n
v,V

are illustrated in Figure |7, We conclude that
(Ho, mo o I'X, Ty 20)

VTX(A)FY ) F

(v'=v)” vv'n
), where

,n

is a GNS representation of wff,, with the gauge fixed as prescribed.

For notational clarity and simplicity, we denote the vectors T,,_.,» 2y of Hg in the represen-
tation mp o I'¥ by {|x,v') : v € V} and let H,, C Ho be the space they span; in particular,
Qo = |x, v). They satisfy

Nix,v) = [x,v)
for all v € V and we refer to them as one-particle states. The vector |y, v) corresponds to a
state having exactly one charge x localized at vertex v. The same holds for the dual picture,
yielding one-particle vectors {|g, ') : f € F} of Hy in the representation 7 OF%, for any g € G.

Finally, in the GNS space of the states wff”? , the corresponding vectors {|(x,v), (g, f)) : v €
V, f € F} are such that N|(x,v), (g, f)) = 2|(x,v), (g, f)) and we refer to their span H,, 4 C Ho
as a two-particle subspace. In fact, H, 4 is completely characterized by

Y EHy, <= Nip=2pand NX¢ =), N9 = 1.
12



=) |,

Y | f\ Yy

v,v' N

FIGURE 7. Transporting a charge from v to v’ and respecting the gauge fixing.
The sequence of unitaries (Wo(fv o n))neN has a good weak limit as the bottom
stretch is sent to oo.

We note here, and shall use it later, that
Hy g =~ (2% x 77).

We also point out that the transportability of charges remains simple in the two-particle state.
Indeed, while F operators corresponding to intersecting strings and dual strings do not com-
mute, the corresponding automorphisms do so: TZ((F),, ,,)* (]—"X( DX A)F ) Fowrn) =

v'in 0l v’—w))>k (v'—=v)Y v’ n
(}—3’(” ") (]:?Y((vlﬁv)) (F%OFX)(A)}-’Y(U —>v)}—1>)<v n' Hence,

(Ho,m0 0 TZ o TX, X, , Q)

v—v!

is a GNS representation of w f, with the gauge fixed as prescribed.
Since charge is conserved, we obtain the following:

Proposition 3.1. Let K;‘%q be the GNS Hamiltonian introduced in . Then
K5Hyg C Hyg-

We now concentrate our attention on the Hamiltonian restricted to this two-particle (respec-
tively one if either y = ¢ or g = 1) invariant subspace. The fact that the GNS representation
and K ;%g are explicit allows us to compute all relevant matrix elements, allowing for a spectral
study of the model.

3.2. A matrix representation of the Hamiltonian. To start with an easy case, we first
consider (2.26)), denote again v = 07y, and compute

06 o1l KX X0 0) = (61 [ KX Q0) = (6 01]Q0) + Ac Y (X, valmo(F, ))0)

e:wEde
If v # vy, then
06 vilx, v) = (mo(F, ) 0[Q0) = wo(F,, )

. . X
vanishes since g (]:w(v —v)

X # t, there is g € G such that x(g) # 1; the invariance of wy under the action of ]-"g for any
closed dual path X and (2.11)) together yield that for any A € 2,

(f"}’(”l‘)v)) - WO((]'—%) }-X(Ulﬁv)]:g) (Q)WO(f;C(vlﬁvQ

whenever \ winds once around v but not around vy, and so wq(F X(v1 %v)) = 0 indeed.

) adds one pair of particles to the existing 9. More formally, since

For the same reason, (x, v |mo( (X ))Qo> is non-zero only if FX ot = ]-'(YU 0 (in which case

v1—V)
it is equal to 1) namely v(v; — v) = (v1,€). As could have been expected from the basic picture

13



of a single particle freely hopping on the lattice, we conclude that the one-particle Hamiltonian
reduces to a multiple of the discrete Laplacian:

>\e if d(vl,vg) = 1,
O oK x,ve) = ¢ 1 if g = wg,
0  otherwise.

The same holds for any other type of particle, with the hopping amplitude adjusted accordingly.
In the following, we shall renormalize the Hamiltonian by replacing K5 — KX — 1.

In the two-particle situation, it will be convenient to insist on the representation of the
lattice using sites. We first rescale the lattice so that vertices are on v € (4Z)% and faces lie
on f € (4Z + 2)2. The sites are then labelled by (27 + 1)2. Physically, they correspond to the
coordinates of the center of mass of pairs of particles, which we denote

_ %(fH) € (2Z+1)2

Their relative position is given by the complementary coordinate
1

d:§(f—v)€(22+1)2,

and a general two-particle wavefunction is given by ¥(X,d) in £2((2Z + 1)% x (2Z + 1)?).

