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We explore non-invertible symmetries in two-dimensional lattice models with subsystem Zo sym-
metry. We introduce a subsystem Z,-gauging procedure, called the subsystem Kramers-Wannier
transformation, which generalizes the ordinary Kramers-Wannier transformation. The corre-
sponding duality operators and defects are constructed by gaugings on the whole or half of the
Hilbert space. By gauging twice, we derive fusion rules of duality operators and defects, which
enriches ordinary Ising fusion rules with subsystem features. Subsystem Kramers-Wannier duality
defects are mobile in both spatial directions, unlike the defects of invertible subsystem symme-
tries. We finally comment on the anomaly of the subsystem Kramers-Wannier duality symmetry,
and discuss its subtleties.
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1 Introduction

1.1 Subsystem non-invertible symmetry

15
17

Symmetry is one of the most important notions in physics. In recent years, the concept of global
symmetry has been generalized in various directions [1]. See also the snowmass white paper
[2] for a recent overview and more references. The three most notable properties of symmetry
operators/defects are their

1. codimensions,

2. invertibility,

3. topologicalness/mobility.

We can organize generalized symmetries according to these properties (Tab. 1). An ordinary
global symmetry corresponds to codimension-one topological operators with group-like and in-
vertible fusion rules. The remaining symmetries differ in one or multiple properties. For instance,
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Symmetry codimension | invertibility | topologicalness
ordinary symmetry =1 v 4
higher-form/group sym [1,3-45] >1 v 4
non-invertible/categorical sym [50-74] =1 X v
higher categorical sym [101-140] >1 X v
subsystem sym [75-91] =1 4 X
higher subsystem sym [141-152] >1 4 X
subsystem non-invertible sym =1 X X
higher subsystem non-invertible sym >1 X X

Table 1: Organization of global symmetries in terms of operator/defect’s codimension, invertibil-
ity and topologicalness. The goal of this paper is to explore subsystem non-invertible symmetry,
highlighted in bold font.

higher-form symmetries relax the condition of codimension being one [1,3-45];' non-invertible
symmetries in (1+ 1)d relax the invertibility [50-74]; subsystem symmetries in (2 + 1)d relax the
topologicalness or the mobility of the symmetry generators/defects” [75-91].° Here and in Tab. 1
we only present a highly incomplete list of references.*

One gets further generalized symmetries by modifying more than one property simultane-
ously. For instance, by allowing the defect to have codimension higher than one and also be non-
invertible, we get higher categorical symmetries [101-140]; by gauging the O-form subsystem
symmetries in (3 + 1)d, we get a fracton order with one-form subsystem symmetries [141-152].

The goal of this paper is to study yet another type of generalized symmetry by lifting both
the invertibility as well as the topologicalness: the corresponding symmetry is a subsystem non-
invertible symmetry. We will not study a generic subsystem symmetry, and instead focus on one

'Before [1], various earlier works had already hinted the existence of higher form symmetries and the dynamical
consequences thereof [46—49].

2Let us clarify the definition of the codimension of an operator/defect when it is not fully mobile. The (2 +
1)d subsystem-symmetry defects are line operators, thus one would naively conclude that it is of codimension two
in spacetime, and is higher-form as well. Here it is more natural to define the codimension with respect to the
subspace where the operator/defect is mobile rather than the entire spacetime. For instance, consider the subsystem
Zy symmetry where the defect is along the z direction. It is only mobile along the ¢ direction, while is not mobile
along the y direction. So the mobile subspace is the ¢ — = plane, and the defect with respect to the ¢ — x plane is of
codimension one.

3There are also earlier works on subsystem symmetry from algebraic duality approach [92-96].

* Another line of development of unconventional symmetry, motivated by commutant algebra in the study of
quantum many body scar, was explored in [97-100]. It would be interesting to see how such unconventional symmetry
fits in various entries of Tab. I.



typical example— the subsystem Kramers-Wannier (KW) duality symmetry associated with the
gauging of a subsystem Z, symmetry in (2 4+ 1)d. Here, the subsystem KW duality symmetry
has co-dimension I non-invertible symmetry operator and defect, which is different from the co-
dimension 2 invertible subsystem Z, symmetry operators and defects. Furthermore, the non-
invertible fusion rule will mix operators (defects) of different co-dimensions.

Our construction naturally generalizes the well-known KW duality symmetry in (1 4 1)d,
which gauges an ordinary Z, symmetry. To the authors’ knowledge, this is the first study of a
symmetry where both the invertibility and topologicalness are lifted.

1.2 Symmetry operators and defects

For a given symmetry we can consider symmetry operators (along the spatial direction) and sym-
metry defects (one of whose directions is along the time) °. When the symmetry is topological, the
two can be deformed to each other and hence are equivalent. This naturally happens in relativistic
systems, where Lorentz symmetry ensures that time and space are on equal footing.

However, when the topologicalness is sacrificed as in the case of the subsystem symmetry,
it is important to treat the symmetry operator and symmetry defect separately. The latter was
highlighted recently [87,91] as a generator of the time-like symmetry.

In the literature, most of the discussions of non-invertible symmetries are either in continuum
field theories or in the statistical models with infinite system sizes [52]. The authors of [154]
systematically discussed the properties of the KW-duality operator acting on a finite-size Hilbert
space of a quantum system, and carefully discussed the effects of boundary conditions for closed
spin chains. However, it is also important to study symmetry defects to fully uncover the properties
of symmetry. In particular, it is important to turn on both symmetry operators and defects when
determining the anomaly of the symmetry. Anomaly usually manifests itself as a “fractional”
symmetry charge of the ground state in the presence of symmetry defects (i.e. twisted boundary
conditions) [155, 156].

In this work, we will study both symmetry operators and defects on the lattice. Our discussion
of the symmetry operators directly generalizes our previous work on (1+1)d KW duality operators
[154]. The discussion of symmetry defects is relatively new, and is consistent with earlier results
for the (1 + 1)d KW duality defect in the Ising model on the lattice [157].

One peculiar feature we encounter is the mobility of the subsystem KW duality defect. Be-
cause of the subsystem nature, one might naively expect that the subsystem KW duality defect
along, say, the t — x © direction is not mobile along the y direction. However, we find that the

>We mainly use the terminology "operators" for maps from one Hilbert space (defined on sites) to another Hilbert
space (defined on links or plaquettes) and "defects" for interfaces between two theories. One can further redefine the
link/plaquette Hilbert spaces to be supported on sites, which we briefly discuss in Sec. 2.4 and 3.4. This redefinition
makes the operators to act within on one Hilbert space, and the defects between a single theory. This is consistent
with the recent discussion [153].

