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Abstract

We study the statistics of domain wall excitations in quantum spin chains. We focus on
systems with finite symmetry groups represented by matrix product unitaries (MPUs),
i.e. finite depth quantum circuits. Such symmetries can be anomalous, in which case
gapped phases which they support must break the symmetry. The lowest lying excita-
tions of those systems are thus domain wall excitations. We investigate the behavior of
these domain walls under exchange, and find that they can exhibit non-trivial exchange
statistics. This statistics is completely determined by the anomaly of the symmetry, and
we provide a direct relation between the known classification of MPU symmetry actions
on ground states and the domain wall statistics. Already for the simplest case of a Z,
symmetry, we obtain that the presence of an anomalous MPU symmetry gives rise to
domain wall excitations which behave neither as bosons nor as fermions, but rather ex-
hibit fractional statistics. Finally, we show that the exchange statistics of domain walls
is a physically accessible quantity, by devising explicit measurement operators through
which it can be determined.
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1 Introduction

Topological order is a new type of order which defies a description in terms of symmetry
breaking and local order parameters; instead, the order in such systems is characterized by
a global ordering in their entanglement pattern [1]. In gapped phases, such entanglement
order can manifest itself in a variety of phenomena. In two dimensions (2D), topological
phases possess ground states which support excitations which can only be created in pairs
and are thus topologically protected, and which display non-trivial, including non-Abelian,
braiding statistics [2,3]; this behavior arises from the global entanglement in the ground state
substrate on top of which those excitations are created.

In one dimension (1D), no topological order exists; in fact, in the absence of symmetries,
there is only a single gapped phase. On the one hand, imposing symmetries gives rise to
symmetry broken phases. While these differ from topological phases in many ways, they still
exhibit topologically protected excitations, namely domain walls between different symmetry
broken sectors, which can only be created and destroyed in pairs. Yet, unlike in topologi-
cally ordered systems, these excitations do not exhibit any non-trivial statistics, and are simply
permuted by the symmetry action. On the other hand, 1D systems with symmetries can also ex-
hibit so-called “symmetry protected topological” (SPT) phases, which possess a unique ground
state yet are distinct from the trivial phase: What tells these phases apart is that the physical
symmetry acts non-trivially (namely, projectively) on the entanglement [4]. This can be for-
malized using the language of Matrix Product States (MPS), which form the right framework
for the description of ground states of gapped systems [5, 6], and which has led to a full clas-
sification of SPT phases in 1D [7,8]. In those phases, the projective symmetry action on the
entanglement also manifests itself in non-trivial physical properties, such as boundary excita-
tions with fractional charges, or a characteristic counting of multiplicities in the entanglement
spectrum.

The landscape of 1D phases gets much more rich if we allow for the inclusion of non-
trivial “anomalous” symmetries [9,10]. Anomalous symmetries are symmetries which cannot
be expressed as a tensor product of local symmetry actions, and thus cannot be defined locally.
Rather, they have to be expressed as a finite-depth quantum circuit, or, equivalently, as the
unitary equivalent of an MPS, namely, a Matrix Product Unitary (MPU) [11]. Anomalous
symmetries appear naturally at the boundary of 2D SPT phases [12], but they can also show
up as symmetries of families of 1D Hamiltonians—we will see such an example momentarily.

The presence of an anomalous symmetry has strong consequences. Most importantly,
gapped Hamiltonians with anomalous symmetries cannot have a unique ground state [12,13]:
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Rather, they must exhibit symmetry breaking, with the different ground states connected by
the symmetry action. Unlike conventional symmetry breaking (i.e., of on-site global symme-
tries), however, the action of the anomalous symmetry does not simply permute the symmetry
broken ground states, but also acts non-trivially on the entanglement in those ground states,
which can be classified by the way in which the MPU representation of the symmetry acts ir-
reducibly on the MPS representations of the states [14], generalizing the SPT classification of
phases.

This raises the question whether this non-trivial symmetry action has physical, and thus
measurable, consequences. In particular, given that those systems have degenerate ground
states, and the symmetry acts non-trivially when interchanging them, could this imply that
the domain wall excitations carry some signature of this unconventional order? A first step
in this direction was taken in Ref. [15], where it was argued that for a specific model with
an anomalous Z, symmetry, the domain wall excitation in the gapped phase exhibit semionic
statistics: Under full exchange, they collect a —1 phase, and thus, their self-statistics phase is
half that of a fermion.

In this paper, we provide a comprehensive and rigorous study the physics of domain wall
excitations in gapped phases with anomalous symmetries, and in particular of their exchange
statistics. We prove that the statistics of those excitations is completely determined by the
anomaly of the symmetry and the way in which it acts on the entanglement in the ground
states, as classified in Ref. [14] (and in Ref. [16] outside tensor network methods). Note
that these domain wall excitations have a non-trivial statistics regarding the exchange of their
creation operators, but that there is no natural notion of braiding in 1D, so this is an aspect in
which they differ from anyons in 2D.

In particular, already in the simplest example of an anomalous Z, symmetry, this gives rise
to domain wall excitations which exhibit a semionic statistics. This is thus showing us a way
how anomalous symmetries and their unconventional phases manifest themselves in physi-
cally testable properties, rather than having to rely on algebraic invariants of the phases. For
completeness, we provide a recipe for how to measure this exchange statistics. Our results are
akin to the characterization of symmetry protected topological phases in terms of degenerate
edge modes and the degeneracies of their the entanglement spectrum, rather than through
projective representations of the symmetry group. Altogether, our work provides an extension
of the classification of quantum phases under anomalous symmetries beyond ground state
properties, by connecting them to the behavior of low-lying excited states.