3.3. Dirac anyons. We now consider a two-particle state having a charge x € GatveVand
a charge g € G at f € F. We let \* = A\* = X to ensure that the duality symmetry holds, and
denote A* = p. We shall label the Hamiltonian K{° g As we shall see, the anyonic nature of
the composite particle will reveal itself in the appearance of a non-trivial spectrum.

Let us first consider the case A = 0,p = 1. Let S = {(1,1),(1,-1),(-1,1),(—1,—-1)}. The
results of Section (2.5)), see also Figure [ imply that the subspace ¢2((2Z 4 1)? x S) is invariant
for Kéi’lg , and that its orthogonal complement is the kernel of the Hamiltonian. After Fourier

transforming with respect to the variable X, we conclude that, for k € T2,

0 cos(2ky) cos(2kz) 0
K9 (k) = cos(2ky) 0 0 x(g) cos(2k;)
0.1 cos(2ky) 0 0 cos(2ky)
0 X(g) cos(2ks) cos(2ky) 0

As discussed earlier, the phase x(g) is accumulated by the hopping of the particles across each
other’s string, which happens only in the case (1,—1) > (—1,—1), see again Figure []] We
obtain four bands given explicitly by

EyY (k) = +21/ cos?(2k,) 4 cos?(2ky) £ | cos(2kz) cos(2ky)[1/2 4 2Rex(g))-

Generically, this exhibits a Dirac cone at (7/4,7/4), see Figure [8 The case x(g) = —1, which
arises for example for G = Zo, is special in that two sheets are exactly degenerate.

Remark 3.2. The case x(g) = 1 is trivial with dispersion relation £2 cos(2k,) & 2 cos(2k,). It
corresponds to simple bosons with no phase being accumulated as the strings cross each other.
Unsurprisingly maybe, the anyonic nature of the quasi-particles manifests itself in the spectrum
of the two-particles Hamiltonian.

The Dirac cone is a consequence of the duality symmetry, and it is not stable under the
breaking of the symmetry. If we consider an asymmetric hopping by giving a different weight to
the two terms of ([2.15]), namely (F; o, e)AL AS+F, (U e).Ai,Af,)(B?+B’}/) and (14m)(F" BllB?ﬂL

N (f:e)
.7-"(}}, 6)8}8?,)(./4%( + AX,), with m > 0, the dispersion relation then reads

EX (k) i\/| ko) 2 + [e(ky) 2 = |e(ka)llc(ky) /2 T 2Rex(9)

where c(s) = ¢%* + (1 + m)e~2"* opening up a gap of size 2m at the Dirac point, see Figure @
14




Ficure 8. The Dirac cone ap- F1GURE 9. Gap opening in the
pearing at tth point (%+F), here presence of symme;cry breaking,
for x(g) =e’s . again for x(g) = e .

3.4. Bound states and scattering states. The dynamics discussed above is that of a strictly
bound pair of a flux and a charge. In the presence of the additional terms producing independent
hoppings of the charge and the flux, we now show that the bound pair may become unstable
and decay into two freely moving particles scattering away from each other.

First of all we prove that, in the extreme case p = 0 and A # 0, there is no bound state of
the two particles at all. The restriction of H¢ 4+ H* to the invariant space H, 4 is immediately
read off . As in Section it reduces to a simple discrete Laplacian, up to the
phase picked up whenever the y particle crosses the string 7 associated with the g flux and
reciprocally. After subtraction of the constant, we obtain

Ki‘og(k‘) = 2c0s(2ky) A ® 1+ 2 cos(2k,) 1 ® A + 2 cos(2k;) (X(g)o’+ + x(g)o™ — 0”3) ®O, (3.1)

acting on the fibers £2(2Z + 1) ® £?(2Z + 1) and corresponding to the dynamics of the relative
coordinate. Here
(AY)(2) = ¥(z = 2) +¥(2 +2)

for any z € 2Z + 1 and © is the multiplication operator by the characteristic function of
{j €2Z 41,5 < 0}. In the last term, of are the Pauli matrices acting in the space spanned by
| £1) (as a function in ¢2(2Z + 1), the vector |m) for m € 2Z + 1 is the normalized sequence
whose only non-zero element is at m), and this term amounts to replacing the trivial phase
accumulated along a hopping by x(g), respectively X(g), whenever the two strings cross.

}’89) (k) is empty.