%We use ¢ for both time and twist boundary condition in the main text which should not be confused. In some
places, we also use 7 for time, such as in the index of gauge fields and gauge invariant holonomy variables.



subsystem KW duality defect is mobile under translation in the entire x — y plane. Namely, two
KW duality defects defined on ¢t — ¢1(z,y) and ¢t — ¢s(x,y), where ¢;(x,y) specifies a pair of
mutually deformable curves within the z — y plane, can be deformed to each other.’

1.3 Anomalies of subsystem (non)invertible symmetry

As with other types of symmetries, the subsystem (non)invertible symmetry may also suffer from
anomalies. What does the anomaly of subsystem symmetry mean? We list several criteria, not all
of which are equivalent:

1. Incompatible with a gapped phase with one ground state including trivially gapped phase
and subsystem symmetry protected topological (SSPT) phases [158-160].

2. Incompatible with a gapped phase constructed from stacking lower dimensional (subsys-
tem) topological quantum field theories (TQFTs).

3. There is a non-trivial anomaly inflow from higher dimensions [161].

In particular, point 2 is more general than point 1, because the concept of GG subsystem symmetric
Renormalization Group flow is believed to admit stacking layers of lower-dimensional G sym-
metric TQFTs [162,163]. Thus it is natural to define the “trivial" phase by modding out the lower
dimensional symmetric gapped phases, including those whose ground state degeneracy is higher
than one. However, point 2 and point 1 are degenerate in the current case where we only con-
sider a Z5 subsystem symmetry in (2 + 1)d. This is because a non-trivial Z,-symmetric TQFT in
(1 + 1)d must spontaneously break the Z, symmetry. Thus in the following, we will adopt point
1 as a criterion for the subsystem KW duality symmetry to be anomalous.

The anomaly of the KW duality symmetry in (14 1)d has been discussed in [55,56,59,106]. In
this paper, we follow the approach in [106] and discuss the anomaly of the subsystem KW duality
symmetry in (2 + 1)d. The idea is to check whether an SSPT phase is invariant under a gauging
of the subsystem Z, symmetry; if not, we conclude that the subsystem KW duality symmetry is
anomalous.

1.4 Structure of the paper

The paper is organized as follows. In Sec. 2, we review the construction of ordinary KW duality
operators and defects in (1 4 1)d spin chains via gauging ordinary Z, symmetries. We present
a comprehensive analysis of the ordinary KW duality symmetry, including the derivation of non-
invertible fusion rules, the demonstration of the mobility of duality defects, and the proof of the
anomalous nature of the KW duality symmetry. In Sec. 3, we extend this formulation to (2 + 1)d
lattice models, which incorporate subsystem KW duality operators and defects. We conduct a
similar investigation of the non-invertible fusion rules, the mobility of duality defects, and the

"Note that one defect is deformable to another defect, but not to the symmetry operator.



anomaly of subsystem KW duality symmetry. Finally, in Sec. 4, we summarize our findings and
suggest potential future directions for this work.

2 Kramers-Wannier duality operators and defects in (1 + 1)d
spin chains

In this section we briefly review the non-invertible duality symmetry given by the KW transfor-
mation with respect to a non-anomalous Z, symmetry in (1 4+ 1)d spin chains. The discussion
here serves as a preparation for the subsystem generalization of the non-invertible symmetry in
(2+ 1)d, to be discussed in Sec. 3. Most of the materials in this section are scattered in the litera-
ture and are not new. The goal is to gather them in one place, and also present them in a way that
directly generalizes to the subsystem symmetry case.

2.1 Ordinary Z, symmetry and twist operators

Consider a Zy-symmetric theory on either a closed chain with L sites or an infinite chain. On
each site 7 there is a spin-% variable s; € {0,1}. The Z, operator is associated with a topological
operator with the Z, fusion rule. One can either place such a topological operator along the space
or along the time direction. In the former case, the topological operator is a symmetry generator
acting on the entire Hilbert space,

U:=]]or 2.1)

i€Z

which flips the spin on each site, i.e. s; — 1 — s;. The eigenvalue of U is (—1)" with u = 0, 1.
The Z, symmetry generator satisfies two obvious properties:

1. Zs fusionrule: U x U = 1.
2. Topological along the time direction, since it commutes with the Hamiltonian.

In the latter case, the topological operator is a symmetry defect that modifies the Hilbert space.
For a quantum field theory in the continuum with Lorentz symmetry, the space and time are on
equal footing, and a Z- operator and a Z- defect are used interchangeably. However, it is useful
to distinguish the two, since our discussion is on the lattice, and since we would like to generalize
the discussion here to subsystem symmetries.

Let us give further details when Z, operators are along the time direction, i.e. the Z, defects.
It is useful to first discuss Z, defects on an infinite chain, and then on a closed chain. Suppose the
defect is localized at the origin. In the Hamiltonian formalism, such a defect can be created by
acting the original Hilbert space by a twist operator, i.e. the Z, symmetry generator terminated at



the origin. See Fig. 1 for a schematic explanation. Concretely, the twist operator is®

Ut =] o (2.2)

1<0

It creates a Z, defect between site ¢ = 0 and ¢ = 1. Conjugating U} on a Z, symmetric Hamil-
tonian creates a new Hamiltonian Hy, o := (U})THU. For example, start with the Z, symmetric
Ising model without transverse field, H = — > | iz
and the ground state of the latter supports a Z, domain wall. Like the Z, symmetry generator, the
Z defect also satisfies the same two properties:

yAp— 4 — Z ~Z yApy 4
oiofiy, then Hyo = — 37, 00707 + 0507,

1. Z fusion rule. The fusion of Z, defects follows from the fusion of two twist operators,
Ut x Ut =1.

2. Topological along the space direction. Given two defects at = 0 and 7 = 1, generated
by U{ and U} respectively. They give rise to the twisted Hamiltonians Hiy, o and Hyy 1.
Topologicalness of the Z, defects means the two Hamiltonians are unitary equivalent, i.e.
there is a local unitary transformation W such that H, ; = wt Hyy oW, where W only acts
on the Hilbert space around the origin. This follows if one can find W such that

Uy = UW . (2.3)
Indeed, W = o7.

We also comment on the Z, defect on a closed chain. As explained in Fig. 1, to create a
symmetry defect on a ring, we first uplift the circle to an open spin chain with periodic boundary
condition |s;;) = |s;), and act with the twist operator on the intervals Uz (2kL, (2k + 1)L].
This changes the periodic boundary condition to the twisted boundary condition |s;, 1) = |s; + 1).
Hence on a closed chain, we can use t = 0, 1 to label the periodic boundary condition and twisted
boundary condition, corresponding to the absence or presence of the Z, defect, i.e. |s;y 1) =
|s; + t).

2.2 KW duality operators

From now on, we assume that the (1+ 1)d system is invariant under the gauging of the Z, symme-
try. This means that the Z, gauging is a symmetry of the system. Since any symmetry is equipped
with a topological operator, as we discussed for the Z, symmetry in Sec. 2.1, we can put the op-
erator either along the space (i.e. KW duality operator) or along the time (i.e. KW duality defect).
In this subsection, we will discuss the KW duality operator.