We start our paper by discussing in detail the simplest case of an anomalous Z, symmetry
where we deepen on the semionic statistics of the domain walls found in the deformed Ising
Hamiltonian studied in Ref. [15] and we compare with the on-site case. To be more tangible,
these two cases are manifested in the family of Hamiltonians H,(u) where p =0, 1:

Hy(u) = Z —Xi(=CZi1,i11) —MZZi, )
L
where the symmetry is U, = [L;x:11.(CZ;;,1)P. Here, CZ; ; s the controlled-Z gate between
sites i and j (which applies a —1 phase exactly on |k);|l); if k = = 1). The Hamiltonian H,(u)
is the transverse-field Ising model that hosts an ordered phase (ferromagnetic ordering) for
u > 1. The Hamiltonian H,(u) has a two-fold degenerate ground state with a gap above for
u>0[15].

We then generalize our findings to gapped systems with a finite symmetry group repre-
sented by MPUs, by modeling their ground space by MPS. In that case, we analyze both the
domain wall statistics in case where the symmetry is fully broken (see also [17]), as well as
other situations where the symmetry is only partially broken, where we find projective actions
of the symmetry on the domain walls, see Refs. [18-21]. Furthermore, our results allow us to
connect these projective actions with the invariants classifying MPU-symmetric phases [14,16].
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Finally, we show that the non-trivial domain wall statistics which we derived are physically
accessible quantities: We provide an explicit operator which one can measure to detect the
non-trivial exchange statistics of the domain wall excitations.

2 Tensor network basics

2.1 Matrix product states and the fundamental theorem of MPS

A Matrix Product State (MPS) on a spin chain of length n with local Hilbert space dimension
d, (CH®N | is defined via a d x D x D tensor A, where D is called the bond dimension or virtual
dimension; the corresponding space is called virtual space. We consider MPSs that are trans-
lationally invariant where each tensor in the MPS is the same. A N-site periodic boundary
condition MPS with tensor A is defined by

) = D> THAR AN [iy i),
{ix}

where A= Zi li) ® A and A’ is a D x D matrix for eachi =1,...,d.

An important class of MPSs, dubbed injective MPS, corresponds to the ones whose tensors
A — interpreted as a map from the virtual to the physical system — posses a left-inverse, that
is, AA = 1pp. To any injective MPS a gapped local and frustration free Hamiltonian, called
parent Hamiltonian, can be associated whose unique ground state is the injective MPS.

One can also consider block-injective tensors Al = @XGIA;, where each Al;( isaD, xD,
matrix and x € Z denotes the block labels — that is, for each x, the A’ define an injective
MPS. Then, the ground space of the corresponding parent Hamiltonian is spanned by the
individual blocks of the MPS, {[)4_ ), x € Z}, so that its degeneracy coincides with the number
of blocks. Note that any MPS can be brought into a block-injective form [22] after blocking
a small number of sites [23]. Because any two injective MPSs become either orthogonal or
proportional in the thermodynamic limit [24], when considering degenerate ground spaces
spanned by injective MPSs we restrict w.l.0.g. to blocks which become orthogonal.

For example, the MPS tensor A° = |0)(0],A! = |1)(1| corresponds to the GHZ state and
its parent Hamiltonian has a two-fold degenerate ground space, spanned by |00---0) and
|11---1). This degeneracy can be seen as symmetry breaking: there is always a symmetry
action that permutes between the ground states, i.e. between the different blocks of the MPS.
In the previous example, the symmetry is just af”.

An important question regarding MPSs is the remaining gauge freedom of the tensors when
constrcuting a specific state — that is, if for two MPS tensors A and B, |¢4) = |[15), then how A
and B are related? The so-called ‘Fundamental Theorem (FT) of MPSs’ answers this question
— in fact, depending on the assumptions on the given tensors, different results have been
stated [25-27]. In this work, we will rely on the FT proven in Ref. [26], which informally*
states the following:

Theorem 1 (Fundamental Theorem of MPS of Ref. [26]). If A is injective and |y 4) = |¢5), and
where no assumption on B is required, there exists a pair of matrices (V, V) acting on the virtual
level such that

VB'V =A', BWAVB*=B'BB*, vV=1,.

Moreover if there are two such pairs (V,V) and (W, W) then they are related by a constant factor:

VB'=A-WB', BV=A"1.BW = VBW=21A.

!We state the theorem assuming that the nilpotency length of the off-diagonal blocks of B is 1, see [26] for
details; this can always be achieved by blocking.
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2.2 Matrix product unitaries

The global symmetries we consider in this work have the structure of a matrix product unitary
(MPU). MPUs are unitary operators, analogous to MPSs, that can be constructed using local
tensors for any system size. We define a periodic boundary condition MPU on a chain (C?)®N
with bond dimension y by placinga d xd x y x y tensor T at every site:

U= Z Tr[Tilh Ti2f2.. .TiNjN]lil. . 'iN>(j1' vl
{irdich

where i,j=1,...,d and T% is defined through T = Zi,j |i)(j| ® T%/. Interestingly, for MPUs,
the unitarity condition implies that the tensors can be chosen to be injective [11]. We note that
regular tensor product of unitaries, U = u®", are indeed MPUs with trivial bond dimension
¥ = 1. We will consider global symmetries coming from a finite group and represented by
MPUs: U, Uy, = Uy, 8§,h €G.

