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Abstract: The split property of a pure state for a certain cut of a quantum spin system can
be understood as the entanglement between the two subsystems being weak. From this
point of view, we may say that if it is not possible to transform a state w via sufficiently
local automorphisms (in a sense that we will make precise) into a state satisfying the
split property, then the state w has a long-range entanglement. It is well known that in
1D, gapped ground states have the split property with respect to cutting the system into
left and right half-chains. In 2D, however, the split property fails to hold for interesting
models such as Kitaev’s toric code. Here we show that this failure is the reason that anyons
can exist in that model. There is a folklore saying that the existence of anyons, like in
the toric code model, implies long-range entanglement of the state. In this paper, we
prove this folklore in an infinite dimensional setting. More precisely, we show that long-
range entanglement, in a way that we will define precisely, is a necessary condition to
have non-trivial superselection sectors. Anyons in particular give rise to such non-trivial
sectors. States with the split property for cones, on the other hand, do not admit non-
trivial sectors. A key technical ingredient of our proof is that under suitable assumptions
on locality, the automorphisms generated by local interactions can be “approximately
factorized.” That is, they can be written as the tensor product of automorphisms localized
in a cone and its complement respectively, followed by an automorphism acting near
the “boundary” of A, and conjugation with a unitary. This result may be of independent
interest. This technique also allows us to prove that the approximate split property, a
weaker version of the split property that is satisfied in e.g. the toric code, is stable under
applying such automorphisms.

1. Introduction

A pair (N, M) of commuting von Neumann algebras is called split if there is a Type |
factor F such that N C F C M’ [DL84]. In applications to physics typically N and
M are generated by local observables located in two disjoint (or, in relativistic theories,
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spacelike separated) regions A1 and Aj,. The split property then can be interpreted
as a type of statistical independence between regions. More precisely, one can locally
prepare a normal state ¢ such that restricted to measurements in A; we have ¢(AB) =
¢1(A)p2(B), for given normal states ¢; on the algebra generated by observables localized
in A; [Wer87]. In particular, it means that there is no entanglement between the two parts.
Alternatively, the Type I factor allows us to find a tensor product decomposition of the
Hilbert space, with the algebras N and M acting on distinct factors. Such a decomposition
is far from obvious in systems with infinitely many degrees of freedom and may even
not exist for a given bipartition of the system. Early applications have been in algebraic
quantum field theory [BW86], for example in the study of entanglement properties of
the vacuum [SW88].

More recently the split property has found applications in the classification of phases
of 1D gapped quantum spin systems. Under quite general conditions one can show that
the split property holds in ground state representations. In particular, Matsui [Mat13]
showed that if w is a pure ground state of a gapped local Hamiltonian (on the chain), it
satisfies the split property in the sense that w is quasi-equivalent to w; ® wg. Here wr
(resp. wpg) is the ground state restricted to the left (resp. right) half-chain A; (Ag). In
this case this is equivalent to saying that the inclusion 7,,(Az)" C 7, (Ag)’ is split in
the sense above, where 7, is a GNS representation for w [Mat01] (see also [Oga2la,
Remark 1.5]).

The split property can then be used to definea H2(G, U (1))-index for a unique gapped
ground state on a quantum spin chain with finite group on-site symmetry [Oga20], as
well as Zj-valued index for reflection symmetry, generalizing a construction by Poll-
mann et al. [PTBO10] for matrix product states. The index was used to prove a general
Lieb—Schultz—Mattis type theorem in [OTT21].

For fermionic chains, the split property for a unique gapped ground state is proven in
[Mat20]. Bourne and Schulz-Baldes and independently Matsui introduced a Z-index
for fermionic chains without symmetry [BS20,Mat20]. A classification of SPT-phases
with on-site symmetry in 1D fermionic chain based on the split property was carried out
in [BO21]. There, a Z, x H'(G, Z) x H*(G, U(1)y)-valued index was found using
the split property.

The split property is essential in all these constructions: it allows one to factor the
Hilbert space into a tensor product with the left half-chain acting on one factor, and the
right half-chain on the other. The Type I factor F is such that F ~ B(H;) ® I with
respect to this decomposition. This can then be used to extend a symmetry By of the
spin chain to an automorphism of F, which by Wigner’s theorem can be implemented
by a (anti-)unitary. This in turn can be used to define an index.

In higher dimensions the situation is much more complicated, and the split property
fails to hold in interesting models. For example, consider Kitaev’s toric code model
[Kit03]. Then one can consider a cone-like region (extending to infinity) A and its
complement, as an analogue of the two half-chains in 1D. It turns out that the translation
invariant ground state @ of the toric code is not split with respect to this bipartition
[Naal2,FN15], in contrast with the 1D case discussed above. In fact, one of the goals
of the present work is to argue that the failure of the split property to hold is in fact
necessary to get anyonic excitations. More precisely, the failure of the split property to
hold is because the state is long-range entangled. Thus, our work confirms the folklore
statement that long-range entanglement is a necessary condition for anyonic excitations.

It turns out that at least for abelian quantum double models a weaker version of the
split property is true. That is, if one considers a pair of cones A C A, whose boundaries
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are sufficiently far apart, there is a Type I factor F such thatw,(Ap,)” C F C 7y (A Ag)/
[FN15]. “Sufficiently far” depends on the model: in the abelian quantum double models,
it is enough that the distance between their boundaries is greater than one. In general,
and in this paper as well, we need in addition that A, has a wider opening angle than Aj.
This should be compared with the setting in relativistic quantum field theory mentioned
earlier, where the split property fails if the intersection of the closures of the two regions
has non-empty intersection, but holds when they are spacelike separated. This property
is sometimes called the distal or approximate split property to distinguish it from the
situation in e.g. 1D systems. Despite being weaker than the split property, it still has
important applications. For example, in two dimensional systems the approximate split
property is one of the assumptions used in relating the total quantum dimension (a
property of the superselection sectors) to the index of a certain subfactor [Naal3]. This
result can be used to show one has found all superselection sectors of a given model. A
variant also plays a role in the discussion of “approximately localized” superselection
sectors [CNN20].

The interest of this paper is in these split and approximate split properties in 2D
quantum spin systems. Although most of our results can be straightforwardly generalised
to higher dimensions, we restrict to 2D. The reason is that we are particularly interested
in applying our results to study anyons, and in higher dimensions the cone-localized
sectors we consider automatically have bosonic or fermionic statistics (cf. [BF82]). We
regard a state with the split property as having small entanglement with respect to the
given cut. From this point of view, a state which cannot be transformed into a split state
via quasi-local automorphisms has long-range entanglement. Or to be more precise,
we consider a slightly more restrictive class of automorphisms which we call quasi-
factorizable. (See Sect. 2.3 for the definition of quasi-local automorphisms and their
importance in the theory of gapped ground state phases.) Anyons, if they exist, can be
identified with superselection sectors of the model (see Sect. 2.2 for an introduction).
We show that the existence of a non-trivial superselection sector of a state w implies
that the state w is long-range entangled. That is, long-range entanglement is a necessary
condition to have non-trivial anyons. Moreover, this is stable under applying “quasi-
factorizable” automorphisms, defined below. For a class of Hamiltonians consisting of
local commuting projectors, Haah [Haal6] introduced an ingenious index such that it
having a non-trivial value implies that one needs a quantum circuit with depth on the
order of the system size to transform into product states. Our result is in accordance with
these results. In general, the split property itself in 2D is not stable under quasi-local
automorphisms. We show, however, the approximate split property is stable under it.

The key technical ingredient for the proof is a factorization property of quasi-local
automorphisms «. This result may be of independent interest. More precisely, we show
that under mild assumptions, oy is quasi-factorizable in the following sense. In the
definition below, I' is the set of all sites of the system, and for any subset A C I', A, is
the corresponding quasi-local C*-algebra of observables localized in A (see below).

Definition 1.1. Let o be an automorphism of Ar and consider an inclusion of cones
McAcCr;cr.

We say that « is quasi-factorizable with respect to this inclusion if there is a unitary
u € A and automorphisms a5 and apc of Ap and A respectively, such that

o =Adu) o B o (ap ® apc),

~
=
=

where Z is an automorphism on I'; \ I'} and A“ :=T"\ A.
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The key advantage is that one can replace the “exponential tails” of s by strict locality, up
to conjugation with a unitary in Ar. In for example the sector theory, such strict locality
is very useful, and one is only interested in representations up to unitary equivalence.

This factorization property was first used in [Oga20], in proving the stability of the
index of 1D SPT. Following this idea, in [Moo019] the stability of split property in 1D was
shown. Its 2-dimensional version is essential here, but an extra complication is that in
2D or higher, the boundary between the regions we will consider is infinite. This makes
locality estimates much more subtle. Coincidentally, this more complicated geometry is
also a key reason why Matsui’s result on the split property for 1D spin chains [Mat13]
does not generalize to higher dimensions. A special case of the 2D-version (with respect
to cone like regions with common apex) of the factorization property is also used in
[Oga21b], to define a H 3(G, U(1))-valued index and to show its stability.

In Sect. 2 we fix notation and recall some basic facts about Lieb—Robinson bounds
and quasi-local maps, and give a brief overview of the relation between anyons and
superselection sectors. Then, in Sect. 3, we prove the factorization property of quasi-
local automorphisms in a general setting. In Sect. 4 we consider states in 2D which are
quasi-equivalent to a product state, and hence satisfy the strict split property. In particular,
we show that the states in this gapped quantum phase have trivial superselection structure.
Finally, in Sect. 5 we show that our main technical result applies to a natural class of
quasi-local automorphisms, and use this to show that the approximate split property is
stable in such models.

2. Preliminaries

We first fix the setting and introduce the main definitions. A key part is played by quasi-
local maps and Lieb—Robinson bounds. For a state-of-the-art overview of the topic see
[NSY19]; for our purpose the most relevant facts will be recalled here. We largely
adopt the notation of [NSY 19]. We assume basic familiarity with the operator algebraic
formulation of quantum spin systems (see e.g. [BR87,BR97]).