The KW duality operator acts on the entire Hilbert space via gauging the Z, symmetry. We
will assume closed boundary conditions throughout this section since the change of (twisted)

8The superscript ¢ either stands for “time" since the defect is along the time direction, or “twist" since it is a twist
operator creating the defect. The subscript 0 labels the endpoint of the twist operator or the locus of the defect.



Z+ defect

Spacetime formalism on R

Z+ defect

Spacetime formalism on S*

Figure 1: Z, symmetry defects (blue) and Z, twist operators (red) on an infinite chain and
on a ring. The black line represents the space, and the orthogonal direction represents time.
In the first row, acting a twist operator on the left half chain creates a Z, defect along the
time direction at the origin. In the second row, in order to use the twist operator to create
a symmetry defect, one needs to lift S* up to R and act the twist operator on the intervals

Urez[2kL, (2k + 1)L].

U

Hamiltonian formalism on R

Hamiltonian formalism on S*



boundary conditions is a key feature under gauging. The KW duality operator was widely known
to map Pauli operators as 07 — o707, and 07 — []. ;<i 07 » which is well defined on an infinitely
long chain. Its action on the Hilbert space of an infinitely long chain has also been discussed
in [52]. See also [164-166] for the of Matrix-Product-State (MPS) realization. However, on a
closed chain, one has to specify how the boundary conditions transform under gauging [167-170].
In this subsection, we mainly follow the discussion in [154], where the fusion rule, exchange of
symmetry and twist sectors, and mapping of operators are all discussed on closed chains. We only
briefly summarize the results, and refer the interested reader to [154] for further details.

Under KW, the spins {s;} on the original lattice are mapped to dual spins {5,_ 1 } on the

link. We use the (@, ) to label the symmetry-twist sectors of the dual lattice. Here, (—1)¥ is the
eigenvalue of the dual symmetry U := [ o; 1,and t labels the boundary condition |3, 1 )=
2

Definition of KW duality operator: The KW transformation is realized by an operator N’
acting on the Hilbert space. It is sufficient to specify how it acts on the basis states [154]

NHSz _ Z J 1(sj—1+s;)8 ,7% |{SH_1}>

{SH% }

NSy h = o Z(—UZ ST )
{si}

2.4)

where we use so = sy + 1,51 =51 + 1 to identify the phases Zle(sj_l +55)8,1 + sy, =
j=1

the gauge fields. The boundary terms in the exponents are chosen to give the correct mapping of

symmetry-twist sectors. It is also straightforward to check that the duality operator is Hermitian,

{si N5, w11 = ({s:}INI{5;1}). By definition A’ commutes with the Hamiltonian (under

suitable relabeling as shown below), hence N is mobile along the time direction.

YF (8j-1 + 3j41)s; + t51. The exponents in (2.4) are reminiscent of the minimal coupling of

Mapping between Pauli operators: KW transformation (2.4) induces the standard transforma-
tion of Pauli operators

zaz+1 |¢> ;c+%N|77Z)> ) NO‘ZJ: |Q/)> = Ef_%af+%/\[ |¢> ) v |,¢}> EH. (25)

Non-invertible fusion rules: By acting the product of U x A/, ' x U and 't x A/ on a general
state |¢), we find the following fusion rules:

NxU= (1N, UxN=(1N, N xN=1+(-1DU. (2.6)

See [154, Sec. 2.2] for an explanation of the factors (—1)* and (—1)?. In particular, the last fusion
rule shows that the KW duality operator A\ is non-invertible.



Mapping between symmetry-twist sectors: The symmetry and twist sectors before KW trans-

~

formation (u, t) and after KW transformation (, t) are related by

Example: A canonical example with a KW duality symmetry is the Ising model with a critical

transverse field.
L L
Hiyging = — Zafaizﬂ - Zaf- (2.8)
i=1 i=1

By using (2.5), one obtains the dual Hamiltonian

L L
17 — _ =T _ ~z @~z
Hlsing = E O-i-i-% E O'i—%o-i-i-% . (29)

Schematically, after relabeling the spins on the sites and on the links, the two Hamiltonians coin-
cide, Hysing = Hising, hence the critical Ising model has a KW duality symmetry. We will make
this statement more rigorous in Sec. 2.4 by performing the KW transformation on the same lattice.

2.3 KW duality defects

In this subsection, we discuss KW duality defects in Hamiltonian formalism. Although it has been
widely discussed in the context of continuum field theories [55,106,107], an explicit realization on
a lattice is much less well-known (most of what we present below can be found in [52, 106, 157]).
To be self-contained, we will describe in detail the definition of the KW duality defect via the KW
duality twist operator, their fusion rule, and their mobility along the space direction.

KW duality defect from KW duality twist operator: Inserting a KW duality defect is equiv-
alent to performing a KW transformation on the half-space. For simplicity, we only consider 1d
infinite chains throughout this subsection. Inserting a KW duality defect at the origin amounts
to performing a KW transformation on the left half of the lattice, or equivalently applying a KW
duality twist operator N} on the half, as shown in Fig. 2.

The KW duality twist operator terminating at ¢ = 0 is defined as

1 Yj<o(si—1485)5, 1~
Ny Hsi}) = 26/2 Z (=1)==° -4 ‘{Sze%}igtﬁ {si}iz0) (2.10)

{gi_%}igo

which creates the KW duality defect at ¢ = % The resulting Hilbert space is defined on half-
integer links to the left of the origin, and integer sites to the right, as shown in Fig. 2. The overall
normalization descends from that in (2.4) where ¢ counts the number of sites covered by N{.



KW duality defect

—+—o0—+—o0—+—o : :
5 _3 _1 1 2
2 2 2

Figure 2: KW duality defects and twist operators. The left figure is the KW duality defect
along the time direction, localized at ; = % Such a defect can be created, in the Hamiltonian
formalism, by acting the original system with a KW duality twist operator N/, as shown in
the right top figure. In resulting Hilbert space is represented in the right bottom figure, where
the vertical slashes represent where the spins live, and they occupy half-integer links to the
left of the origin and integer sites to the right. The empty circles are sites to the left of the
origin where no spins are supported.