We emphasize that Theorem 1 can in particular be applied to the product of two MPUs, as
well as to the MPU action on an MPS; this is done simply by ‘vectorizing’ the MPUs to MPSs.
As we will see, this will be a powerful tool which will allow us to derive local characterizations
of global properties.

As customary when working with tensor networks we will use a graphical notation to
denote the tensors such that MPSs and MPUs are depicted as follows (for details, see e.g. [13]):

3 Z, MPU representation and its domain walls

3.1 Anomaly index of the MPU symmetry and fusion tensors
We consider an MPU

o T|T T
U= Z T T T2 T iy i) (g -+ | :m
{i.ic}

of order two, U? = 1, for any length n. Since the tensor T can be chosen to be injective [11],
the global condition U? = 1 implies that a local condition must hold (which in turn gives rise
to the global one) using Theorem 1: There exists a pair of fusion tensors (V,V) acting at the
virtual level which satisfy [26]

m
m+1 A m

. BUSR
j:ttt = :i] | | [t and I I = | | 2
\% 4 v

for all m > 0. Notice that the fusion tensors are defined up to a phase factor V. — BV and
V- BV,

Since there are two local ways to decompose the product of 3 tensors (TT)T = T(TT)
using the fusion tensors, these two decomposition are related by a phase factor:

| | =co-—+—+—+— 3)
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where w is invariant under phase factor redefinitions of the fusion tensors, i.e. it is a gauge
invariant quantity. By applying the above equation in two different ways to the product of 4
tensors:

=a)| | and :co_1| |

we obtain that w has to satisfy the consistency equation

w*=1, @)

and thus, w = £1.

Notice that for an on-site symmetry of order two, U = u®" with u? = 1, we have that
TV = ij» i.e., the virtual dimension is 1, and thus the fusion tensors defined in Eq. (2) are
trivial. Then, on-site symmetries satisfies v = 1. In this work we are interested in the case
where w = —1 — we refer to this case as anomalous, and say that the MPU carries an anomaly.

3.2 Ground space and domain walls

Let us now turn towards the structure of ground states of local, gapped Hamiltonians H which
possess an MPU symmetry, HU = UH. As is customary, we will assume that the ground space
of the Hamiltonian is spanned by injective Matrix Product States (MPS): This is well motivated
by the fact that MPS faithfully approximate ground states of gapped local Hamiltonians [5,6],
and once one has a MPS basis of the ground space, one can decompose the MPS into injective
blocks [22], each of which is again a ground state. Since the Hamiltonian is symmetric under
the MPU U, the ground space must be left invariant by the action of U as well. These properties
— symmetric ground space spanned by injective MPS — is all which we will make use of in what
follows, and no other information on the Hamiltonian will be required.

In the case of an anomalous MPU, an important point arises: As was shown in Ref. [12], an
anomalous MPU cannot leave an injective MPS invariant. This implies that the ground space
must be at least two-fold degenerate (which it will be in the absence of additional symmetries
or fine-tuning), spanned by two MPS |¢,) and [¢5) with MPS tensors A and B, respectively,
on which U acts by interchanging them,?

Ula) = 1Yp) . (5)

Just as before for MPUs, the global symmetry in Eq. (5) implies (using Theorem 1) that
a local equation which characterizes this symmetry action holds: There exist a pair of action
tensors (Wg, Wg) acting at the virtual level that satisfy for all m > 0

m+1 m

—— m+1 m
— =
—
TR e e ©
B B B B
AAAA A Wy wy A W, A A W

2More generally, we could allow for Ul,) = cy|y) for length N, |cy|> = 1. Since |1p5) is injective, the
canonical form of U|y,) consists of a fixed number of blocks A; which are all proportional to B, A; = A,X,BX l.‘l,
and thus ¢y = D, Aﬁv . By choosing an N such that all Ni\’ are sufficiently close to the positive real axis, and
using | »;A"| = 1 for m = N, 2N, we find that there can only be a single A; # 0, which must be a phase. Thus,
Uly,) = AN|y,) with some phase A which can be absorbed in the tensor B, leaving us with Eq. (5).
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where we have the freedom to redefine the action tensors by a phase factor Wy — yz Wy and
Wz — yEIWB. Analogously, the equation Uy ) = |4) gives rise to the pair of action tensors

(W,, W,) which satisfy an equation analogous to Eq. (6).

In a system with more than one ground state, the natural fundamental excitations are
domain walls between the different ground states. To model those domain walls for the setting
at hand, we introduce “domain wall tensors” e,z and ez, which interface between domains
with A and B tensors as

-4 4B d 6 -- and --4 b -, 7
A AeyB B B Beg A A
Intuitively, the e, and ep, are meant to model the fundamental excitations of the Hamiltonian,
but any choice will do, as long as they are interchanged by the symmetry action. Let us define
what we mean by that more specifically: Given domain wall tensors eyz, egs, We can construct
a state on a periodic system with a pair of domain walls at some specific positions k and /,

[y (A—B—A)) :ZTr[Ail. . .Aik—leZ(BBik+l .. .Bié—legAAieH. . .Aizv]|i1. e ip e iy)
{ix}

(A Aey B Beg A A (8)
as well as its “twin”
[ (B—A—B)) = (“"*“*‘” ) ©)

We now demand that the symmetry acts by exchanging these two states (up to a phase),
Uy (A—B—A)) = c|yp(B—A—B)). Using the injectivity of A and B and the relations in Eq. (6)

we obtain:
m® kb o kb (10)
B e, A A eag B

@AeABBWA W;BeBAAWB

That in particular entails how the domain walls transform into each other since this implies

that
M=CAB44+ and m=cm44+ an
B gy A B

WBAeABBWA WABCBAAWB

must hold, where c,5 is defined up to y5/y4 due to the dependence of W, and W on their
phase factor choice. In fact, in order to ensure that the domain walls transform into each other
under the symmetry, we could have chosen any e,z and then defined ep, through the left part
of Equation (11), for an arbitrary choice of c,5. Note, however, that the choice of c,5 fixes
eap and ep, (relative to yz/v4), and in particular their relative phase, and thus cg, is uniquely
determined.