Let (T, d) be a countable metric space which is v-regular i.e.,

sup [by(n)] <kn’, 1<neN, 2.1

xel

for some constant ¥ > 0. Here, we used the notation
by(n) :=={y €T |d(x,y) <n}. (2.2)

In concrete applications we typically consider I' = Z" (or its edges) with the usual
metric, but for now we keep the discussion as general as possible.
Let Py(T") be the set of all finite subsets of I". For A € Py(I") we set

Ap =) B(H.). (2.3)
xXeA

where H, are finite dimensional Hilbert spaces whose dimensions are uniformly bounded:

sup dim H, < oo. 2.4)

xel
If A1 C A, there is a natural inclusion of algebras, and hence we can write

A= | Aa (2.5)
AePy(T)
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for the algebra of local observables. To get the C*-algebra Ar of quasi-local observables
we take the norm closure of A119C. In general, if A C I is any subset of I', Ay is the
norm closure of UAOCA,AOGPO(F) An,. We denote by U (Ar) the set of all unitaries in
Ar.

For any subset X of I', we denote by Iy the conditional expectation onto Ay given by
the tracial state on A xc. These maps will be used to approximate quasi-local observables
by local ones. For any m € NU {0} and X C T, we set

X(m):={xel|dx,X)<m}. (2.6)
Furthermore, we define
Axmy == Hxmm) — Mxm-1), meN, X CT. 2.7)
Note that we have
|Axem (W] <21AlL A€ Ar, (2.8)

since I1 is a projection.

2.1. Split property. We will be interested in the split property with respect to different
regions of I', leading to the following definition.

Definition 2.1. Let I'y € ', C I' and w a pure state of Arp. Then we say that w is split
with respect to the inclusion I'y C I'y if there is a Type I factor F such that

7(Ar,)” C F C n(Ar,)”, (2.9)
where 7 is a GNS representation for w.

Conjugating with a unitary does not affect the split property. Furthermore, one would
expect that automorphisms of Ar, and Ar¢ have no effect on the existence of the Type I
factor F'. We can even allow for a non-trivial automorphism on a “widening” of the region
I’ \ T'y, at the expense of shrinking (resp. growing) the two regions in the definition of
the split property. This is the idea behind the next proposition.

Proposition 2.2. Let 'y C 'y C 'y C I'3 be a sequence of subsets in I'. Let w be
a pure state on Ar and suppose that it is split with respect to T'y C TI'y. Let a be an
automorphism of Ar. Let org, or\ry, or be automorphisms of .Arg, Arory, Ar,
respectively. Define an automorphism & of Ar by

o= arg ®ara\r; @ ary. (2.10)

Suppose moreover that there is an automorphism Bri\r, of Ar3\r0 and a unitaryu € Ar
such that

o = Ad(u) oo (Brg\ro) , @.11)

where 51"3\1“0 = Bri\ro ®id(r;\ro)c. Then woa is split for the inclusion I'y C I'3. In fact,
if (H,m, ) is a GNS triple of w and F the interpolating factor from Def. 2.1, we can
choose F = Ad(t (u))(F) as the interpolating Type I factor in the GNS representation
7 o « for the state w o «.
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Proof. We have
mod(Ar,) =moar, (Ar)" c 7 (Ar,)" C F. (2.12)

We also have &~ (Ar,) = Ar, C Ar,, and hence  (Ar,) C 7 o & (Ar, ). Therefore
we have

T o&(AI‘})/ C 7T(.A[‘2)/ C F/, (2.13)

and by taking commutants F C 7 o @(Ar,)”. Hence we obtain
mod(Ar,) CFCmod(Ar,)" (2.14)
Note that by assumption and the fact that Br3\r0 acts trivially on Ar,,
a (Ary) = Ad(u) 0@ o fryr, (Ar,) = Ad(u) 0 & o (Ar), (2.15)

and similar with Ar, replaced by Ar,. Hence we have
(7 oa (Ar,))" = Ad (x() (7 0@ (Ar,)") € Ad (r(w)) (F)

1" ” (2.16)
c Ad (r@) (7 0@ (Ary))") = (7 o (Ar))".

This completes the proof. O

Note that the condition on « implies that & ! is quasi-factorizable for the inclusion
I'g C I'y C I'3 in the sense of Definition 1.1. The main technical contribution of the
paper consists in proving that the quasi-local automorphisms «g; admit a decomposition
as in (2.11) of the proposition.

2.2. Sectortheory. The present work is at least partly motivated by superselection sector
theory, in the sense of Doplicher, Haag and Roberts (DHR). See [Ara99,Haa92] for an
introduction. In two dimensional systems with long-range topological order, there is
the possibility of quasi-particles with braided exchange statistics. Typical examples of
such models are Kitaev’s quantum double models [Kit03] and the Levin—Wen string-net
models [LWO05]. Mathematically, the algebraic properties of the anyons are described
by a braided tensor category [Wanl0]. Thus, the question is how one can extract this
tensor category from first principles.

Typical methods to extract the braided tensor category from a ground state rely quite
heavily on certain properties (e.g. symmetries) of the underlying model, and are therefore
less suitable for a general analysis. In fact, in finite systems it is not always clear how to
even define a single anyonic excitation, in particular once one loses strict locality as a
result of perturbations. We therefore take a different approach, motivated by DHR sector
theory in algebraic quantum field theory [Haa92], in which one in principle can recover
the full anyon structure from a few general and physically motivated principles. The idea
of a superselection sector stems from the observation that it appears to be impossible
to make coherent superpositions between certain states, in particular when they carry
a different ‘charge’ or ‘anyon type’. Mathematically this phenomenon is related to the
existence of non-equivalent representations of the algebra of observables. One way to
interpret this is to think of charge conservation: with local operations it is not possible
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to change the total charge of the system. In particular, say we create a conjugate pair
of anyons (thus preserving the total charge) from the ground state, and move one far
away. Then acting locally the total charge in that region cannot be changed. Or, to give
an example, it is impossible to create a vector state describing a single charged anyon
in the ground state representation of a topologically ordered model, using quasi-local
observables only. Equivalently, it is not possible to create coherent superpositions of
disjoint states (cf. [Ara99, Thm. 6.1]).

The C*-algebra Ar has many inequivalent representations, but most of them are not
physically relevant. Hence we need a selection criterion to select the relevant representa-
tions that correspond to charged states (that is, states describing single anyon excitations).
It is perhaps helpful to illustrate how this works in the prototypical example of the toric
code [Kit03]. We refer to [Naal1,FN15] for details on the following discussion. In the
thermodynamic limit, one can show that there is a translation invariant ground state,
uniquely characterised by the condition that wo(A;) = wo(Bp) = 1. Here A and B),
are the ‘star’ and ‘plaquette’ operators appearing in the Hamiltonian for the toric code.
Itis well-known that one can define ‘string operators’ F that create a pair of excitations
(anyons) when acting on the ground state of the toric code. Note that the excitations at
the end of the path & are conjugate to each other, so that the total charge of the anyons
created by this operator is trivial. Thus A — wo(FgAF, é*) is a state describing a pair of
anyons. To get a state describing a single anyon, one can take the limit where one end
of the path is sent off to infinity. This converges, and one can show that the resulting
state is inequivalent to wg. Moreover, by construction, this state can be interpreted as
describing a single anyon, located at the endpoint that was kept fixed.

The corresponding GNS representation 7 has additional properties, reminiscent of
the topological charges in algebraic quantum field theory [BF82]. For example, suppose
that the paths & in the construction above all lie in some cone A. Then it is easy to show
that outside of the cone the GNS representation for w is unitarily equivalent to the ground
state representation g. This means that the anyon is localized in the cone A. What is
less obvious is that if we choose a path going off to infinity in a different direction, the
corresponding GNS representation is unitarily equivalent to . The same is true if we
choose a different endpoint for the path &. This property ultimately boils down to the
property of the toric code that the state a)o(FgAFg‘) only depends on the endpoints of
the path &, and not on the path itself. To summarise, the single anyon representation
is irreducible, and satisfies

7T()|.AAC gﬂ,’l.AAc, (217)

for any cone A.! Here g is the (reference) ground state representation, and = denotes
unitary equivalence of the representation restricted to Axc, the observables localized
outside of the cone A. Since the criterion is required to hold for any cone, the localization
region can be moved around. This is called transportability of the charges, and we say
that the charge is transportable (see e.g. [Haa92, Section IV.2]). For the toric code, it is
straightforward to construct four different inequivalent representations that satisfy this
property, corresponding to the four anyon types of the model.

For general topologically ordered models, one expects the charges to have the same
localization properties (for example based on the string operators that are typical for such

1 The choice of cones as localization region is merely a convenient one, motivated by space-like cones in
algebraic QFT [BF82]. What is more important is that it extends to infinity. This allows us to send one of the
ends of a “string operator” creating a pair of anyons in e.g. the toric code to infinity. For technical reasons, we
need the region to “widen” towards infinity, so that any finite region can be transported into it, and that the
region has no holes. An advantage of cones is that they are easy to parametrise, cf. [Oga22].
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models). Thus, in general, a reasonable approach is to take a ground state representation
1o, and identify irreducible representations 7 satisfying (2.17) with the charges (or,
anyons) of the theory. A sector is then a (unitary) equivalence class of representations
satisfying the selection criterion. The frivial sector is the equivalence class containing
the reference representation (. Later we will slightly relax the criterion (2.17) to require
only quasi-equivalence.