While ¢ — oo since N is infinitely long, we formally keep this normalization, which will be
useful below. ? It is also straightforward to obtain the action of (N{)1

~ 1 co(sj—1+s;)5.
VDB hisos fsidiso) = o D0 (<)== 0 (s (2.11)
{Si}iSO

Nl

Fusion rule: We first derive the fusion rule of the KW duality defects. Fusing two KW duality
defects on top of each other amounts to multiplying two KW duality twist operators at the same
position. Since the Hilbert spaces before and after N are different, it is most convenient to
compute the fusion (NE)T x A 10

1 o(55-1+s;)5. (s A
(NOt)T X '/\[Ot ‘{S’L}> — ? Z (_1)ZJ§O( j—1+55) ]_%JFZ]SO( o1t J) ]_% ’{S;}’LSm {Si}i>0>
{5._1}i<o.{8.}i<o
i—5 1=
= (1+Ug) {s:}) -
2.12)

Hence the fusion of the KW duality defect with its Hermitian conjugate is equivalent to the sum of
an identity defect and a Z, defect. This is consistent with the fusion rule among two KW duality
operators in (2.6). !

° Another way to make sense of the normalization is to place the KW duality twist operator on a finite interval,
with both left and right boundaries.

10To compute the fusion rule V¢ x A/, one needs to identify the Hilbert spaces [{5i—1}i<oi {si}i>o) and [{si})
by shifting the link variables to sites.

1Because we are working on an infinite chain, we do not see the factor (—1)?here as opposed to (2.6).

10



Let us also check the fusion between the Z, defect and the KW duality defect. Fusing the Z»
defect from the right gives

1 Sico(sj—1+14s;+1)F. 1 o~
No x Ug|{s:}) = 202 Z (—)Tose %|{Si_%}i§0§{3i}i>0>

{51 bi<o (2.13)
= Ng {si}) -
This is also consistent with (2.6). Fusing the Z, defect from the left yields
A 1 S <o(si—1+8)(E_1+1) |~
ULy x N l{sih) = 5 Do (TG Yicos {sidiso)
{5, 1 bizo (2.14)

= Noog I{si}) -

We thus naively arrive at U b x Nt = Nlog, where a local operator of is located at the defect
locus. In the Hamiltonian foernalism, note that two defects are equivalent to each other if they are
related by a local unitary operator, see the discussions around (2.3) as well as [157, Sec. VL.A].
2 Hence we identify the twist operator AV{o¢ with NV, under which we find the same fusion rule

U', x Nt = Nt as in (2.6). In summary, the fusion rules involving the KW duality defects are
2

NOTX NG =14+ U8 MExUs=Ng, Uty x Mg =M. (2.15)

%
Mobility of KW duality defects: We proceed to probe the mobility of the KW duality defect,
by shifting it along the space. Following the discussion around (2.3), we need to find a local
unitary operator W such that

N = NJW . (2.16)
Here, NV is defined by a shift V! by one site,
1 Dj<a(si-1+8i)8, 1)~
Nilsi}) = 2072 {AZ} (=17 i \{Si_;}isn {si}is1) - (2.17)
Sii% i<1

The form of W has already been found in [52, Sec. 3.3] and [157, Sec. VI.A]. Concretely,
W = CZO}lHl 5 (218)

where CZ;; is the control Z gate acting on site 0 and 1, and H; is the Hadamard gate acting on
site 1. In terms of Pauli matrices, they are

1 1
CZO71:§(1+US+UT—USUf)a leﬁ(gf‘i‘gf), (219)
12Note that we only identify two defects that differ by a local unitary operator. Locality here means the unitary
operator is of the same spatial dimension as the boundary of the twist operator, and in this case is zero-dimensional.
We do not a priori identify U? ; x M with V¢ because U? ; is not local, although they are eventually identified after
2 2
computation.

11



from which we can derive their action on the basis product states,
CZo1[s0,51) = (=1)* [s0,51),  Hilsa) = f Z ) [s)) (2.20)

The CZ,; operator maps ofj to ojo;, and leaves everything else invariant. The H; operation
exchanges 0% <+ o7. As a quick consistency check, note that ! satisfies the fusion rule (NV})T x
N} =1+ U} fori = 0,1. Combining with (2.16), we have U{ = WTUgW. Since Uj is [[,-, 07>
first conjugating by CZ, ; appends a o7 to U{, and further conjugating by H; maps o7 to o, giving
rise to U?, as expected. With this, let us explicitly check (2.16),

NtW [{si}) \/— Z sls,ﬁsos/l [{si}i<o; 13 {si}is1)

1 >ico(sj—1455)8. 1 +(s0+s1)s] | (~
:—2(£+1)/2 Z (_1) §<0\8j—17185)8,_ 1 0+s1 1|{ l}z<0,81,{81}2‘>1>.

{gi,%}igo,s'l
(2.21)

After relabeling the dummy variable s} — §%, the right-hand side in the second row is exactly the
same as N |{s;}) in (2.17). This shows that the KW duality defect is mobile under translation
along the space direction.

So far, we showed that the KW duality operator is mobile under translation along the time
direction, and the KW duality defect is mobile under translation along the space direction. To
fully establish the topologicalness of the KW duality symmetry generator, we also need to discuss
the mobility when we bend the time-like defect into the space-like operator. See [83, 142—144]
for related discussions on invertible and subsystem symmetries. We will not try to prove the full
topologicalness of the KW duality symmetry generator in the current work.

2.4 KW duality symmetry
We further redefine the spins on the links to spins on sites. Concretely,
Siy 1= s, (2.22)

for any i. We also relabel ¢ — ¢/, @ — «'. Under this modification, the KW duality operator maps
within a single Hilbert space. In this way, the KW duality can be lifted as a symmetry of the lattice
models. Under this redefinition, (2.4) becomes

— 1 ! / 1 / / !
N {sih) = 5 Do (-)Fmrtmm it {5} =~ 3 (1)t ).
? sl 7 (s}
(2.23)

Here we use a bar to distinguish it from (2.4). KW transformation A induces the following
transformation of Pauli operators

Noioi [) =i N, Nofl) =0l 10iN ), Y[p) eH. (2.24)

12



and therefore leaves the Ising model with a critical transverse field invariant. One advantage of
this redefinition is that it now makes sense to compute A’ x N/, while before redefinition it only
makes sense to compute A x AT or N7 x A/, With this definition, it is straightforward to calculate
the fusion of symmetry operator N

NxU=(-1)'N, UxN=(-1)'N, NxN==D)"1+(D'")T, (2.25)

where 7' is one-site translation operator
T {si}) = {s; = six1}) - (2.26)

For example, we can confirm the last identity in (2.25) by the following calculation

./\7./\7‘{81}> = 2% Z (_1)23L 1(SJ+3J+1)S 4t SL+1+ZJ 1( ;/ 1+s” s +t’36 ’{3”})

{si}{s}
Z (H 653+53+1+8J l+8//> (_ )t (sp+1+sp )‘{8”}>
{si} \g=1 (2.27)
Z (H SJ+Sj+1+89/_1+89/> (—1)t’t+t’(81+58) |{5,/L,}>
{s?
= (=1 (I{s! = sen}) + (<17 {s! = s+ 11)
Under (2.22), the twist operator (2.10) is modified to
1 Si4siy1)s.
NP = 5 D0 (—)Fssolr 00 [} {5} in0)
. fethiso (2.28)
~ 22 Z (—1) 20510t | {5} 0: {55 }ino0)
{si}i<o

which creates the corresponding defect at ¢ = 0. One can directly calculate the fusion rules of
defects. For example,