In fact, from Eq. (11), one can easily check that the product cgcyp is gauge invariant. This
can also be understood more directly, by observing that U|y(AB-A)) = cgacas|yp (B-ADB)), that
is, cgacap = c is a physically observable quantity. Since U? = 1, it must hold that (cgacsz)? = 1,
and therefore, the way the symmetry acts on domain walls must fall into one of the two cases

CBACAB = +1. (12)

The fact that both cgscyp and the phase w [Eq. (3)] which characterizes the anomaly of
the MPS can take values £1 is not a coincidence. As we will show in the next subsection, they
are in fact equal, cygcgy = w: That is, the anomaly of the MPU symmetry shows up in the
transformation properties of domain wall excitations.

Translation symmetry allows to construct excitations with momentum k by a superposition
of the domain walls in Eq.(7) as in [28]. We note that the MPU action on those well-defined
momenta excitations would result in the same phase factors as in Eq.(11).
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3.3 Relation between cz,c, 3 and the MPU anomaly

Let us now consider
(UPa) = UUpa)) = [ha) - (13)

As |v,) is an injective MPS, the left equality once more implies that a corresponding local
condition holds, where for the left term, we first merge the two MPU tensors T using Eq. (2)
(the resulting MPU U? = 1 is trivial, so it merges trivially with A), while for the right term, we
merge the MPU tensors T one after another with the MPS tensor A, using Eq. (6). The two
decompositions are then related via a phase factor L, [which measures the associativity of the
fusion orders (T - T)-Aand T - (T -A)],

=1, . (14)

w,
AAA AA AW 4

Note that L, is only defined up to a phase factor y, - y5/f, arising from the gauge freedom
in the action and fusion tensors. In the same way, Ly can be defined. We will now derive a
key relation between these L-symbols and w which characterizes the anomaly of the MPU in
Eq. (3), namely

Ly/Lgp=w, (15)

which is invariant under phase factor redefinitions of the tensors. This relation can be shown
as follows (we start by simplifying the blue region):

B

WBAAAWB W,A A A

On the other hand, we can transform the left hand side in the above equation by starting to
simplify the bottom left part, again marked blue:

Comparing the two equations, we indeed find L,/Lg = w
Finally, we have that

e

CBACAB =

A eAB B
Wy W, Aewp B WAWB

(16)

_ 1 _Ls Ly L g

LA W LA LA AeAB B

AeyB W, P Aey B
that is,

CBA'CAB=LA/LB:‘U' (17)
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We thus find the product cygcgs, Which characterizes how pairs of domain walls transform
under the MPU symmetry, is precisely given by the phase w which characterizes the anomaly
of the MPU - differently put, the MPU anomaly can be physically probed through the way in
which it acts on domain wall excitations.

Let us finally point out another connection established by Eq. (17): It links the ¢’s, which
characterize the symmetry action on domain wall excitations, to the L’s, which characterize
the way in which the symmetry acts on the ground state. Those L’s have been introduced in
Ref. [14], where it was shown that their equivalence classes are the invariants which classify
quantum phases with MPU symmetries. Importantly, for a Z, symmetry, the quotient L,/Lg
completely characterized the quantum phase of a given Hamiltonian.

3.4 The simplest example

Let us now illustrate this through a simple example. To this end, consider the two states |0)®V
and |1)®" on (C?)®V, and two different Z, symmetries which permute them: First, a trivial
local symmetry U, = [ [, X;, and second, the CZX symmetry Uczx = [[;Z; - CZ; ;11 [ i Xs,
which has an anomaly, i.e., @ = —1 [12] (here, CZ; ;,, is the controlled-Z on qubits i and
i + 1, i.e., it applies a —1 phase exactly if both qubits are in the state |1)). For the trivial
symmetry action, it is easy to see that the fusion tensors for U, are trivial, so & = +1 and
since X swaps |0) and |1), the action tensors are trivial too, so Ly/L; = +1.

Let us now consider the CZX MPU U,x. We will now calculate the fusion tensors of U.x,
as well as the action tensors when applied to [0)®" and |1)®N = U,|0)®V, to show that in
this case w = Ly/L; = —1. To this end, notice that the CZ gate can be written as a tensor
network using delta tensors and (unormalized) Hadamard matrices as follows:

czZ .A I:\I 1 I | o
= H 5 = 5 !—k = Ojjk -
The MPU tensor of UC 7X that we choose is

Notice that this tensor becomes injective when blocking two sites. To obtain the fusion tensor

we only need to use 3 sites as follows:
=)
St RN VTR R R P
v I+)
Since the MPSs we are dealing with have bond dimension D = 1, i.e., they are product

where |+) =10) +|1) and |=) =|0) —[1).
states, the fusion tensors have only one index coming from the MPU virtual level — that is, they
are vectors. Then, we obtain the following decompositions:

HE£1 HE-F1t

|0} 0) |0) [0y 1) o) 1) 1) 11) 1) o) 1)

We can now obtain the L-symbols defined in Eq. (14) (and using Eq. (2)):

l) =L ii] =1L - i =(—1)""'L; - l) =L;=(-1)""=Ly/L;=-1.
i li

li) li)
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3.5 Creation of domain walls