It is perhaps surprising that by just imposing this single selection criterion, we obtain
a very rich structure. In fact, based on the DHR program and using a technical property
called Haag duality, one can show that the set of representations satisfying this crite-
rion has the structure of a braided tensor category [BF82,Naal1,0ga22]. In addition, in
concrete models such as the toric code there are natural candidates to construct repre-
sentations 7 satisfying the criterion, even without resorting to Haag duality, as outlined
above. Moreover, one can prove that these representations are the only ones satisfying
the selection criterion (2.17), and it follows that the category is equivalent to the rep-
resentation of the quantum double of the group G = Z,, as expected [Naal3]. This
result can be generalised to abelian quantum double models [FN15]. Thus, we take the
viewpoint that each type of anyon gives rise to an equivalence class of representations
7 satisfying (2.17).

The split property enters the analysis in various ways. We first note that the topological
phenomena in our systems of interest, in particular the existence of anyons, are believed
to be due to the presence of long-range entanglement [CGW 10]. Product states exhibit no
entanglement, and hence should be in the trivial phase without any anyons. A state with
long-range entanglement is then roughly speaking a state that cannot be transformed into
a product state by applying a finite sequence of local unitaries throughout the system.
Consider the case where we have a pure state ® = wp ® wxc that is a product state
with respect to a cone A and its complement. It is easy to see (see Sect. 4) that in this
case 7, (Ap)” is a Type I factor and the inclusion 7, (Ap)" C 7y, (Apc) therefore is
split. In Sect. 4 we show that in this case the sector theory is trivial: any representation
7 satisfying (2.17) is a direct sum of copies of the reference representation mg. That is,
we only have the trivial charge or anyon. This corroborates the notion that the sector
theory is a good invariant for topological phases by proving that indeed states without
long-range entanglement have a trivial sector structure. Indeed, we will prove that this
still is the case for pure states w such that w o « is quasi-equivalent to a product state.
Here, « is a quasi-factorizable automorphism, which can be seen as a generalization of
finite-depth quantum circuits to infinite systems. This result also explains why in models
such as the toric code, which do have a non-trivial sector theory, we only have a weaker
form of the split property, where we have to consider an inclusion A; C Aj of cones
whose boundaries are sufficiently far apart [Naal2].

This weaker form of the split property also plays a role in the analysis in [Naal3],
where the index of a certain subfactor is shown to be related to the total quantum
dimension of the sectors. This result can be used to show that a given list of sectors
is complete. It also is necessary in showing that approximately localized sectors, a
generalisation of the notion of a sector discussed above, is stable under applying a path
of quasi-local automorphisms [CNN20]. In either case, the split property for an inclusion
A1 C A, allows us to obtain a tensor product decomposition of the ground state Hilbert
space such that observables in A4, and those in Axg act on the distinct factors. In
contrast to finite systems such a decomposition need not exist if the split property fails to
hold. This decomposition can then be used to approximately localize endomorphisms or
observables [CNN20]. This plays a crucial role in the proof of stability of superselection
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sectors. Although the proof only requires a variant of the split property to hold at one
point along the path of gapped Hamiltonians, it is nevertheless important to understand
the stability of the split property itself.

2.3. Quasi-local maps. In the classification problem of gapped ground state phases, we
say that two states are in the same phase if they can be realized as ground states of gapped
Hamiltonians that can be connected via a continuous (or, for technical reasons, C 1) path,
in such a way that the energy gap does not close along the path. Using the spectral flow
[BMNS12], an adaptation of Hastings and Wen’s quasi-adiabatic continuation [HWO05]
to the thermodynamic limit, one obtains a path of automorphisms s — o« relating
the ground states along the path of gapped Hamiltonians. Its infinite system version,
where a uniform gap for the local Hamiltonians can be replaced by the spectral gap
of the bulk Hamiltonian in the GNS representation was shown in [MO20]. Quasi-local
automorphisms are essential transformation in the theory of gapped ground state phases.

A quasi-local map on Ar is a map that maps strictly localized observables to observ-
ables that can still be approximately localized in a slightly larger region, with error bounds
satisfying a Lieb—Robinson type of estimate. Our discussion draws heavily on [NSY 19],
which in turn incorporates decades of advancements in Lieb—Robinson bounds.

Typically the quasi-local maps are obtained as the dynamics generated by some
sufficiently local interaction. The notion of “sufficiently local” is made precise in the
following definitions.

Definition 2.3. An F-function F on (T, d) is a non-increasing function F : [0, o00) —
(0, 00) such that

() 171 := supyer (3, er F (@(x, 1)) < 00, and

. . F(d(x.2)F(d(z.y)

(i) CF :=sup, yer (Zzel" F(d(x.y)) ) < oo

These are called uniform integrability and the convolution identity, respectively.

For an F-function F on (T, d), define a function G on [0, c0) by

Gp(t) := sup Y Fdx.yy]. t=0. (2.18)
Y€\ yel,d(x,y)>1

Note that by uniform integrability the supremum is finite for all 7.
Our goal is to interpolate continuously between two local interactions. Hence we will
mainly be considering paths of local interactions, in the following sense:

Definition 2.4. A norm-continuous interaction on Ar defined on an interval [0, 1] is a
map @ : Po(T") x [0, 1] — Allf’c such that

(i) forany ¢ € [0, 1], ®(:; 1) : Po(I') — AII?C is an interaction, and
(ii) for any Z € Py(T"), the map ®(Z; -) : [0, 1] — Az is norm-continuous.

To ensure that the interactions induce quasi-local automorphisms we need to impose
sufficient decay properties on the interaction strength.
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Definition 2.5. Let F be an F-function on (T, d). We denote by Br ([0, 1]) the set of all
norm continuous interactions on Ar defined on an interval [0, 1] such that the function
@] : [0, 1] — R defined by

1
@] (2) := sup ——— ®(Z;)ll, tel0,1], (2.19)
x,yel F(d(x,y)) ZePo(l";Zax,y

is uniformly bounded, i.e., sup,c[o 17 | Pl (t) < oo. It follows that 7 — [ D]l (7) is
integrable, and we set

1
(@) := 1) o(®) := CF/O dt |®|| (¢). (2.20)

We will need some more notation. For ® € Br([0, 1]) and 0 < m € R, we introduce a
path of interactions ®,, by

D, (X;0) = |X|"®(X;1), X ePyl), tel0,1]. (2.21)

Next we recall that an interaction gives rise to local (and here, time-dependent) Hamil-
tonians, via

Hp o)=Y ®(Z:1), te[0,1]. (2.22)
ZCA

We denote by Ua ¢ (t; 5), the solution of

d
EUA,CD(IQ §) = —iHp o()Up o(t;s), t€][0,1] (2.23)

Un.ols;s) =1L (2.24)

We define corresponding automorphisms r,(f;)’q), ft(fs\) “® on Ar by

NP (A) = Un.o(t; ) AU o (15 5), (2.25)
2P AY = Up ot ) AU 0 (1 5)", (2.26)

with A € Ar. Note that

A(A),® A), @
F P =1 (2.27)
by the uniqueness of the solution of the differential equation. Using standard techniques
one can prove locality estimates for time-evolved local observables in the form of Lieb—
Robinson bounds, which in turn can be used to show that the local dynamics _L_t(,zs\),@
induce global dynamics. Since we will make use of these facts repeatedly we recall the

main points here.

Theorem 2.6. [NSY 19] Let (', d) be a countable metric space, and let F be a F -function
on (I, d). Suppose that © € Br([0, 1]). The following holds:
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(1) The limit

2 (4) = lim Y"%(A), AeAr, t,5€l0,1] (2.28)
’ AT

exists and defines a strongly continuous family of automorphisms on Ar such that

ot =%, th =ida.. t.s.uel0, 1] (2.29)

(ii) Forany X, Y € Po(D) with X NY =@, and A € Ax, B € Ay we have

1Al 1B
I[x2 4), B]| < ZIAThBI (ez”“’) - 1) IX|GF (d(X,Y)). (2.30)
Cr

If A € Po(T') and X U'Y C A, a similar bound holds for r,(,?)’(b.

(iii) For any X € Py(I") we have

41A
| Axon (z8(A)] < ” I ( 2(®) _ 1) 1X| G (m), 2.31)

forall A € Py(T') and A € Ax. A similar bound holds for t(A) ¢

(iv) Forany X, A € Po(I') with X C A, and A € Ax we have

W @] < A1 V@) XIGr @ (T A) . @232)

Proof. Ttem (i) is Theorem 3.5 of [NSY 19], while (ii) and (iv) follow from Corollary 3.6
of the same paper by a straightforward bounding of D(X, Y) and the summation in
g. (3.80) of [NSY19] respectively. Finally, (iii) can be obtained using (ii) and [NSY 19,
Cor. 4.4] (see also the proof of Lemma 5.1 in the same paper). O

Consider the same notation and assumptions as in Theorem 2.6. To continue we need
to make additional assumptions on the function F. In particular, we assume that there
isan a € (0, 1) such that

o0
Z(l +n) " GE(n)® < oo, (2.33)
n=0

where G is as defined in (2.18). Furthermore, we assume that there is an F-function
F on (T", d) such that

max | F (g) 2[;](1 +)2G e b < B, (2.34)
n=l3

With these additional assumptions we can distill the following result. It gives us a way to
apply a quasi-local automorphism to a given dynamics. The result will generally not be
an interaction, since the interaction terms will not localized in finite regions any more.
Nevertheless, the theorem shows that we can define a proper interaction that gives the
correct local Hamiltonians.
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Theorem 2.7. Let (I', d) be a countable v-regular metric space and F be an F -function
on (T, d) such that there are o« and F satisfying (2.33) and (2.34). Let ® € Br ([0, 1]) be
a path of interactions such that ® € Br ([0, 1]), where @1 is defined in (2.21). Finally,
choose an increasing sequence A, € Po(T") such that A,, /' T, and let tfi and r,(fsx") @
be as in Theorem 2.6.