NEx Rglsd) =g S0 (~1)Sssnlrmomm Bl o | (i)

{Sé'}igoﬂ{sg }igo

B (H 55]'4—5},—1 + H 5Sj+89l—1+1> (_1)8851 |{3;/}i§0; {Si}i>0>
j<1 j<1
= (=1)" {8} = sit1}ico; {si}is0) + {8} = siy1 + L}ico; {si}is0)
= (05 + Up)Tg [{si})
(2.29)
where T} is the translation twist operator at 7 = ( and shifts the left half chain by one site

Tot [{si}) = [{si = si+1}i<o; {si}is0) - (2.30)

13



We can identify of7T} and T{ in the fusion rule because they are related by the local unitary
operator o. In summary, we have

NEx Ut =Ulx NE =N, NEx NE= 1+ UY)TE. (2.31)

The symmetry defect N is movable because when acting the local operator W’ = CZ; 5H; we
will get the defect N7 = N{W' acting at one site right.!?

2.5 Anomaly of KW duality symmetry

We end this section by commenting on the anomaly of the KW duality symmetry. The anomaly of
non-invertible symmetries in (1 + 1)d has been discussed in [55, 106] via modular transformation,
and was later more systematically explored in [56,59]. In this subsection, we review the approach
in [106] in probing the anomaly of the KW duality symmetry, as a preparation for the anomaly of
the subsystem KW symmetry.

The anomaly of the KW duality symmetry can be seen by contradiction. Suppose it is non-
anomalous, which means that there is an invertible theory (i.e. a gapped theory with one ground
state) with KW duality symmetry. The only invertible theory is a trivial theory, and in the fixed
point limit, the partition function is Z;, = 1. Performing the KW duality transformation amounts
to gauging the Z, symmetry, which maps Z;, = 1 to a Z, symmetry breaking phase '*

ZswlA] =Y ()= DT (CpWEENE —saumant) . 233)

a€Zy Wa,We=0,1

where in the second equality we assume the spacetime to be a torus, and Wf;‘ is the Wilson line
of a, A along the 7, x direction respectively. Clearly, a Z, SSB theory is not equivalent to a trivial
theory. This means that the trivial theory is not compatible with the KW duality symmetry, i.e.
the KW duality symmetry is anomalous.

3The translation defect in the fusion rule of two KW operators/defects in the transverse field Ising model was
emphasized in [153], which is termed non-invertible translation symmetry. This translation operator/defect could
not be seen if one compute N7 x N when we define the Hilbert space after KW on links rather than on sites. It is
interesting to note that the same translation effect has been implicitly observed in [157, Sec. VI]. The authors of [157]
discussed the critical transverse field Ising model with two defects on the closed chain. When the two defects fuses,
e.g. at the fourth site, the corresponding Hamiltonian with L spins is

Hp,xp, =—(Y_ ofoi, + Y of +0j050%) 2.32)
i£3,4 i£4

Since of commute with this Hamiltonian, the Hibert space can be decomposed into two sectors based on the parity
of the fourth spin. The Hamiltonian in sector labeled by o = %1 is just the usual Ising chain with L — 1 spins under
periodic boundary condition and twisted boundary condition. The decoupling effectively reduces the length of the
spin chain by one, i.e. from L spins to L — 1 spins, which is equivalent to adding a defect of translation.

1“We will suppress the normalization.
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3 Subsystem Kramers-Wannier duality operators and defects
in (2 + 1)d spin systems

In this section, we generalize the discussion in Sec. 2 to lattice models with non-anomalous sub-
system Z, symmetries in (2 + 1)d. We also assume that the system is invariant under the gauging
of the subsystem Z, symmetry, which generalizes the KW duality symmetry to the subsystem KW
duality symmetry. We further study various properties of its associated symmetry operators and
defects, including their mobility, fusion rules, interplay with boundary conditions, and anomalies.
Unlike in (1 + 1)d where the KW duality operator and KW duality defect share essentially the
same properties, here we find that the subsystem KW duality operator and subsystem KW duality
defect have very different properties. This is expected since theories with subsystem symmetry
are incompatible with Lorentz symmetry.

3.1 Subsystem Z, symmetry and twist operators

We first review the properties of a subsystem Z, symmetry in (2 + 1)d, following [89]. Consider
a non-anomalous (on-site) subsystem Z, symmetric theory on either a square lattice with L, x L,
sites or an infinite square lattice. On each site there is a spin-% variable s; ; € {0,1}. When the
square lattice is infinitely large, the subsystem Z, symmetry is generated by Z, operators on each
line and column
vr=1]os,, U'=]]et i€z, 3.1)
Vez J'Ez

Ui, (—1)" respectively. Similar to the case of an ordinary

whose eigenvalues we denote as (—1)
Zy symmetry in (1+ 1)d, the subsystem Z, symmetry operators have Z, self fusion rules and they
are mobile/topological along the time direction. However, they are not mobile/topological in the
space direction. We should label these operators by their locations on the lattice.

On a finite lattice (i.e. a torus), there is a constraint in the product of all symmetry generators

Ly Ly
[Tve]vr =1, (3.2)
i=1  j=1

since Pauli operators on each site appear twice on the left-hand side. The total number of sym-
metry generators is 20eTLv~1 The action of symmetry generators on a finite lattice is shown
schematically in Fig. 3. We define the subsystem Z, symmetry group as Z3",

o= (i

Lo Ly
()" = W =T[or [ U7 = towithi = 1,0, Lo j = 1, ...,Ly> .
i=1 j=1

(3.3)
We proceed to consider subsystem Zo defects at each site along time direction. On an infinite
square lattice, these defects can be created by acting twist operators U&? and Uiyé on the Hilbert
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Uy

i |

symmetry operator U7, U, i defect operator U7 twist operator U({’;

Figure 3: Examples of subsystem Z, symmetry operators, defect operators and twist opera-
tors.

space, where

Uss = 11005 U =110 (3.4)
<0 5'<0

Clearly, the subsystem Z, defects satisfy the Zj fusion rule, Ug% x Uz = U x U, = 1. To see
the mobility, note that UT; and Ug"; differ by a local unitary operator, i.e. U} = Ug%ot ;, hence
the defect created by Ug",';- is mobile along the = direction. On the other hand, since Ugg 41 and
Ug?; differ by a string (non-local) unitary operator, i.e. U’ ; = U’ [[,<o 0 ;07,1 the defect is
not mobile along the y direction. Indeed, the defects created by Ugf} 41 and Ugf? are regarded as
inequivalent subsystem Z, defects. The same discussion applies to U% as well. We show some
examples of symmetry operators, defect operators and twist operators diagrammatically in Fig. 3.
If we consider a finite square lattice instead, inserting a defect changes the boundary condition.