Let us now study how to create a pair of domain wall excitations on top of an (unkown)
ground state, located at positions i and j. In the case of an on-site symmetry, U = u®", this
can be accomplished by acting with the symmetry operation @),[; j] ul*1 on the region [i, j].
In addition, if we are interested in creating a “nice” excitation, such as an eigenstate of the
Hamiltonian, we will have to dress the endpoints, that is, act with an additional operator
around sites a and b. The support of this operator will, in general, depend on the correlation
length of the system: While for an RG fixed point, an operator with fixed support will create
an exact eigenstate, for a system away from the fixed point the accuracy of the eigenstate will
converge exponentially with the ratio of its support £ and the correlation length . Note that
in MPS, a similar effect can achieved by changing the tensor at sites i and j, since this affects
the physical state on a scale of the correlation length.

In the following, we will focus on the case of the RG fixed point for clarity. However, the
same analysis applies to MPS with finite correlation & length away from the fixed point: By
blocking £ tensors, one obtains an MPS whose tensors converge to an RG fixed point exponen-
tially in £/&.

In the case of an MPU symmetry, we can’t simply act with a bare symmetry string: There
are open virtual indices at the ends of the MPU string operator, which we need to take care of.
We do so by adding three-leg endpoint tensors (yellow diamonds) at the two ends of the MPU
string:

i J
[Y(A—B—A)) = Ol ljypa) = - | | f Y TR (18)

AAAAAAAAA

Here, the endpoint tensors are chosen precisely such as to create the previously constructed
endpoint excitations of Egs. (8) and (9) when acting on |¢),4) and |v5), respectively. This is

achieved by defining
bl
A B

and correspondingly for the right endpoint, where A, B are the left inverses of the MPS tensors
A and B, respectively — those exist since |1,) and |¢5) are injective, and have orthogonal
support since we work at the RG fixed point (otherwise, we would have to define them to
act on a block of £ tensors), and thus the two terms in the sum act separately on A and B,
respectively.

3.6 Exchange statistics of domain walls

Let us now turn to our key goal: To characterize the exchange statistics of domain wall exci-
tations. To this end, we need to consider individual domain walls, which we obtain by cutting
the operator creating a pair in the center,

Ol = & 4441, (20)

where we fix the open MPU bond to have a value x (which captures the correlations between
left and right domain wall.) Acting with O)[Cl:| on the left half of | 4) results in

if [x) . i |x)
° A AeyB B [t
A

A A A Wg A

> 00—
> 00—

10
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where we have used (19) and (6). The resulting object has a cut on the right, with an x-
dependent dangling MPU leg, which needs to be re-glued with the other half of the domain
wall creation operator to make sense as a state, and — using again Eq. (6) — results in the pair
of domain wall excitations Eq. (18). For simplicity, we denote the resulting object (which in
principle is defined only on a half-chain) by O)[ci]l’(,b A)-

We can now study the exchange statistics of domain walls by comparing O)[Ci]O)[,j I and

O,[Cj ]O}[}']. This can be interpreted as exchanging the position of the two domain walls, while
leaving the order of their creation unchanged (that is, as exchanging i and j). Alternatively,
this can be interpreted as the effect of exchanging the order in which the domain walls at posi-
tions i and j are created, while keeping the order at the other (right) end unchanged (that is,
exchanging the ordering of Ol'] and O], together with exchanging their x and y). In either
case, the MPU labels x and y at the right cut are left untouched, which allows to study the
effect at the two ends independently. For i > j, this results in

i j i
4 & |x) |x)
l 'im = ly)
B A
WAWB M

A Aey B B A A AW WgAeyBW,

OV ) = 4 4

> e— =

>
b

wg A
j i i
|x) j &-|x)
= ) =
CABAAeABBBeBAAAW CAB 4 4 44 )
4 A AewB BB BB

= cap OL1OU 4 s),
i.e., we obtain the commutation relation
01 OlTpa) = cup OLT- O |ap ), i> . @1)

That is, c,p is the phase factor resulting from the interchange of two domain walls on top of
the ground state |14). Analogously, cz, results from the interchange of domain walls on top
of [{p).

What is the statistics of these domain wall excitations? Let us first repeat the above calcu-
lation with three domain walls at positions i > j > k, which we exchange twice:

Zz

w
OIMoUIOM ) = ¢ - O[O0 o) = Cppepa -0l OO ), i>j> Kk, (22)

which can be seen as the composition of the transposition operators T;, o To3. Such a double
exchange would give a phase of +1 for both bosons and fermions. In the case of an anomalous
MPU symmetry with w = —1, such as Uy, this will however result in a phase —1 — that is,
the domain walls behave neither as bosons nor as fermions. Rather, they exhibit a fractional
semionic statistics, where exchanging twice gives rise to a minus sign. In fact, since we are free
to fix c,p by suitably defining e, [see discussion below Eq. (11)], we can choose ¢ 5 = cgq =1,
in which case the interchange of two domain walls will result in a phase i, i.e., semionic
statistics. We note the same conclusion has been found in Ref. [29] by also truncating the
symmetry operators.