Then, with s € [0, 1], the right hand side of the following sum

v (7. 1) :=Z Z Axm (T2 (@ (X5 1)) (2.35)

m>0XCZ, X(m)=Z

defines an interaction ve) e B 70, 1]). Furthermore, the formula

wOO (z,1) =Y > Ax(m) (Tt(,?"’@ (@ (X; t))) (2.36)

m=>0 XCZ,X (m)NAp=2

defines W) ¢ B ([0, 11) such that W (Z.t) = 0 unless Z C A, and satisfies

TP (Hp, o) = Hy, g (0). (2.37)
For any t,u € [0, 1], we have
im 22" (4) — 2% (4) H —0, AeAr. (2.38)
n— 00 ’ ’

Proof. 1f Z is a finite set, we see that the right-hand side of (2.35) contains only finitely
many terms and hence is well-defined. Moreover, because of the A x (), it follows that
W) (Z, 1) € Az. Since 7,5 is in automorphism we see that W) (Z, 1) is self-adjoint,
and hence defines an interaction. That this interaction is in B ([0, 1]) follows then
from Theorem 5.17(i) of [NSY 19]. The conditions of this theorem can be verified using
Theorem 2.6, where in the notation of [NSY19] we have p =0andg =r = 1.
Similarly, Eq. (2.36) defines an interaction, and (2.37) can be verified by an explicit

calculation, if we note that rfy?“’cp(d)(x ;1)) isin Ay, . By part (ii) of Theorem 5.17 of

[NSY19] it follows that W™ e B([0, 1]), and moreover that ¥ converges to
W®) in F-norm with respect to F. Theorem 5.13 of [NSY19] implies

1
sup / H\I,(nxs)
n JO

see also [NSY19, eq. (5.101)]. Therefore, from Theorem 3.8 of [NSY19], we ob-
tain (2.38). O

s (Ddt < o0, (2.39)

3. Factorization of Quasi-Local Automorphisms

In this section we give our main technical result. In particular, we study conditions under
which a quasi-local automorphism qu?o “factorizes” as in Proposition 2.2, in particular
Eq. (2.11). In the next theorem we give a sufficient condition in terms of the regions
involved and the F-function for .

Before we state the full conditions and prove the result, let us briefly outline the
main steps. The idea behind the proof is to compare the full dynamics generated by the
interaction ® with the “decoupled” dynamics (). The latter simply omits all interaction
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terms of ® crossing the boundary of I'; \ I'y. The first step is to show that the difference

—1
. () . . . .
between the dynamics, Tfp 0© <r fb 0 ) is quasi-local, and generated by an interaction as

in Theorem 2.7. In the second step we show that this interaction can be well approximated
by interaction terms localized in '} \ '}, with '} C 'y C I'> C T'}, in the sense that the
contributions outside this region sum up to a bounded operator in Ar. In Step 3 this is
then used to show that the difference of the full and decoupled dynamics can be written
as an automorphism of Al"é\l"i followed by conjugation with a unitary. This ultimately
allows us to write the interaction in form that allows us to apply Proposition 2.2, and
provide natural examples of quasi-factorizable automorphisms.

Theorem 3.1. Let (I', d) be a countable v-regular metric space with constant k as
in (2.1). Let F be an F-function on (I', d) such that the function G r defined by (2.18)
satisfies (2.33) for some o € (0, 1). Suppose that there is an F-function F satisfying
(2.34) for this F. Let Ar be a quantum spin system given by (2.3) and (2.4).

Let ® € Br([0, 1]) be a path of interactions satisfying ®1 € Br([0, 1]). (Recall
from definition (2.21) that this means that X +— | X|®(X; t) is in B ([0, 1])). Let

rcricrp,cr;ycr. (3.1
Form e NU{0}, x,y €T, set
fm x.y) = > X1 sup [ ®(X, D). (32)
X5x.y:d((TO\T)) X)<m 100

We assume that

Z Z + Z Z Z Gr(m)f(m,x,y) < oo (3.3)

x€l'y yel's  x€l2\I' ye(M\I)°/) m=0

Define ®© e Br([0, 1]) by

O (x; 1) := . (3.4)

O(X;t), fXCTiorXCcI\TorXCTIj
0, otherwise

for each X € Py(I'), t € [0, 1]. Then there is an automorphism ﬁr;\r; on ./41“/2\1‘/1 and
a unitary u € Ar such that
©) ~
0 = Adw) o 7%y o (ﬁrm) . (3.5)

-1
. . © .
Proof. Step 1. First we would like to represent rfbo o (‘L’fbo )) as some quasi-local

automorphism, applying Theorem 2.7. Let {A,};2 ; C Pp (I') be an increasing sequence
A, /' T. We also define @1 € Br ([0, 1]) by

oV (X;1) =00 (X;1) — D (X; 1), (3.6)

foreach X € Py(I"), t € [0, 1].
Lett, s € [0, 1]. We apply Theorem 2.7 to &1, Hence we set

vOZn=3 Y Axen (54 (00 (xin)) 3.7)

m>0XCZ, X(m)=2
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and
(n)(s) — (An)® 1
w0 (z,0:= Y 3 AX(,,,)( (CD (X t))) (3.8)
m=>0XCZ,X(m)NA,=Z
Corresponding to (2.37), we obtain

oA (Hy, on) = Hy, yoo (). (3.9)

Applying Theorem 2.7, we have W ™) &) e B.(]0, 1]), and

,‘y,:)()(A) ‘IIH(A)H_O AeAr, t,uel0,1] (3.10)

lim
n—00
holds. Note that

d 2 ), W)

] A(A) B
TESYA) = =i [ Hy, g @, 55 ()]

) (3.11)
= I:Tt(? ) (HAn,CIJ(l)) ft(jﬁ‘\ n) W (A)] .

On the other hand, we have
d _(a).® A, @0\ !
g e (s )
= rt(?”) ® (i |:HAn,<D(t) —Hy, o0(1), (r,(?”) ¢0 ) (A)i|> (3.12)

. Ap),® 2), @ Ap),®© -1
= [r}ﬂ (Ha, om) 72" o (r2747) (A)]

R (n)(s) O . . .
Hence r,(ls\”) Y (A) and ‘L'(A n-® (tt(?")’(b ) (A) satisfy the same differential
. )(s) o\ —1
equation with the rs([s\ n) ¥ (A) = ty(ﬂ\ n® (rs(ﬁ")’q) ) (A) = A. Therefore we

obtain

. ()(s) O
gy (A)Zfz(,?")’d)O(ff,?”)’q’ ) (A), te[0,1], Aec Ar. (3.13)

6 . we @) "
From the fact that rt‘l’u( = g B W B W =1, ™ converges strongly to
an automorphism r “ on .Ar (3 10), we have
e q/(v)
lim 25" (4)— <% ()] =0, Aear. (3.14)
n— 00

On the other hand, by Theorem 2.6, we have for7 € [0, 1]and A € Ar

lim
n—>0oo

-1
Tt(A,,) ® (f;(,?")’@(o)) 4) Tt s (th,s() (A) H _o. (3.15)

Therefore, taking n — oo limit in (3.13), we obtain

YAy =12 o (z;l’;‘”) L), nsel01], AeAr (3.16)
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Hence we have

—1 —1
® o1 O W) dO gy
Tst = (Tt,s) = (Tt,s Tst =Tt T (3.17)

In particular, we get
© g
rfl?o = rldfo r(;lfl . (3.18)
Step 2. We show that the summation
— ; )
vy =Y (m-nré\rg) (qf (Z,t)) € Ar (3.19)
ZePy(I')
converges absolutely in the norm topology, and uniformly in ¢ € [0, 1]. Set
= Y (id—l‘[ré\r/l ) (\1/“) (Z, z)) €A, neN.  (320)
ZePo(l), ZC Ay
From the convergence of (3.19) uniform in 7, we get

lim sup ||V,(t) — V()| =0. (3.21)

=0 re[0,1]
To prove the convergence of (3.19), it suffices to prove
Tim sup 3 ” (ia —HFN,I) (\y“) . t)) H —0. (3.22)
1el0.11 zepy(r), ZnAag£0

To prove this, we introduce the following functions. For m € N U {0}, n € N, and
x,y €T, set

falm, x,y) = > IX| sup DX, 0ll.  (3.23)
Xsx.y, d(X.0)<m d((TAT) . X)<m 1101

Note that f,,(m, x, y) is bounded by f point-wise (by definition) and converges to zero
point-wise, by (3.3). Hence by (3.3) and Lebesgue’s dominated convergence theorem,
we obtain

Gm [ XY+ Y Y | X Grmpumry]| =0 324

xel'y yel's  x€la\I'y ye(T2\IM)¢ ) m=0

We have

sup 3 H (id —nrm) (qf(“ 2, z)) H (3.25)
t€l01] zepy(r). Znas£0

= 22

ZePo(D)., ZNASED m>0 XCZ, X (m)=Z

[ sup | (id =TIy ) Axm (25 (@ (X; r)))ﬂ (3.26)

te[0,1]
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<y 3 sup | (id =TIy, ) Axm (25 (@ x:0))|

m=0 XePo(I) X (m)nAg 20 €101]
(3.27)

<2y )3 swp [xan (x5 (¢ i)

m=0 XePy(T) X(mnag A8, X mn(rry) 20 <O

53 )

m=0 X ePy(I') X (m)NAS£D, X (m)N(TH\I) 20

[ 4o ox: )|

(3.28)

sup

(621 @) _ 1) IX| G r (m) (3.29)
1€[0,1] Cr

_ CiF GEENDY )

m=0 X ePy(I) X (m)NAS£D, X (m)N(TH\I]) £

te[0,1]

{ sup (Hq><1> (X: r)H) IX| G (m)i| (3.30)

For the fourth inequality, we used Theorem 2.6 (iii). From the definition of ®, we
have & (X;t) = 0, unless X has a non-empty intersection with at least two of 'y,
'S, I'> \ I'y. In particular, we have oM (X;1) =0, unless X NI} ¥, X NS #Por
XN \Ty) #0, XN (T2 \ )¢ # @. Therefore, if &V (X: 1) £ 0, there should be
xel,yelSwithX sx,yorx e \I'1 y e M2\ T')° with X 5 x, y. We also
note that if X (m) N A§ # @ and X (m) N (Fé \ F/l)c, then we have d(X, A5) < m and
d(X, (I \ F/l)c) < m. Therefore we have

(3.30)5%(8’@)—1) )IDIEID DD (3.31)

xely yel’s  xela\I'1 ye(I\IM)©

)3 3 sup ([ @@ cx:n) 1X1GF m)

m=0 XePy(I) d(X, A5 <m., d(X, (F\]) ) <m, X3,y SO
(3.32)

8

= (FO-)| XX+ X X | X hmxnGrm).