The boundary condition is specified by [89]
|SivL,g) = 1815 T 15) s [Sijrr,) = |si; + Y. SitLegr,) = |sij +t + t; + t7)y, (3.5

where t%,tY t* € {0,1},Vi,j label the twisted boundary conditions along the j-th row, i-th

] M A
column and at the corner respectively. We further define boundary conditions of twist variables

T =1, t;ﬁLﬁ =Y + ™. (3.6)

There are L, + L, + 1 twist parameters but the Hamiltonian with subsystem Z, symmetry depends
only on the combinations {t;” 1= 5+ 15, t§’+ 1= tY +¢7,,} [89]. Taking account of the
constraint

Ly Lr

x _ Yy Yy
Y ¢ %75 =t (3.7)
j=1 i=1

only L, + L, — 1 twist variables are distinct.

Similar to the case of (1 + 1)d, the Hilbert space will be divided into symmetry-twist sec-
tors labeled by eigenvalues of the symmetry generators and boundary conditions. Denote the
eigenvalues of U¥, U} as (—1)", (—1)“ respectively, with uf,ui € {0, 1}. The constraint on the
symmetry generators (3.2) leads to L, + L, — 1 independent symmetry generators, dividing the en-
tire Hilbert space (with a fixed boundary condition) to 2= +2v~1 sectors. Similarly, the L, + L, —1
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distinct twist variables (t;” L tf L1 ) further divide each symmetry sector into 2L=TLv=! parts. In
2 2

Lo+Ly— . . .
total, there are 4“+**v~" distinguished symmetry-twist sectors labeled by (u, u?, t 1 tir%).

3.2 Subsystem KW duality operators

In this subsection, we generalize the KW transformation in (1 + 1)d to the subsystem KW trans-
formation, defined by gauging the entire subsystem Z, symmetry in (2 + 1)d. We also assume
the theory to be invariant under the subsystem KW transformation. We will demonstrate the
construction of the codimension one surface duality operator A**® acting on the Hilbert space
implementing the subsystem KW transformation and derive its fusion rule. Additional technical
details about turning on background gauge fields are included in App. A.

Dual lattice: Subsystem KW transformation maps the original square lattice with spin {s; ;}
to the dual lattice with spin {s,. 1 .. 1}. Each spin 1 € {0, 1} lives on the plaquette with
boundary conditions

Z+ Jt3 er Jt+3
’/3}+%+L1,j+§> |Sz+2,3+1
|Sicljriir,) = +%> , (3.8)

~ i Jry | Jx /]
|Siv 2t ety = Sivd gl +ti ),

where
Tx _ T Try 2y Y Ty ~ oy
Bprap, =G+ B, =0, +8 808, e{01}1 V5. (9
We use combined boundary conditions
T.=F 7 .y nl
G=tiy Ty Wt T, (3.10)

Among them, there are only L, + L, — 1 independent variables.

Let the Pauli operator 77 i+l 1 j+1 act on the dual lattice. The new subsystem Z, sym-
2 7

metry is generated by

L. L,
z — z Ty T
UJJF% S AR Ui+% Il ) QU NN (3.11)
=1 jil
with the constraint HJL':yl HL’” U Y 1 = 1. Denoting the eigenvalues of the symmetry gener-

atorsas (—1) 7%, (— 1)ui+zf = +1, the Hilbert space on the dual lattice is divided into 2%= v =1 x

2LetLy=1 qymmetry-twist sectors labeled by (ﬂ;? L f] ).
2
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Subsystem KW transformation: We use short-hand notations [{s;;}) and [{8;,1;,1}) for
basis states. Since the action of a symmetry generator in (3.1) only changes the spin along a
line or a column, we use [{s;;};{s;}) for action on j'-th line or |{s; ;}; {s} ;}) for action on
i’-th column. We adopt the same notatlon for action on the dual Hilbert space. For instance, the

symmetry generators U5, U, U EE U y+ , actas
2
U;i |{3z‘,j}> = |{Si,j}§ {1- Si,j’}>> Ujmur% |{/S\i+%7j+%}> |{Sz+2,]+1} {1- z+ ]'+1}>

(3.12)
Compared with (1 + 1)d, we define the action of subsystem KW transformation A/**® on the
entire Hilbert space by attaching a phase to the dual basis state and summing over all the dual
basis states. The exponent of the phase contains the term reminiscent of the minimal coupling of
a subsystem gauge field on the plaquette as well as the boundary term that gives the following
mapping between symmetry-twist sectors

~r _yx ~Y 1Y Tr _ oY
as shown in Fig. 4.
Y ¢
t, it
— =
Yy U
Ui_1 Z+%
1 1 1
. 1 1 1
]+1 1 1 1 A tx
sodeapehadaabotes O 1y
. 1 1 1
j T T T
1 1 1
PR S Sy Sy e - -
1 1 1 = ~
J—1— : : Uj1} i1
1 1 1
-—t--|--r-q----1--
1 1 1
1 1 1

Figure 4: Mapping of symmetry-twist sectors.

Concretely, the subsystem KW duality operator is defined as

su 1
Nb\{sm‘DZW Z (— 1)0"“‘k+c"dw{sl+27]+1}> (3.14)

g eyt

where in the exponent Cyyk is the bulk minimal coupling between the original spins on sites and
dual spins on the plaquette, and Cqy is the boundary coupling ensuring the correct symmetry-twist
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sector transformation (3.13),

Lm Ly
Chul 1= E g (8ic1j-1+ Sij1+ Si—1; + Si,j)SF%J% )
i=1 j=1

(3.15)

§ Tr E
dey t SLz,j + SLZ,] 1 + t Sz Ly + Si—1 Ly) +t ySLI,Ly 5
=1

where the spin with index O equal to the one with L, /L, shifted by proper boundary condition,
e.g. So0 = SL,,L, + 7 +17 + t7 . Asin (1 +1)d, we adopt the same phase for the definition of
the subsystem KW transformation A/*** acting on the dual Hilbert space H. The subsystem KW
transformation A/**® is Hermitian.

Mapping between Pauli operators: From (3.14) and (3.15), the Pauli operators transform as

NSUbJ%J Tit1,5 z,]-‘rlaz-i—l J+1 ’w> l i leub ’w> v |w> € H>
Nl () =67 1 107 az CNEP Y V) € H

$d—5 i—3.d+3 it3.d—% + J+3

(3.16)

which is a natural generalization of the ordinary KW transformation in (1 + 1)d.