We emphasize that the gauge invariant quantity cygcgs = w can be physically measured
by using the operators defined in (18). To do so, we consider two pairs of domain wall placed
on sites (i1, j;) and (i, jo) satisfying i, < i; < j; < jo, for which

O[il’jl]O[iZ:jz] W)A) = CopCpa O[iZ:jz]O[ilfjl] W)A) . (23)
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4 General case

In this section, we generalize the study done in the previous section to the case of a global
symmetry given by an MPU representation of a finite group G. To do so we first explain what
is the generalization of w, the anomaly of an MPU representation of G. Second, we revisit
how the action of those MPUs act on ground states and we also explain how the classifying
invariants of these phases are constructed (generalizing L, and Lg). Then, we define quantities
characterizing the action of the MPUs on the domain wall excitations (generalizing c,z and
cga) and we connect these to the invariant of the quantum phases. Finally we show how these
quantities are related to the interchange of domain wall excitations.

4.1 MPU symmetries and their invariant ground states

We consider MPU representations of a finite group G: U,U, = Uy, and U, = 1 given by
injective tensors. Using Theorem 1, this implies that for every pair g,h € G of group elements,
there are pairs of fusion tensors (V, 5, V, ») acting at the virtual level that satisfy:

m
—

m m+1 m+1
g g ’ *h g - ~ 8
S g g
gh gh = —+—+— 5 = . gh gh . (24)
h h h h h h

for all m > 0, where we omit the label V, ;, of the fusion tensors and we just indicate the group
element where they act. Notice that Eq.(24) is invariant under the redefinition of the fusion
tensors by phase factors V, j, = B, 4V, 5 and V, , — ﬂ;}lVg’h.

Using Theorem 1, different fusion tensor decompositions are related by a phase factor
w(g,h, k):

8 8

& 4

gh

ghk
h — h
h hk - w(g3 h: k) h ghk

k

k k

and it can be shown by decomposing in different ways the product of 4 MPU tensors, that w
satisfies a consistency equation [26]: The so-called 3-cocycle condition:

w(g,h,k)w(g,hk,w(h, k, 1) = w(gh,k,1)w(g,h,kl). (25)

Due to the phase factor freedom on the definition of the fusion tensors, the 3-cocycles are
defined up to a phase By, i B hk/Bg nBghx Which correspond to a 3-coboundary. Quotienting
by this freedom, 3-cocycles are classified by the third cohomology group of G, H3[G,U(1)],
a finite abelian group. For example, the case studied in the previous section results in
H3[Z,,U(1)] = Z, which means that there are only two classes of 3-cocycles; the trivial one
and the anomalous one.

We represent the ground space by a set of injective MPS {|1,),x € Z}, permuted transi-
tively by the MPU representation of G such that for every x, y € 7 there is a g € G satisfying
gx =y and U,[y,) = |4,). That implies [26] the existence of a set of action tensors which
locally reduce the action of the MPU tensors on the MPS tensors in the following way:

LI F:_LLY, g c=—97 1) (26)

for all system sizes m > 0. Eq.(26) is invariant under the redefintion of the action tensors by a
phase factor W, , — v, W, , and W, , — y;CWg,x. The local action of the MPU on the MPS

m
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is associative up to a phase factor, the so-called L-symbols:

g
X
h h y:L

X X

which satisfy the following equation involving the 3-cocycle of the MPU symmetry:

— k-
Ly LY e = (g k) - ¥ -1, (27)

~ Lx Yh,ng,hx

g:h th,xﬂg,h
sify the different phases protected by MPU symmetry representation of G given by «w [14]. Let
us review this classification. A MPU with a non-trivial 3-cocycle restricts the possible degen-
eracies of the ground state of a symmetric Hamiltonian. To see this let us denote by H C G the
unbroken symmetry group (h-x = x for allh € H and x € Z) such that the ground state degen-
eracy is |G/H]|. Then, Eq.(27) restricted to H is L,’I‘z’}13 'Li)fl,hzhg = w(hy,hy,h3)- Li}:l,hz .L])‘lc1h2,h3
which implies that w is trivial in H (there is a gauge freedom such that w|y = 1). Given w, we
denote by H,, C G the biggest subgroup where this can happen, so the smallest ground state
degeneracy is |G/H,,|.

Then, the possible phases of Hamiltonians symmetric under MPUs indexed by (G, w) are
given by H C H,, and a 2-cocycle of H. This is because when w|y = 1, Eq.(27) is a 2-cocycle
f:ondition f(?r the. L-symbols: Llfz,h3 -L}’fl’hzhg = L}fbhz -L;fl hy by FOT @ trivial 3-cocycle this results
in the classification of SPT phases [7].

The solutions to the previous equation, up to the equivalence relation L(’g‘ B , clas-

4.2 Symmetry action on domain walls and their interchange statistics

We consider now domain wall excitations between the ground states, described by |Z|?> MPS
tensors {e,,|x,y € Z}. A state with periodic boundary conditions hosting a pair of domain
walls between the states x and y can be written as:

[(x,y)) = D Trlell Al Ali-telt Altete ANy iy iy -+ i)
{ix}

The main assumption here is that the MPUs permute between the different domain walls,
that is Ug|y(x,y)) o< [y(gx,gy)). Then, due to the injectivity of the MPS tensors and the
relations in Eq. (26) we obtain that there are phase factors, denoted by Bﬁ,y, which encode
this permutation locally:

g g
gy gx vy o e~ Y
.. = B¢ where BS_~ -2X.pg | (28)
¥,x y.x Y.x
e

i Covgx Yey

These phase factors are subjected to certain relations with the L-symbols. Those can be ob-
tained by comparing the two ways of locally decomposing the action of two group elements
into an individual domain wall excitation, which results in

X

L
g.h
fo,hyB};’y = LTBch,};/ , VYg,heG, and x,yeZl. (29)
g,h

This equation can be seen as the fractionalization of the global symmetry on the domain walls.
We remark that this equation is valid both for local excitations (where x = y so they transform
linearly) and for on-site symmetries.