£ xely yel§  xel\[y yeM\I)< ) m=0
(3.33)

The last part converges to 0 as n — oo because of (3.24). This proves (3.22), and hence
that (3.19) converges.
Step 3. Next we decompose W1 into a T, \ T} -part

B(Z.1) =My (my“)(z, t)) (3.34)
and the rest. Clearly, we have UeB f([O, 1]). Note that
HAn,lIl(t) +Va(t) = Hy, g (7). (3.35)
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As a uniform limit of [0, 1] 2 ¢ — V, () € Ar, [0, 1] 9 t— V(@) € Ar is

norm-continuous. Because of ¥ € B ([0,1D), [0,1] > t ‘L' L (V(1)) € Ar is also
norm-continuous, for each s € [0, 1]. Therefore, for each s € [O 1], there is a unique
norm-differentiable map from [0, 1] to I/ (Ar) such that

j—tW(“)(t) =it V)W), WO =1 (3.36)

The solution is given by

o t S1 Sk—1 -
WO = 3 (i)t / dsi / dsa - / dsird (VD) -t (Vise))
k:0 N s s
(3.37)

Analogously, foreach s € [0, 1]and n € N, we define a unique norm-differentiable map
from [0, 1] to U (Ar) such that

d
Ew,gﬂ(z) —it ™Y (V) WO @), WS (s) =1 (3.38)

This differential equation can be solved similarly as in Eq. (3.37). By the uniform
convergence (3.21), we then have

lim sup me(z) W“’(x)H —0. (3.39)
T te0,1]

From this and Theorem 2.6 (iv) for UM, ¥ B ([0, 1]), we have

Tim_ 73 Vo Ad (W(”(z)) (A) =1 0Ad (W(S)(t)) (A), (3.40)
lim Tl P4y =¥ (), (3.41)

forany A € Ar.
Note that for any A € Ar

i (An). ¥ Ad( (S)(t)) (A) (3.42)
:-'[HA 0. 74 o Ad (W,?)(t)) (A)]
—ir ([0 o), ad (WO o) ()] (3.43)
= =i [Hy, 40+ Va0, 737 0 Ad (WO D)) (4)]
— [HAn w0, T8 0 Ad (W,g-”(t)) (A)] . (3.44)

We used (2.27) for the second equality and (3.35) for the third equality. On the other
hand, for any A € Ar, we have

d

il M0 g = [HA win (6), 7o (A)]. (3.45)
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Therefore, rs(ﬁ\”) W o Ad (W,f”(t)) (A) and ts(ft\")’w(l) (A) satisfy the same differential
equation. Also note that we have
A0 o Ad (WO ) (A) = 700" () = 4.
Therefore, we get
M0 6 Ad (Wf)(t)) (A) = T8 (4)) (3.46)

By (3.40), we obtain

¥ o Ad <W(S)(t)) Ay =7"(4), AeAr t,5€el0,1]. (3.47)
Taking inverse, we get
Ad (W@)* (t)) ot =" 1sel0,1], (3.48)
Step 4. Combining (3.18) and (3.48) we have
iy =1t =% o Ad ((W(l)(o))*) o). (3.49)
Setting
Bror, =, wi= 1 ((W(l)(O))*) (3.50)

completes the proof. O

4. Long-Range Entanglement

An interesting problem is to find conditions that lead to a trivial superselection structure.
Topological order is associated to “long-range entanglement” that cannot be removed by
local operations. This should be contrasted with product states, which are not entangled
at all. Hence one is interested in states that cannot be transformed into product states by
such local operations. The product states are said to be in the topologically trivial phase
[CGW10].

The goal of this section is to show that such a topologically trivial state indeed leads
to a trivial superselection structure, at least when we restrict to strictly localized sectors
as in Eq. (2.17). To make this precise, we recall that the equivalence relation defined in
terms of finite depth quantum circuits is somewhat too restrictive in the thermodynamic
limit, and one has to look at limits of such automorphisms as well. In addition, we will
only require to be able to “decouple” a cone-like region. Because of transportability of
the anyons that is assumed, the choice of cone is not important. We therefore adopt the
following definition.

Definition 4.1. Let A be the quasi-local algebra of a quantum spin system with ' = Z".
We say that a pure state @ has long-range entanglement (LRE) if there is no quasi-
factorizable automorphism « € Aut(Ar) such that w o « is a product state with respect
to some cone A. Here we say that a state is a product state for a cone A if it is of the
form w = wp ® wac, with wp a state on A x4, and similarly for wc.
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Remark 4.2. Since the idea is to capture the trivial phase, the set of allowed automor-
phisms is dictated by the equivalence relation one puts on the ground states. Our proofs
depend on « being quasi-factorizable, which is why we choose this class of automor-
phisms in our definition of long-range entanglement. As we show in Sect. 5, the no-
tion of quasi-factorizable automorphisms includes natural examples of gapped paths of
uniformly bounded finite range interactions. As we show below, any state that is not
long-range entangled has a trivial sector structure. In fact, the sector structure for states
in other phases is also preserved under applying quasi-factorizable automorphisms, if
one makes the additional assumption of approximate Haag duality [Oga22].

The condition that I' = Z" is not essential. However, in the general case one should
define the appropriate analogue of a cone. This depends on the localization properties
of the excitations one would want to consider, but for the definition to be non-trivial a
cone should at least have infinitely many sites.

Note that for a state to be not long-range entangled, we only require the condition
to hold for a single cone A. That is, a state is not long-range entangled if we can
disentangle the cone A from its complement. Typically the states we are interested in
have a large degree of ‘homogeneity’, for example because they will be translation
invariant. Moreover, we will be interested in transportable charges, in the sense that
we can move a charge localized in a specific cone to any with a unitary operator. Thus
typically one expects that if it is possible to decouple a single cone in this situation, one
can do it for more cones. Since we will not actually need that, we restrict to this simpler
definition.

In the following we first consider the situation where the pure reference state wy is a
product state with respect to a fixed cone A, i.e., wg = wp @ wpc for some states wp
and wpc on Ap and A« respectively. Below we consider general pure states without
long-range entanglement.

We first recall the following Lemma (compare with e.g. [Mat01,Mat10]).

Lemma 4.3. Let ¢ be a pure state on Ar and suppose that there is a cone A such that ¢
is quasi-equivalent to p & ppc, where pp = @|Ap. Then Ry = 1, (Ap)" is a factor
of Type I, and so is R . Moreover, Haag duality holds: Ry = R/\..

Proof. Write (7, Hy, $2,,) for the GNS representation of ¢. Because ¢ is pure, 7, (Ar)”
is a Type I factor. Note that Ry vV Rac = B(Hy). Here R Vv Rc is the smallest von
Neumann algebra containing both R o and R s¢. Taking the commutant of this equation,
and noting that by locality we have that Ry C R/,., one obtains

Ry NRx C Ry "R, =CI.

Hence R, is a factor, and so is R c.

Since ¢ is quasi-equivalent to g ® @ac it follows that there is a normal isomorphism
T Te(Ar)” — 7y, (An) ® 7y, (Anc)”. The notation NQM denotes the von
Neumann-algebraic tensor product, which by definition is the smallest von Neumann
algebra containing the algebraic tensor product AV © M. Because the tensor product of
two von Neumann algebras is Type I if and only if both factors are Type I, it follows that
7gn (An)” must be Type I, and similarly for 7, (Axc)”. Finally, since R 4 is a factor,
every subrepresentation of wa := m,|.A, is quasi-equivalent to 7 itself. This is true in
particular for 7, , and hence R o must be of Type I as well. The same is true for R pc.

Finally, since R, is of Type I, there are Hilbert spaces H; and H> and a unitary
U :Hy — Hi ® Ha, with

URAU* =B(H)® 1, and URAU* C I ® B(Ha).
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The inclusion follows because Rpc C R’A by locality, and because (B(H)®I) =
I ® B(H3). Because R and R c generate B(Hy), it follows that in fact it must be an
equality. Therefore Ry = R\.. O

Remark 4.4. As is shown in the references cited above, the factors being Type I implies
that ¢ is quasi-equivalent to a product state. However, Haag duality does not necessarily
imply the split property.

This allows us to prove that if the reference is a product state with respect to a cone,
there are no non-trivial representations that are both strictly localizable and transportable.
In other words, the superselection structure is trivial. We will in fact slightly relax the
superselection criterion, and only assume that the representations 7 of interest are quasi-
equivalent to 7p. More precisely, we will be interested in representation 7 such that

ol Ane ~g.e. Tl Ane, (4.1)

for all cones A. This is true in particular when 7 is unitarily equivalent to n - rg when
restricted to observables outside a cone. Here n - 77 is the direct sum of n copies of 7, as
usual. The reason to allow this relaxation is that such representations can be constructed
naturally when considering non-abelian models [SV93,Naal5]. Note that the condition
that (4.1) should hold for every cone A is very strong, and as we argued above, captures
precisely the localization properties one expects from anyons in 2D. The fact that it holds
for every cone A often allows us to draw conclusions about all cones from a result for a
single, fixed cone (up to quasi-equivalence).
The following proof is inspired by Proposition 4.2 of [Miig99].