Fusion rules: Fusion rules can be derived straightforwardly by acting the symmetry operators
Us, Uy, Ul’ Uy , and the duality operator A" on a general state [¢)) = 3" 3 Yisigy H{sigd)s
+3 K ’

where lb{sz-,j} ({si,}1) is the wavefunction coefficient. For example, acting N*** x U7, on [t))

NEXUL Y= D s pitios, 0 W 1{sia})) (3.17)
{51 ]} {52}

where we use redefinition of spin s; ; — 1 —s; ; in the j'-th line. Then we perform the subsystem
KW transformation and redefine spins to send ¢{si,j Yi{1—s, 1} back to @/){Sw.}. Under redefinition,
the changes in the bulk minimal coupling terms cancel because spins with index j' always appear
in pairs. The only contribution is from the boundary term

Tx Tx
tjl_%(sLI J’ + SLI jl_l) + tj +1 (Svaj/+1 + SLz7j/)

N (3.18)
=t (U= sp,g + 5p,-1) + 80 (5p,g + 1= 50,7)
. o G . .
leading to an extra factor (—1) '~2 'tz = (—1)". Therefore, the fusion rule is
N U = (=1)5 A (3.19)

By a similar argument, one can work out fusions with other symmetry generators. Here we only
list the results:

U\jx’+l X Nsub — (_1)tj’+%NSUb’ Nsub % Ui%l _ (_1)’§J,Nsub7 ﬁff+; % Nsub — (_1)t¢/+%Nsub'
2 2
(3.20)
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For self fusion of the duality operator, by acting (NV**®)T x A/ on a general state |1)) we get
two copies of the phase

Ly Ly
§ :2 :Sl 15— 1+82] 1+ Si- 1J+SZJ+SZ 1,5— 1+Sz] 1+82 1]+S’L_]> z——,]—f
=1 j=1
Ly Lo
i
+ i %(st]—l_SLx] 1+ S, S, 1) ‘f'E t SZLU+S'L 1L, + S, +sicir,)
j=1 =1

(3.21)

We then sum over states in the dual Hilbert space to get a product of delta function constraints on
states in the original Hilbert space ‘H

/ / / / ..
Si_]_7j_]_ + S’i7j—1 + Si_Lj + 87;,]' + Si—Lj—l _I_ Si,j—l + s’i-Lj _|_ Si,j - 0, VZ,] . (3.22)

The general solutions of the constraints are

So= sy AmlbmE mfmEe {01}, Vi, (323)

,L’-]

where m{, m7 having value 1 means one insertion of U, U respectively. We should then sum
over all distinct solutions, '

M = ((m{,m%)|m{,m? € {0,1}, (m¥,m?) ~ (m! + 1,m{ + 1)), Vi j. (3.24)

The final fusion rule is

Ly Ly
(Nsub)T % Nsub — Z (_1)2J i tf ]+ZZ 1 Z fH (Uzy>mZ H (Uf)mj , (3'25)
(m mg HeM i=1 J=1

generalizing the ordinary Ising fusion rule. The right-hand side is a sum of the generators of Z3"°,
reminiscent of the condensation defect that appears in the fusion rule of duality defects in (3+1)d
gauge theories [106,107,110,114,116,118]. As the operators U f and U; have restricted mobility,
and they form grids, we denote the right-hand side as the grid operator,

Ly Ly
Grid{%@} — Z (_1)23] Y Em e ?H(Uly)ml H (U];E)rm (3.26)
(miy,m;?)EM =1 Jj=1
14 T o '
== —_NEyY —15Uu®
_2“(1+( 1) UZ)jHl<H( 1) UJ), (3.27)
so that
(N X N = Grid o 3 ) - (3.28)
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t N sub

by =

Nsub Grldﬁ?@}

Figure 5: Fusion between two subsystem KW duality operators gives rise to a grid operator,
where the grid is along the space direction.

We also present this fusion rule in Fig. 5.

To the authors’ knowledge, the subsystem KW duality operator N** is the first explicit ex-
ample of a non-invertible operator in models with subsystem symmetry, which generates a non-
invertible subsystem KW duality symmetry.

Example: A canonical example with subsystem KW duality is the plaquette Ising model with
the critical transverse field in (2 + 1)d:

Lac Ly Lg: Ly
_ z _z z z o T
Hpysing = E E 0430i+1,j94,5+10i+1,5+1 E E 05 (3.29)
i=1 j=1 i=1 j=1

This model can describe a square array of superconductor grains with frustrating geometric phases
and the states with eigenvalue 0 = £1 are associated with p = ip order of each grain [171, 172].
The first term of Hamiltonian represents the phase acquired by a Cooper pair in the process of
encircling a plaquette, while the second term arises from tunneling between the p + ip order
parameters. Applying the subsystem KW transformation, one obtains the dual Hamiltonian

Lz Ly Lm Ly
Hpiging = — of 11— 07 1. 10,1 . 10, 1,101 -, 1- 3.30
D D) DLAVIEED D) DL RPN AE VL AP AP (30
i=1 j=1 =1 j=1

After relabeling the spins on the sites and on the plaquettes, the two Hamiltonians coincide,
Hpiging = ﬁplsing, hence the critical Plaquette Ising model has a subsystem KW duality sym-
metry. We will also formulate this symmetry by performing the subsystem KW transformation on
the same lattice, as shown in Sec. 3.4.

Moreover, the plaquette Ising model (3.29), as a (2 + 1)d quantum spin model, has a corre-
sponding 3d anisotropic classical model on the cube lattice [172, 173]:

j j

SThe global constraint can be seen as follows. Each configuration of m’s specifies a profile of operators U’s.
Since the product of all U operators is a trivial operator as shown in (3.2), and the product of all U corresponds to all
m’s being 1, we should identify (m},m¥) =~ (m{ +1,m} + 1) for all i, j.
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where s = +1 is put on each vertex. The first term is between four spins of all plaquettes in the zy
planes and the second term is between two spins over all bonds in the z direction. In this classical
model, the subsystem KW transformation represents a duality between the partition function of
high temperature and low temperature. Numerical calculations indicate that the phase transition
at the self-dual point is first order [174].

3.3 Subsystem KW duality defects

We switch to discussing the defects associated with the subsystem KW duality symmetry by plac-
ing one direction of the duality operator along the time. These defects are 2d surfaces with one
direction along the time, and another direction along the space. For simplicity, we work on the
infinite 2d square lattice. After defining the subsystem KW duality defect via the subsystem KW
duality twist operator, we discuss the fusion rules as well as the mobility under translation along
the space direction. For simpler conventions, we will adopt the same notation for the twist operator
and the corresponding duality defect.