13
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Domain walls can be created on the physical Hilbert space with finite strings of MPUs
terminated by an appropriate tensor. We assume that there is always a group element g € G
permuting x to y, such that y = gx. Then we can denote the operator creating a pair of

domain walls, at sites i and j and from x to y = gx, by the operator Og’j I defined by:

g J
(e, 3)) = Ol ap, , lf P, (30)
A A A A A AL A,

where the yellow endpoint tensor is defined as follows:

=2 k. @D

x€l A,

We would like to study the properties of isolated domain walls. To this end, we cut the
operator Oé[;’] Vin the middle and define the following operator:

[i] _ i
Oga= S—454—4-la) - (32)
Then, comparing the effect of O[i]Ogj I versus O[j ]O[i] we get:

o) -0, =B, O -0 y,), i>],

xgx

where we can interpret this identity as BS .gx being the phase factor from the interchange of
two g-domain walls on top of the ground state |v,). We note the swap on the virtual level of
the operators and that Bﬁ,gx is gauge dependent.

4.3 Quantities to determine the quantum phase

We consider a quantum phase of (G, w) characterized by {H C G : wy = 1,a € H2[H,U(1)]}.
We first show that the non-trivial part of w, given by the elements of G \ H, is captured by a
gauge invariant quantity resulting from the appropriate interchange of several domain walls.
Then we show that the 2-cocycle of H also characterizes the action of the MPU on the domain
walls.

These findings translate the characterization of quantum phases based on ground states
(the L-symbols) into its characterization through the first excited states that could be detected
by the dynamics of the system.

Let us consider a group element g € G \ H with order o(g) (gx # x for all x € Z and
g°®) = ¢). The interchange of 0(g) + 1 of these domain wall operators ordered by the sites
k; > k;,, and permuted from the first to the last, results in:

ngc"(g)“] . ngi]ogkal] [4p,) = BE gxogfg@m] . ngg]ngé]lll)H
o(g)
(l_[Bg ix,gt~ 1x) ngcl]o[kt’(gm] ngé]|1/)x> :

The phase factor no(g ) Bg ix.gi-1x is a gauge invariant quantity since a phase factor modification
of the action tensors corresponds to ]_[figl) % = 1. Using Eq. (29), the phase factor that
appears in the interchange is

o(g) o(g)-1 Lgxl o(g)

l_[Bgix’gi—lxz ng —l_[w 1(g g g), (33)

i=1 i=1 g,gt i=1
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where in the second equality we have used Eq.(27) in the form

Lj’xgi/L)gc,gi = w_l(g: g, g)Lchi,g L)gciJrl’g >
using that gx # x (since w restricted to the unbroken symmetry group is trivial) Eq. (33)
shows how the gauge invariant phase factor characterizing the interchange of domain walls
can be written in terms of the 3-cocycle of the MPU symmetry and viceversa.

Notice that for trivial 3-cocycle, like on-site symmetries, the phase factor interchange is
trivial. Moreover, this gauge invariant phase factor is independent of the ground state we start
with.

Given H, the unbroken symmetry group H = {h € G,|hx = x for all x € 7}, Eq.(29)
restricted to hy,hy € H has the following form:

Ly
hy phy _ _Moha pnon
By By = Lx—By,lxz’
hl,hZ
Lty
where the factor 7 satisfies a 2-cocycle condition, using Eq.(27) and Eq.(25), for every pair
hy:hp
y,x €ZL:
y y y y
th,hz thhz,hs _ th,hzhs Lhz:hs

X X X X ’
Lhihy Thingns Lhohohs Thong
(th,_y/th,x)'(yhz,y/)/hz,x)

(Yh]hz,y/)/hlhz,x)
symmetry on the domain walls can be projective. Local excitations, y = x so no domain wall,

transform linearly: BZ?XBfo = BZ}I;Z. This matches with the well known fact that for on-site

symmetries local excitations can be decomposed into irreps of the symmetry group. Notice
that Eq. (33) is also consistent with the following fact: if gx = x, such that O,[1),) is a local

excitation and not a domain wall, then Lgxgi = L;‘ e that is, the phase factor there is trivial.

with phase factor freedom

, which shows that the action of the unbroken

4.4 Example: G = Z, with fully symmetry breaking

In this section we consider MPU symmetries coming from the abelian group Z,. The are n
distinct MPU representations according to its 3-cocycle since H3(Z,,U(1)) = Z,. The ex-
plicit formula is w;(a, b,c) = exp{zg—;]a(b +c—[b+c])}, where [b+c]=b+c modn, and
j=0,---,n—1 labels the different cocycle classes (j = 0 corresponds to the trivial 3-cocycle).
Let us consider the maximally symmetry-broken phase, i.e. n-fold degeneracy, for every cocy-
cle class w;. Then, we can give a closed formula for the phase factor of the interchange of

domain walls created from the group element a in Eq.(33):

o(a)—-1

o(a) ..

2
l_[co._l(a,ak,a)=exp — nzl]a Z (ka+a—T[ka+al); .
k=1 ! n k=0

Specifically, for n = 3, we obtain

a 1 2

27 - 2T -
j= e 3t | e 3! (34)
j= ezTﬂi ezTnl

and forn=4

(35)

— - ]
Il

W N =
|
—
—
|
—
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From these tables, we can infer that the excitations exhibit a statistics which is neither
fermionic nor bosonic.