Theorem 4.5. Let wy be a pure state such that its GNS representation wq is quasi-
equivalent to TpA ® 7 ac, with o and 1w pc irreducible representations of Ax and Axec
respectively. Consider wg to be the reference state in the superselection criterion. Then
the corresponding sector theory is trivial, in the sense that each representation w satisfy-
ing the selection criterion (4.1) is quasi-equivalent to my. In particular, if  is irreducible,
then w and 1 are equivalent.

Proof. Because 7| 4, is quasi-equivalent to 7o 4, ., which is quasi-equivalent to  zc,
and 7 A is irreducible, there is a Hilbert space K and a unitary W : H — Hac ® K such
that

Wra(BYW* = npc(B) @ Iic, B e Apc. 4.2)
Because ac (Apc)” is a Type I factor, it follows that
(e (Apre) ® T) =Ty, @ B(K).

By the commutativity of A, and Axc, it follows that for all A € A,, we have that
W (A)W* € (wac(Apc) ® Ixc)'. Thus we see that there is a representation p of A, on
K such that

Wra(AW* =Ty, ® p(A), A€ A, 4.3)

Consider a cone A’ such that A C (A’)¢. Then, by applying the superselection criterion
and restricting to the cone A, it follows that the representation | 4, is quasi-equivalent
to 7| 4, » Which in turn is quasi-equivalent to the irreducible representation 7 5. On the
other hand, from Eq. (4.3), p is quasi-equivalent to 7| 4, . Hence p is quasi-equivalent
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to the irreducible 75 . Therefore, there are a Hilbert space X; and a unitary V : K —
Ha ® Ky such that

Vp(A)V* =ma(A) @I, A€ Ap. (4.4)
Hence we get
(Ipe @ VY Wr(ABYW* (Ine ® V)* = ac(B) @ mp(A) Q I, 4.5)

forall A € Ap and B € Axc. As the right hand side is quasi-equivalent to 7o, 7 is
quasi-equivalent to rg. O

Remark 4.6. Note that the assumption in the theorem is a 2D analogue of the split
property for 1D spin chains. It should be noted that it does not hold for models such
as the toric code, which have non-trivial excitations (or sectors) localized in cones. The
reason is that the ground state has long-range entanglement and cannot be converted
into a product state with local operations. However, as we already mentioned in the
introduction, we still have the approximate or distal split property: a Type I factor
Ra, C F C R/AE exists if the boundaries of the cones A; C Aj are sufficiently

distant [FN15]. What is “sufficiently distant” depends on the model, as mentioned in the
introduction. In general, for example if we perturb with a quasi-local automorphism with
anon-zero Lieb—Robinson bound, we need to have that the cone A, has a wider opening
angle than A as well. In any case, if the (strict) split property does not hold, it is no
longer possible to decompose the representation as a tensor product of representations
of Ax and Ajc.

The theorem says that, as expected, the product state does not have any non-trivial
superselection sectors. For a general state without long range entanglement, we can try
use the quasi-local automorphism « from Definition 4.1 to relate the sectors of @ o «
with those of w. In general there is no reason why w should be quasi-equivalent to w o «,
so it does not follow directly that @ o o has trivial sectors. However if « comes from
quasi-local dynamics satisfying Theorem 3.1, we can relate the sectors of 77, and 77, o «x.
The key point is that we can almost “factorize” the automorphism « into automorphisms
acting on a cone A and its complement, up to conjugation with a unitary in Ar and an
automorphism acting non-trivially only near the border of A. More precisely, we will
consider « that are quasi-factorizable in the sense of Definition 1.1. In Sect. 5 we will
show how such automorphisms can be obtained using Theorem 3.1.

Theorem 4.7. Let (Ho, o) be a representation. Let a be a quasi-local automorphism
such that for every cone A, we can find an inclusion of cones I'y C A C 'y such that
o is quasi-factorizable with repsect to this inclusion. Suppose that a representation 7w
satisfies the superselection criterion for o in the sense that for all cones A in 72, we
have

n'A/\z‘ Nq.e. jTO'AAC‘ (46)
Then 7 o a satisfies the superselection criterion (4.1) for mp o o

Proof. Let A be a cone. We will show that

Toa|d,e ~ge OO A, 4.7)
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By assumption we can factorize o as
@ =Adu) o Eo(ap ®ape), 4.8)
as in Definition 1.1. From this, for any A € Axc, we have
Toa(A) =1 oAd(u) o E(apsc(A))
= Ad (r(w)) o 7 0 E(apc(A)) (4.9)
= Ad (7)) 0 7| A 0 E(apc(A)).
This implies

~
=
[/

Toalg,. Nq_g_rrlArfo oAl A, .- (4.10)
(In fact this is even a unitary equivalence). Similarly, we have
7T0°“|.AAC ~q.e. 7TO|AFY o & OOlAC|AAc. (4.11)

Because we have 7| 4. ~g.e. 70| 4, by virtue of the superselection criterion, we get
1 1

n'-Arg' 0Zo aacl A, ~ee. 7[0|Arg oBo ape] A, (4.12)
Combining this with (4.10) and (4.11), we get
T o a'AAC Nq.e. 7o © al.AAC' (4'13)

This proves the claim. 0O

Combining the two theorems in this section then shows that short-range entangled
states indeed have a trivial sector structure.

Corollary 4.8. Let (Ho, 7o) be an irreducible representation which factorizes as wy =
A ® e for some cone A, where (mp, Hp), (wac, Hac) are irreducible representa-
tions of Ap, Aac respectively. Let o be a quasi-local automorphism which is quasi-
Jfactorizable for all cones A. Suppose that a representation 7 satisfies the superselection
criterion for g o o in the sense that for all cones A in 72, we have

| Aze ~q.e. 0 0 O Az, - 4.14)

Then 1 is quasi-equivalent to mq o «. In particular, if 7w is irreducible, then w and m
are equivalent.

Proof. If « is a quasi-local automorphism, the same is true for «~!, and it is quasi-
factorizable as well. Because 7 satisfies the superselection criterion for 79 o & and o~
is a quasi-local automorphism, by Theorem 4.7, w o ™! satisfies the superselection
criterion for 779 o & o @~ ! = 7g. Then by Theorem 4.5, w o @~ ! is quasi-equivalent to
0. From this, it follows that 7 is quasi-equivalent to mg o@. 0O

Note that this applies in particular to states which are not long-range entangled
according to Definition 4.1. Indeed, suppose that w is a pure state, and « a quasi-
factorizable automorphism such that w o @« = wp ® wpc for some cone A and states
wp of Ap and wpce of Ape. Then wg := wp ® wpe is a pure state, and so must be wp
and wxc, as otherwise we could write wq as a non-trivial convex combination of two
distinct states. But then the GNS representation g of wg satisfies the assumptions of
Corollary 4.8. Since 7y o @ is a GNS representation for w o «, it follows that w o « has
no non-trivial sectors.
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Remark 4.9. We argued that a state that satisfies the strict split property for a given cone
is trivial in the sense that there are no anyonic excitations (superselection sectors). It is
however possible to further classify this trivial sector, for example if there is an on-site
symmetry G. In that case, it is natural to demand that two states are only in the same
gapped phase if they can be connected by a continuous path of gapped Hamiltonians
respecting the G-symmetry [CGW10]. In two dimensions, the set of states that are in
the trivial phase (i.e., containing the product state with respect to each site) can then
be classified by a cocycle in H 3G,U (1)) [Oga21b]. However, in our definition, the
absence of long-range entanglement does not necessarily imply that the state is such a
product of single-site states. It seems plausible that if we demand the split property to
hold for any cone, this would follow.

We conclude this section with a brief discussion. Here, we focussed on necessary
conditions for the existence of anyons. While we have showed that long-range entangle-
ment is a necessary condition, it remains an open problem to find sufficient conditions. In
particular, there is no guarantee that a state with long-range entanglement has any non-
trivial sectors at all (and in fact given the selection criterion (4.1) that should generally
not be expected if the reference state is far from homogeneous). In addition, even if non-
trivial sectors do exist, they are not necessarily anyons. In fact, in three or higher spatial
dimensions, cone-localized sectors have bosonic or fermionic statistics (cf. [BF82]), but
in 2D anyons are a possibility, as for example the abelian quantum double models show
[FN15]. Although there is a technical condition that implies the corresponding cate-
gory is modular (which in particular implies that all sectors are anyons), the physical
interpretation of this criterion is unclear [Naal3, Thm. 5.3].

We focussed on the trivial phase here, but one can show that if there are non-
trivial sectors, the full braided tensor category describing the sectors is invariant un-
der quasi-factorizable automorphisms [Oga22]. This requires that approximate Haag
duality holds, a weaker version of Haag duality that can be shown to be stable under
quasi-factorizable automorphisms. There is another natural generalization of the super-
selection criterion (2.17), which does not require Haag duality, but a variant of the split
property instead [CNN20]. Given that the spectral flow is quasi-local, it is natural to
look at representations that can be localized in cones up to some exponentially decay-
ing error. This leads to the notion of approximately localizable endomorphisms, and
one can develop the full sector theory (including e.g. braiding of charges) using them.
These properties are stable upon applying the quasi-local spectral flow. We should add
the caveat that this is a result about approximately localized sectors, i.e. localized up to
some exponentially decaying error, and we cannot rule out that despite the absence of
strictly localized sectors, there is a non-trivial approximately localized sector. In abelian
quantum double models, this can be ruled out by imposing an “energy criterion”, es-
sentially excluding any possible confined charges [CNN20]. We presently do not know
if the absence of such sectors can be proven from more fundamental assumptions. For
example, in the case of strict localization it is not necessary. The results in this section
and in [CNN20] strongly suggest that in a state with short-range entanglement, there are
no approximately localizable sectors either.