Proposition 3.3. Let k # (%, T) (mod%). The pure point spectrum of K 7

Proof. We recall the setting of [48], which is very close to the current situation. For j = 1,2,
let TjA € L(*((2Z + 1)?)) be the magnetic translations in the direction of the unit vectors e;,

associated with a magnetic vector potential A : (2Z 4 1)? x (2Z 4+ 1)?> = R:

(T, ) (w) = e AETH2D (1 4 2¢5).
Here A is so that —A(x,y) = A(y,z). A simple calculation yields that (T,)* = (T,) ' = T_.,.
They satisfy the following commutation relations

—1m—1 —ig )
Te Tek TejTek —=e (ek,e])’

j
where

Dlepe)) (@) = Alw, ® —2¢5) + A(x — 2¢5, & — 2¢j — 2ey,) — A(z — 2ep, v — 25 — 2¢5) — A(w, v — 2ex)
15



is naturally interpreted as the flux through the face centred at x —e; —e¢; € (2Z)?; In particular

_i¢(€k7€j)

it is equal to zero whenever j = k. Note that e is to be understood as the corresponding

multiplication operator.
The magnetic Hamiltonian is given by

H=cq (Tel + T—61) +c2 (Te2 + T—eg)v

where c1, ¢y are real constants. Let g(x) = (z,x), where (,) is the restriction of the Euclidean
inner product to (2Z + 1)2. Let now
A =i[H,q].

We observe that for any function f,

[T8j7 f] = (Dej f)Tej
where (D, f)(z) = f(x + 2¢;) — f(x), and that

DEjDqu = 8<€j, €k>-

A computation now yields that

. 2

1

g[H7 A] = - Z (Tej - T,e].)Cj <€j7 ek>ck(T6k - Tfek) +C,
Ji,k=1

where

C Z C]Ck ekq [Tej + T—BJ Y Tek] + (Cjck)<D—ekQ) [Tej + T—Ej Y T—ek]
Jik=1
is only non-zero because of the non-commutativity of the magnetic translations, since

T.,, T, = (11 _ e—@(—ejﬁem) T, T.,.
Let us now consider the specific case K i‘”@q(k), namely

c1 = 2cos(2k;), c2 =2cos(2ky), oAz et2e)) X(9)0;10z,,—10z5<0-
Here, the magnetic vector potential corresponds to a flux tube through the plaquette at (0,0).

Hence, the factor 1 — o 1PFe; Fep) (@) appearing in C' does not vanish if and only if x £e; e, =
(0,0). In particular, it vanishes if ¢ S and hence C' is a finite rank operator.

We now note that g(x) = ||z||? is constant on S and hence (D,,q)(x) vanishes for all (e, x)
such that ¢(_c; ¢,)(z) # 0. It follows that C' =0 and

1 *
g[Kibg(k)’A] - ZCJQ'(T%' o Tfej)Q - Z C?(Tej o T*ffj) (Tej o T,ej),

j=1 j=1
which is the sum of two non-negative, but mutually non-commuting, terms. The triangle in-
equality yields

(Te; = Te,)¥)(@)] 2 [[9(x + 2¢5)| = [ (2 — 2¢))|| = [(T2, — T2 )Iw)(2)],

where T, 69], are translation operators with A = 0. This is a discrete version of the diamagnetic
inequality. Hence,

<w, (K} >Z |2 - 10, )|

and it suffices to show that Ker(Ter — Tgej) = {0} to rule out pure point spectrum. That is
immediate since the only square summable solution of

(T2, = T2 )¥)(z) = ¥(@ + 2¢5) — ¥(z — 2¢;) = 0

is the zero function. O
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We now turn to the full Hamiltonian Ky g in the two-particle sector. Let P be the orthogonal
projection onto the space spanned by | + 1> Then
KV (k) = cos(2ky)0” ® (07 + P) + 2 cos(2ky ) P ® 0® + cos(2ky) (X(g)UJr + x(g)07> ® (P —07),

)

which, combined with K (k) given in (3.1), yields the full Hamiltonian.

Proposition 3.4. For any k € T?, let Ry(k) = 4) (] cos(2ks)| + | cos(2ky)|). Then

oess (KXI(R)) = [=Ra(k), Ba(R)],
in particular, the essential spectrum is independent of p.

Proof. Since Kif”pg (k) = K;f”g (k) + Kaf’pg(k), the independence of the essential spectrum on the
parameter p follows from the fact that K;J(k) is a finite rank perturbation. It therefore
suffices to consider , which is the magnetic operator with a simple flux tube considered in
Proposition The claim follows from Section 2 of [49]: The vector potential given here is
gauge equivalent to the Aharonov-Bohm gauge A and therefore K;‘,’g (k) is unitarily equivalent
to the operator K ffg(k:) given by magnetic translations with A replacing A. If we now denote
Ky o(k) the operat’or corresponding to A = 0 (it does not depend on (x,g) indeed), then
K if”g (k) — Kxo(k) is compact by Proposition 3 in [49]. Hence the essential spectrum of the
full Kf\"’g (k) equals that of K (k), which is a sum of two independent discrete Laplacians,
concluding the proof. O

We conclude with a proof that K f\"g (k) has bound states for a range of parameters A, p. If
A > 0 then in particular Ki‘g(k) has a bound state for all p > 0, in a neighbourhood of the two
lines (kg, ) and (7, ky).