5 Detection of the phase factors

In this section we propose a finite size operator whose expectation value on a ground state,
labeled by x, returns in the gauge invariant quantity of Eq.(33); it can thus be used to mea-
sure the domain wall statistics and thereby detect the nature of the underlying phase. The
construction of the operator is based on truncating the MPU symmetry. It does not require an
MPS representation of the ground state nor the explicit form of the domain wall excitations.

We will start by discussing the Z, case where the goal is to reproduce Eq. (23) and get
CapCpa = W, see Eq.(17). The first step is to consider a truncated version of the MPU symmetry
U, restricted to a region which includes an interval [i;, j; ] and a region on the scale of the
correlation length around it; we will denote this truncated unitary by Ul/1]. We can always
construct such a truncated U1l since any MPU can be rewritten as a unitary circuit of
depth 2 with nearest-neighbor gates under finite blocking [11]; we can then obtain Ul/1] by
dropping the gates outside the given range. The resulting Ul-1] is then a unitary operator
which is equal to U inside the given region. Thus, the action of U] on a ground state A
produces the same effect inside the region as U — that is, it exchanges A and B if the distance
between i; and j; is bigger than the correlation length, and acts trivially outside the region.
Therefore, Ulj1] creates a pair of domain walls around sites i; and ji.

If we act with U on top of U1l we will obtain the global phase factor cgacp. Since we
want to obtain this phase factor by using operators with a finite range, we instead use Ulz/2],
which creates a pair of domain walls around sites i, and j,, where we choose i, < i; < j; < ja,
and demand that the distance between the different positions is sufficiently bigger than the
length scale set by the correlation length of the ground state.

To get a non-vanishing expectation value on a ground state, we need to ‘undo’ the domain
walls and map them back to the ground space. To achieve this, we use first (Ul-/1))7 and then
(U221 Notice that in general (Ugl’j 1])T and (U;)[il’jlz| are not the same, but are related by
unitaries at the boundaries. The result can be written as:

(flpA|(U[iz,fz])'i‘(U[ibjl])TU[inz] U[il’jl] |'l.bA> = w, (36)

which precisely measures the commutator between Ult/1] and yliziz],

As an aside, note that for on-site symmetries on a chain A, truncating the global symmetry
U =Qienr ulll results in Ul®b] = Riela.b] ulll. Therefore, for on-site symmetries we get that
(ultizlly(ylihyiylizklylivhl = 1) so its expectation value is 41, in agreement with our
findings in the previous sections.

For the general case of any finite group G, the first thing to notice is that the phase factor
]_[figl) Bgix gi-1x of Eq.(33) only depends on the order of the element g (and its powers) and
not on the’group itself. That reduces the problem of truncating MPUs representing the cyclic
group Z,(g). We first create a pair of domain walls around i, and j, by acting with the truncated

unitary UEO’JOJ on the ground state labeled by x. We will focus on the excitation created around

Jo which correspond to a domain wall of type gx —x (analogous to the tensor g, , in the MPS
. [i1,J1] . . . . .. g
scenario). We now apply. Ug '" where 102< iy < jo < j;, obtaining the phase factor ng;x
and permuting the domain wall type to g“x — gx, see (28). We have also created domain
walls around i; and j; but we will avoid acting on them with the next truncated unitaries. To
achieve this, we act with ng’h] satisfying i; < iy < jg < j, < j;, Where we get Bgzx ox and the

domain wall is now of type g3x — g2x. Following this strategy we can conclude that the phase
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factor of Eq.(33) can be obtained by applying the following operator:

o(g)
X:l_[Ugf’Ji], o < io(g) <"+ < i1 <Jo <Jo(g) < <J1-
i=0

Finally, to get a non-vanishing expectation value on a ground state, we need to annihilate
the domain wall excitations. The important point here is to ‘undo’ each of the domain walls
without acting on any of the other ones, which would result in undesirable B phases. This can
be achieved by acting with

Yy = (U[io:jl])T(U[io(g)’jz])J" .. (U[iz,]'o(g)])'i‘(U[ilJo])T )

Finally:

o(g)
(Y YX[py) = Bgix’gi—lx . (37)

i=1
We notice that the previous method is also valid for Z,, we would obtain
ng’xBf’gx = cupCps = w, but it does not coincide with the one presented in Eq.(36). This
is because for Eq.(36) we have used that ¢! = g so B e = BS ¢x = Cap, so this phase factor
can be obtained by acting with g on the domain wall x — gx (the partner of the domain wall

gx —x) and then simplify the general procedure.

6 Conclusions

We have studied the exchange statistics of domain wall excitations in gapped spin chains with
anomalous symmetry breaking, and have found that the anomaly of the symmetry and the
way in which the symmetry broken ground states transform under it is directly reflected in
the statistics of the domain wall excitations. Our results extend Ref. [14], which characterized
the anomalous gapped phases through their ground states, beyond ground state properties,
by connecting them to the properties exhibited by their low-lying excited states and thus to to
physically testable properties.

Our main technical tools are the representation of the ground states by injective MPS, and
the characterization of the anomalous symmetry action on them through local fusion tensors.
This allowed us to construct domain wall excitations in terms of the ground state MPS and the
operators creating them in terms of MPUs, which in turn enabled us to extract their exchange
statistics from the fusion tensors.

The approach pursued here can be extended to non-invertible global symmetries repre-
senting fusion categories in terms of matrix product operators, whose gapped phases have
been classified in Ref. [14] as well. Such a tensor network approach will provide a local char-
acterization of the boundary excitation of string-net models developed by Kitaev and Kong
in Ref. [30]. It could also be interesting to generalized our study to anomalous non-internal
symmetries like time reversal or reflexion.
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