5. Approximate Split Property for Cone Algebras

We apply the results of Sect. 3 to two-dimensional models, and give natural examples of
quasi-factorizable automorphisms. In Sect. 4 we have already discussed the split property
for a cone and its complement. As already mentioned, this strong version does not hold
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for, for example, abelian quantum double models, where only a weaker version is true
[FN15,Naal2]. This in turn is a key assumption in the stability of superselection sectors
analysis in [CNN20]. Although there we only need the approximate split property for
the “unperturbed” model, it is interesting to know if it is in fact a property of the whole
phase. Hence, in this section, we show that for suitable perturbations this is indeed the
case, and the perturbed model also satisfies the approximate split property. For simplicity
we restrict to 2D systems and finite range interactions, although we expect that with a
more careful analysis, the results extend to a wider class of interactions and to systems
in three or more spatial dimensions.

Let us recall that if F is an F-function, F,(r) := e~ " F(r) is also an F-function.
This is an example of a weighted F-function in the terminology of Ref. [NSY19]. Such
weighted F-functions have favorable decay properties, as can be seen in the following
Lemma.

Lemma 5.1. Let (T, d) be Z2 with the usual metric. Then there is a C > 0 such that we
have the following estimate for all m > ~/2:

Gr.(m) < CF(m — ~/2)me™, 5.1
where G, is as defined in Eq. (2.18).
Proof. By translation invariance of the metric and I" we do not need the supremum in

Eq. (2.18). Hence we get
Grm)= Y e MF(x)

[x|=m

o0
< Zn/ re_”“/zF(r —V2)dr
" o0
< 2ne‘f2F(m - ﬁ)f re " dr
m

< 4ne‘/§F(m - «/E)mefm.

This can be seen by noting that

x+1 py+l
/ f e \EIN2R((x, y)Ddxdy > e 1D F(|(x, y))) (5.2)
X y

for x, y > 0 (since F is positive and decreasing), and doing a coordinate transformation
to polar coordinates. O

Itis possible to generalize the lemma to other suitable weightings Fg (r) := e™8 M F@r)
(see e.g. [CNN20]). This could be necessary because in applications one would need
to assume that interactions have finite interaction norm with respect to the weighted
F-function, instead of F itself. Since we will consider only bounded range interactions,
this is not an issue for us and we restrict to the easier case for simplicity.

Theorem 5.2. Let I' = 72 with the usual metric d and consider the corresponding
quantum spin system Ar, where the local dimension of the spins is uniformly bounded.
Lett — ®(X; t) be a path of dynamics such that || (X; t)|| is uniformly bounded both
in X and t. Moreover assume that ® is of bounded range, and let F be an F -function.
Then ® € Br. ([0, 1]), and it generates quasi-local dynamics ‘L';DS. Assume that Ty C I'p
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o+e a

Fig. 1. Cones as in Theorem 5.2

is an inclusion of cones such that their borders are sufficiently far away, in the sense that
the lines marking the boundaries of the cones are not parallel. Then there exist cones
'l C 'y and T, D I'y such that the conditions of Theorem 3.1 are satisfied.

Proof. Without loss of generality we may assume that the cones I'; and I'> have their
center line in the direction of the positive x-axis. We write « for the opening angle of
I'; and B for the opening angle I'y (see Fig. 1). The distance between their tips will be
denoted by d>. Let 0 < € < B such that « + € < /2. We can then choose cones I'}
and T} as in the figure. Later in the proof we will provide convenient values for d; and
d5, but we note that with a little extra work is is possible to show that any positive value
will do.

We show that we can apply Theorem 3.1. First note that I is 2-regular, since the
number of points in a disk of radius r scales with the area. Because the interaction range
is uniformly bounded and because of 2-regularity, there are constants Cy and d¢ such that
®(X;t) = 0 whenever |X| > Cy or diam(X) > do. It follows that & € B, ([0, 1]).
With Lemma 5.1 it is also clear that G‘j‘,r has finite moments for o € (0, 1] (in the sense
of Eq. (2.33)) and we can find a suitable F-function F such that Eq. (2.34) is satisfied
for F,.

It remains to be shown that Eq. (3.3) is satisfied. As a first step we study the function
f(m, x, y) of Eq. (3.2). Note that the summation in the definition is over certain subsets
of X such thatx, y € X.Henceifd(x, y) > de we have ®(X; ) = 0 and consequently
f(@m, x,y) = 0.Similarly, the summation is only over X such thatd (X, (T5\I'}))¢) < m.
Hence, it follows that f (m, x, y) = Ounlessd (x, (T)\I'})¢) < m+dg,or the sameis true
for y. Or giving a rougher estimate, f(m, x, y) = Ounless d(x, ([, \T'))¢) < m+2ds,
regardless of y.

Now consider the case where d(x, y) < dg and m large enough such that d (x, (Fé\
I')¢) < m + 2dg. In that case, we have

f(m,x,y) = § |X| sup | @(X; 1) < CaM2!P0o)l (5.3)
t
x,y5X

where M := supy sup, (o 17 [P (X; 1)[l, which is finite by assumption. We also used
translation invariance of the metric (and I'), and that by the finite range assumption any
contributing subset X must be contained in by (dg). There are at most 2bode)l of such
subsets, leading to the claimed bound.
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== R\

a+e o\ 4 p-e
d; d d,

Fig. 2. Definition of various distances

Next note that Lemma 5.1 gives us the following estimate:

e k(e = Dk+1)
(e — 1)?

Y Gr(m) < CFk—~2) ) me™ < CF(0)

54

whenever k > 2. Note in particular the factor of e K+l

guarantee convergence in our case.

We now return to Eq. (3.3). Note that d(I', I['S) = dp sine. If this is greater than
dg, by the remarks above the first summation (over x € I'y and y € I'§) vanishes. In
general, since the cone I'; has a wider opening angle than I"y, we see that there are only
finitely many pairs x € I'; and y € I'; withd(x, y) < do, and hence only finitely many
contributions to the summation. Together with Egs. (5.3) and (5.4) it can be seen that
this contribution is finite.

At this point we are left with estimating the following summation:

YD +D D Grmfm,x, ), (5.5)

xel\IM' yerg yel'r J m=0

, which will be important to

where we have split up the summation over (I'; \ I'1)¢ into two parts. We consider
the summation over F;, the other one can be handled in the same manner. Note that
d (T, (T')) = dj sin(a + €). Similarly, d(I'> N bo(n), T') = dj sin(a + €) + nsin(e).
Write dr, (n) for the distance between the tip of the cone I'; and the circle of radius n
based on the tip of Iy, where we set dr, (n) = 0 if they do not intersect (see Fig. 2 for
an idea of the various distances we need to introduce). In case it is non-zero, we see that
in fact

dr,(n) = \/nz —d3(1 — cos? B) — d; cos p.

Let g be the distance from the tip of I'] to the intersection of the line perpendicular to
the boundary of I'| and the boundary of I';. We write d,, for the distance of the tip of
"1 to this intersection. Then for large enough n the distance of the intersection of the
circle of radius n with the boundary of I'; and the boundary of I'} is given by

y(n) = yo + (dr,(n) — dy,) sine.
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From the geometric situation we see that dr, (n + k) — dr, (n) > k, hence y (n) grows at
least linearly in .
Let ng be the smallest integer such that

do := min{d, sin(x + €) + ng sin(e), y (ng)} > 2dq. (5.6)

Write By := (bo(do + (k + 1)/ sin(e)) \ bo(do + k/ sin(€))). We now rewrite the sum-
mation as

DOREEED SIS I B Sr OV oL

x€bp(do)N(T2\T'1) k=0 xeBrN(T2\I"1) yerg m=0

For the first summation over all x € I'; \ I'1 in the ball around the origin we note that
there are only finitely many such x. We have already seen that for any given x, there are
only finitely many y (in fact, this number can be bounded from above independently of
x) such that f(m, x, y) is non-zero. Again by Egs. (5.3) and (5.4) it follows that the first
summation is finite.

For the second summation, note thatif x € ByN(I">\I"1), thend (x, (Fé)c) > k+2dy
and d(x,T'}) > k + 2de, and hence d(x, (I'; \ I'}))) > k + 2de. By what we have
seen earlier, this implies that f(m,x,y) = 0if m < k forsuch x € By N (I'2 \ I'y).
Furthermore, because of the finite range assumption, contributing pairs x € By and
y € I'S must be within a “band” of width d¢ around each side of the boundary of
', \ T'y. It follows that we can bound the number of pairs (x, y) € (B N2\ T'1) x Fg
by some constant C, > 0 independent of k. Putting this together we can estimate the
second summation as follows.

Z/?io erBkﬂ(l‘z\Fl) Zyerg anozo GF.(m)f(m,x,y)
= Zlcc)io Cpc#zlbO(d(b)‘ Z,Ono:k GF, (m)
<C'YRoe M ((e—Dk+1) <0 (5.7)

for some C’ > 0. Here we again used the estimates (5.3) and (5.4). This completes the
proof. O

We expect that with a more careful analysis one could allow for more general inter-
actions, as long as they decay sufficiently fast. It does however seem necessary that that
I'} has a bigger opening angle than I'y, so that towards infinity the distance between
their respective boundaries grows. This is necessary to ensure that for x, y far from the
origin, f(m, x, y) is non-zero only for large m. Together with the decay properties of
G r of Lemma 5.1 this ensures that the sum converges.

The following now follows immediately from the theorem, by using Proposition 2.2.

Corollary 5.3. Let Ar andt — ®(X; t) be as in Theorem 5.2 and rf’s the corresponding
quasi-local dynamics. Assume that T'y C 'y is an inclusion of cones such that their
borders are sufficiently far away and in the representation w of Ar we have the split
property with respect to these cones. Then there exist cones 'y C T'y and Ty D 'y such

that w o rfl?o satisfies the split property with respect to T'} C T'}.