Theorem 3.5. Let ‘1 + p‘ > 1 and let k, # T (mod%). Then there is a neighbourhood U of
(kz, §) such that if k € U, then Kxg(k:) has four possibly degenerate eigenvalues; The corre-
sponding eigenstates are e:cponentwlly localized.

Proof. First of all,
LW (k’w’ %) = /\00s(2l<:x){ <><(9)0’+ +@0_) ® (2@ + g(P - az))
+2A @1+ 0" ( 20 + )\(P—l—a )) }

As should be expected, this operator is diagonal in the second tensor factor. Therefore, it suffices
to search for eigenstates of the form v ® |j) for any j € 2Z + 1. Then Kif’pg(k:x, D ® |j) =

2 cos(2k; ) (A 4) @ |5), where the matrix elements of A¥ are

1 if fm —n| =2 and (jml, [n]) # (1,1)
(Ax7g)mn = bi %f (m’ n) B (_17 1)
o b; if (m,n) = (1,-1)
0 otherwise
and the values of b; are given by
x(9) ifj<-1
,_ Ioag) it =-
! (1+2%) ifj=1
1 otherwise
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This is amenable to a transfer matrix analysis. If ¢ is an eigenvector of A;“g for the eigenvalue
E, then the vector ¢ given by ¢, = (Y2,11,%2,_1)" solves

E -1
T¢n—¢n+17 T = (1 O>
for all n € N\ {—1,0}, with boundary condition given by
_ (E/bi —1/b; _(E b
¢0 - < 1 0 (b—la (bl — 1 0 ¢07

namely

61 = Bjp1, Bj=<(E2}5‘/bgj’.2)/bj fffj) (3.2

The two eigenvalues of the transfer matrix are equal to 74+ = %(E ++VE? — 4) with eigenvectors
vy = (74,1)T. The eigenvector gives rise to a solution of the eigenvalue equation that decays
exponentially at 400, respectively —oo, if the corresponding eigenvalue has modulus < 1, re-
spectively > 1. Both necessarily happen simultaneously since 77— = 1. If |E| > 2, then 74 are
real with 7 > 1. Otherwise 7_ = 71 and hence |74| = 1. Therefore, a normalizable solution of
the eigenvalue equation may only exist if |[E| > 2. In that case, we set ¢1 = awv_ for some a # 0
and ¢_; = v4 and the boundary condition reduces after elimination of o to an equation
for the energy

(B? — |bj|*)73 =2B74 — 1
or equivalently
[b[* = 3.

Since |74| > 1, we conclude that a solution exists if and only if |b;| > 1, which in turn holds if
and only if j = £1 and ’1 + §’ > 1. The eigenvalues are given by

)

E=7,+71 =+(B+B™), B:)Hg

each of them being doubly degenerate since |by| = |b_1].
If |1 + §| > 1, the rest of the spectrum of A;-“g lies in [—2,2] and corresponds to oscillatory

s

solutions. In particular, the spectrum of Kf\f:g(kx, Z) is characterized by a gap g(k,) given by
g(kz) = 2X|cos(2k,)| (B+ B~ - 2),

and g(kz) > 0 for all k, # 7 (mod%). Since the operator-valued function k Kixp’g)(k:) €
L(£?((2Z 4+ 1)?)) is smooth, the existence of four branches of eigenstates in a neighbourhood

of (kz, %) away from the degenerate points k, # 7 (mod%) is ensured by spectral perturbation
theory. O

A similar, and simpler, analysis can be carried out around (7, k). In that case, the Hamil-
tonian reduces to

K;{’g(%, ky) = 2 cos(2k,) (11 ® A+ gp ® ax)

which is now diagonal with respect to the first factor. It is a simple Laplacian (and therefore
has no bound state) on the range of 1 — P, while
9, 7T p
KX3(G ky)P © 1= 2\ cos(2k,)P & (A + Xafv)
which is of the same form as above, with b1 — 1+ g. We conclude again that two bound states
exist for any k, provided ‘1 + §‘ > 1 and they are stable away from the degenerate points.
18
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FIGURE 10. The numerically computed spectrum of K37 (0,0) as a function
of A, namely well away from the points where transfer matrix methods yield
analytical solutions. The two degenerate branches observed whenever k, = 7 or
k, = % are now split, clearly showing the four branches of eigenvalues in a wide
range of parameters.
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