Finally, it allows us to construct examples of quasi-factorizable automorphisms.



P. Naaijkens, Y. Ogata

Corollary 5.4. Let ¢ = ‘L’(;D |» with ® as in Theorem 5.2. Then, for every cone A, we can
find cones Ty C A C T} such that « is quasi-factorizable with respect to this inclusion.

Proof. We will apply Theorem 3.1; we shall see later why the conditions are satisfied.
Suppose that the cone A has opening angle 6. Fix some cone Ay which has the same
apex and central axis as A but with a larger angle 8y > 6, satisfying A C Ag. Set
'y := A, '3 := Ag. Then, by Theorem 5.2, there are cones I'j C T'y and I'y D I such

.. . 0 .
that the conditions of Theorem 3.1 are satisfied. Recall that « = '1:51> |- Then r(;b i ), in the
notation of Theorem 3.1, decomposes as

0)
‘L'(()I?l =ar, ® OTH\IM [ O{rg (5.8)

where ar, € Aut(Ar,), and similar for the others. Moreover, by noting that u € Ar
and taking inverses on both sides of Eq. (3.5), we obtain from Theorem 3.1 that there is
u € A such that
- ~_ ©)
a= r&’l =Ad(u) o (ﬂ él\ri S toqfl )
Ad(it) o (E;él\rg o an\F1) © (aﬁ ® ()lF;)

~

= Ad{@) o E o (@p ® apc).

Here, E = ,31?;\1,,1 o ar,\r, is an automorphism on Al"é = Apy p = ar, is
an automorphism on Ay = Ar,, and apc = arg ® ida\r, is an automorphism on
Ape. O

Acknowledgements PN was supported in part by funding from the European Union’s Horizon 2020 research
and innovation program under the European Research Council (ERC) Consolidator Grant GAPS (No. 648913).
YO was supported in part by JSPS KAKENHI Grant Number 16K05171 and 19K03534. She was also sup-
ported by JST CREST Grant Number JPMJCR19T2.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

References

[Ara99] Araki, H.: Mathematical Theory of Quantum Fields. Oxford University Press, Oxford (1999)

[BF82] Buchholz, D., Fredenhagen, K.: Locality and the structure of particle states. Commun. Math.
Phys. 84(1), 1-54 (1982)

[BMNS12] Bachmann, S., Michalakis, S., Nachtergaele, B., Sims, R.: Automorphic equivalence within
gapped phases of quantum lattice systems. Commun. Math. Phys. 309(3), 835-871 (2012)

[BO21] Bourne, C., Ogata, Y.: The classification of symmetry protected topological phases of one-
dimensional fermion systems. Forum Math. Sigma 9, 25 (2021)

[BR87] Bratteli, O., Robinson, D. W.: Operator algebras and quantum statistical mechanics. 1. In: Texts
and Monographs in Physics, 2nd edn. Springer, New York (1987)


http://creativecommons.org/licenses/by/4.0/

The Split and Approximate Split Property...

[BRI7]
[BS20]
[BW86]

[CGW10]

[CNN20]
[DL84]
[FN15]

[Haa92]
[Haal6]

[HWO5]
[Kit03]

[LWO5]
[MatO1]
[Mat10]
[Mat13]

[Mat20]
[MO20]

[Moo19]
[Miig99]
[Naall]
[Naal2]
[Naal3]

[Naal5]

[NSY19]

[Oga20]
[Oga2la]

[Oga21b]

[0ga22]
[OTT21]

[PTBO10]

Bratteli, O., Robinson, D. W.: Operator algebras and quantum statistical mechanics. 2. In: Texts
and Monographs in Physics, 2nd edn. Springer, Berlin (1997)

Bourne, C., Schulz-Baldes, H.: On Z5-indices for ground states of fermionic chains. Rev. Math.
Phys. 32(09), 2050028 (2020)

Buchholz, D., Wichmann, E.H.: Causal independence and the energy-level density of states in
local quantum field theory. Commun. Math. Phys. 106(2), 321-344 (1986)

Chen, X., Cheng Gu, Z., Gang Wen, X.: Local unitary transformation, long-range quantum
entanglement, wave function renormalization, and topological order. Phys. Rev. B 82, 155138
(2010)

Cha, M., Naaijkens, P., Nachtergaele, B.: On the stability of charges in infinite quantum spin
systems. Commun. Math. Phys. 373, 219-264 (2020)

Doplicher, S., Longo, R.: Standard and split inclusions of von Neumann algebras. Invent. Math.
75(3), 493-536 (1984)

Fiedler, L., Naaijkens, P.: Haag duality for Kitaev’s quantum double model for abelian groups.
Rev. Math. Phys. 27(9), 1550021 (2015)

Haag, R.: Local Quantum Physics: Fields, Particles, Algebras. Springer (1992)

Haah, J.: An invariant of topologically ordered states under local unitary transformations. Com-
mun. Math. Phys. 342(3), 771-801 (2016)

Hastings, M.B., Wen, X.-G.: Quasi-adiabatic continuation of quantum states: the stability of
topological ground state degeneracy and emergent gauge invariance. Phys. Rev. B72, 045141
(2005)

Kitaev, A.Y.: Fault tolerant quantum computation by Anyons. Ann. Phys. 303, 2-30 (2003)
Levin, M.A., Wen, X.-G.: String net condensation: a physical mechanism for topological phases.
Phys. Rev. B 71, 045110 (2005)

Matsui, T.: The split property and the symmetry breaking of the quantum spin chain. Commun.
Math. Phys. 218(2), 393-416 (2001)

Matsui, T.: Spectral gap, and split property in quantum spin chains. J. Math. Phys. 51(1), 015216,
8(2010)

Matsui, T.: Boundedness of entanglement entropy and split property of quantum spin chains. Rev.
Math. Phys. 25(9), 1350017, 31 (2013)

Matsui, T.: Split property and fermionic string order. (2020) arXiv:2003.13778

Moon, A., Ogata, Y.: Automorphic equivalence within gapped phases in the bulk. J. Funct. Anal.
278(8), 108422 (2020)

Moon, A.: Automorphic equivalence preserves the split property. J. Funct. Anal. 277(10), 3653—
3672 (2019)

Miiger, M.: On charged fields with group symmetry and degeneracies of Verlinde’s matrix S.
Ann. Inst. H. Poincaré Phys. Théor. 71(4), 359-394 (1999)

Naaijkens, P.: Localized endomorphisms in Kitaev’s toric code on the plane. Rev. Math. Phys.
23(4), 347-373 (2011)

Naaijkens, P.: Haag duality and the distal split property for cones in the Toric code. Lett. Math.
Phys. 101(3), 341-354 (2012)

Naaijkens, P.: Kosaki-Longo index and classification of charges in 2D quantum spin models. J.
Math. Phys. 54(8), 081901, 17 (2013)

Naaijkens, P.: Kitaev’s quantum double model from a local quantum physics point of view. In:
Brunetti, R., Dappiaggi, C., Fredenhagen, K., Yngvason, J. (eds) Advances in Algebraic Quantum
Field Theory, pp. 365-395. Springer International Publishing, Cham (2015)

Nachtergaele, B., Sims, B., Young, A.: Quasi-locality bounds for quantum lattice systems. Part I.
Lieb—Robinson bounds, quasi-local maps, and spectral flow automorphisms. J. Math. Phys. 60,
061101 (2019)

Ogata, Y.: A Zj-index of symmetry protected topological phases with time reversal symmetry
for quantum spin chains. Commun. Math. Phys. 374, 705-734 (2020)

Ogata, Y.: A classification of pure states on quantum spin chains satisfying the split property with
on-site finite group symmetries. Trans. Am. Math. Soc. Ser. B 8, 39-65 (2021)

Ogata, Y.: An H 3(G, T)-valued index of symmetry-protected topological phases with on-site
finite group symmetry for two-dimensional quantum spin systems. Forum of Math. Pi 9, el3
(2021)

Ogata, Y.: A derivation of braided C*-tensor categories from gapped ground states satisfying the
approximate Haag duality. J. Math. Phys. 63, 011902 (2022)

Ogata, Y., Tachikawa, Y., Tasaki, H.: General Lieb—Schultz—Mattis type theorems for quantum
spin chains. Commun. Math. Phys. 385(1), 79-99 (2021)

Pollmann, F., Turner, A.M., Berg, E., Oshikawa, M.: Entanglement spectrum of a topological
phase in one dimension. Phys. Rev. B 81(6), 064439 (2010)


http://arxiv.org/abs/2003.13778

P. Naaijkens, Y. Ogata

[SV93] Szlachanyi, K., Vecsernyés, P.: Quantum symmetry and braid group statistics in G-spin models.
Commun. Math. Phys. 156(1), 127-168 (1993)

[SW88] Summers, S.J., Werner, R.: Maximal violation of Bell’s inequalities for algebras of observables
in tangent spacetime regions. Ann. Inst. H. Poincaré Phys. Théor. 49(2), 215-243 (1988)

[Wan10]  Wang, Z.: Topological Quantum Computation, volume 112 of CBMS Regional Conference Series
in Mathematics. Published for the Conference Board of the Mathematical Sciences, Washington,
DC (2010)

[Wer87] Werner, R.F.: Local preparability of states and the split property in quantum field theory. Lett.
Math. Phys. 13(4), 325-329 (1987)

Communicated by R. Seiringer



	The Split and Approximate Split Property in 2D Systems: Stability and Absence of Superselection Sectors
	Abstract:
	1 Introduction
	2 Preliminaries
	2.1 Split property
	2.2 Sector theory
	2.3 Quasi-local maps

	3 Factorization of Quasi-Local Automorphisms
	4 Long-Range Entanglement
	5 Approximate Split Property for Cone Algebras
	Acknowledgements
	References