Subsystem KW duality defect from subsystem KW duality twist operator: On the infinite
2d lattice, consider a subsystem KW duality defect localized at a line .S that divides the space into
two halves S and S_. Insertion of such a defect is realized by a twist operator N5™ that acts on
the half-space S_ and terminates at S. The twist operator V3" is defined as

w 1 half |
NS Wsigh) = R Yo DG )s i {sigds) (3.32)
{gifé,jf%}s—
where
Cgalf = Z<Si_1’j_1 + Si -1+ Si—1; + Si,j)/s\i—%,j—% . (3.33)
S_

In both equations, the summation is over the half-space S_, and /g _ is a formal parameter counting
the number of sites covered by S_. The action of the Hermitian conjugate of the twist operator is
defined as

su _~ ]- half
(NS b)T |{5i71 i l}S_§{Si,j}S+> = W Z (—1)05

2273
{sii}s_

{Si,j}> . (334)

In Fig. 6, we give several typical examples of subsystem KW duality defects.

Fusion rule: We can derive the fusion rules of the subsystem KW duality defects by acting the
corresponding twist operators on the same region. Here we list fusion rules of the twist operators
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(a) Defect localized at j > 1. (b) Defect localized at j > 1.(c) Defect localized at * : i = %, j > %,
j—2,;<@<%,and@:%,j§%.

Figure 6: Three examples of subsystem KW duality defects. An action of a twist operator on
the half-space S_ amounts to an insertion of a duality defect localized at line .S.

shown in Fig. 6,

(Mi%)T X'/\/’;ib% — Z H Uy H U:):t) :
J

mY? my= =0,1 <0

W) s = S Tl T )™ (3.35)

m? ;m5=0,1 ( j=0
z :9
wemtar = 57 TLwn™ o)™ T wss)™ I @)™
mY mi= =0,11<0 J>0 J=0

1

where twist operators N, N *b and N** correspond to defects located at i = 3,
—1 N

j =3 and*
2

respectively.

Let us interpret the first fusion rule in (3.35). On the right-hand side, each term in the sum is
a product of symmetry operators U and twist operators UOIE. Note that appending a symmetry
operator, e.g. U/, to a twist operator does not change the twisted Hamiltonian (since the symmetry
operator commutes with the Hamiltonian). Hence the twist operator on the right-hand side of
(3.35) should be defined up to symmetry operators. Hence (3.35) simplifies to

A A = > T )™

- ;
mj—O,l J

WE)T N = > T 8)™ (3.36)

mi=0,1 1

W) A = ST )™ T wet)™ T (o)™

ml,mz 0,1 >0 <0
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The right-hand side is again a grid defect, but the grid is only along the time direction. See Fig. 7
for the first fusion rule in (3.36). The fusion rules of subsystem KW duality defects in (3.36) are
different from those of the subsystem KW duality operators in (3.25). That there are differences
between space-like operators and time-like defects is a typical feature of subsystem symmetries,
which are inherently non-relativistic.

. ml/I;
=37 \fsub 2omz=o1 I1; (UG5)"™

Figure 7: Fusion between two subsystem KW duality defects gives rise to a grid defect, where
the grid is along the time direction.

Next, let us consider the fusion rules of the Z, defects and the subsystem KW duality defects.
To fuse them, the Z, defect should be inserted in the surface where the duality defect resides.
In other words, the corresponding Z, twist operator should terminate on S when subsystem KW

twist operator V3™ is considered. For simplicity, consider the fusion of ./\/;.Sfbl , Ug? and U*, = .
=35>0 —3d-3

2 ﬂ.]
The fusion rules are

sub xt xt
it X Ug; = Unj

7yt sub 7yt z z 7yt (337)
U71 .1 X ./\/;:5 = Ufé,jféo-(),j_lo-o,j ~U .

1 .
2772

“1a-}
Here we identify two defects related by a local unitary operator in the same equivalent class.
Therefore, we find the same fusion rules as (3.19) and (3.20).

Mobility of subsystem KW duality defects: We proceed to examine the mobility of the subsys-
tem KW duality defects. Intuitively, since the subsystem symmetry is not mobile under a generic
translation along the space, so does the subsystem KW duality defect. However, below we will
find that this is not true. We will demonstrate the mobility by studying the example in Fig. 8,
where the deformation happens only around the origin.

We find a local unitary operator IV relating the two duality twist operators

o= NEPW (3.38)
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(a) Defect localized at S : i = %, j> % (b) Defect localized at S’ : i = %, j> %
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Figure 8: Duality defects located on S and S’. We show that one can be moved to the other
by a local unitary operator.

where
W = CZ0,0),(1,1)CZ(1,0),1,1)CZ0,1),(1,)H,1) - (3.39)

We adopt the same convention as in the previous section, i.e. CZ; ;) ;) is the control Z gate
acting on sites (7, ) and (4', j), and H(y 1) is the Hadamard gate acting on site (1, 1). (3.38) can
be checked directly

NEW {si;}) = SUb\/— D (—ylooteoatonotonsin fg; be ) {sig}s)

11
1 half -~

_ 2(857+1)/2 Z (_1)05 +(s0,0+s0,1+s1,0+51,1)87 3 ’{Sifé,jf%}s—; 8/171; {Si,j}S/+>

{:9\1 1yj,%}s_7s/l,1
$11751 1 1 half

S X U R b (b = AR s
- {3\77 ',1}5’/
i=5,]

(3.40)

This shows that the two defects N5® and V5™ are equivalent, hence the defect is mobile under a
spatial deformation. As commented at the end of Sec. 2.3, this does not prove that the subsystem
KW generator is topological under arbitrary spacetime deformation. We will not try to prove this
in this work.

3.4 Subsystem KW duality symmetry

We briefly comment on the subsystem KW transformation with a single Hilbert space. Similar to
the (1 + 1)d transformation, we will define a new transformation A**® by redefining the plaquette
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spins to sites,

Concretely, (3.14) becomes
\ /Su 1
NS {si;}) = STAE2 Z (—1)Cbu1k+0bdy |{5;J}> ’ (3.42)
{Sé,j}
where the bulk and boundary terms are
Lz Ly
Chulk = Z Z(Sz‘,j + Si g1+ Sit1,; Si+1,j+1>sg7j )
i=1 j=1
L, L (3.43)
Coay = ) U7 sr,415+ ) tsin 1+ s0, 000,01,
j=1 i=1

N is a symmetry of the critical plaquette Ising model because it exchanges the plaquette-o*
terms and the transverse-o” term
7sub (7sub
N*®a7 o} 071051 ju1 V) = Uijsu [v), V) eH,

\ /sub ;] s 72 z z z 7 \ /sub (344)
N ol i) = of,0; O-ij—lo-i—l,j—l'/\/" V), V) eH.

[2¥) 2_17j )

In the untwisted sector, the nontrivial fusion rules is

Ly Ly
N N =TT+ U [ (1 +UF) Ty (3.45)
i=1 j=1

where T, implements the lattice translation in the diagonal direction

Loy {s15}) = iy = sivrj1}) (3.46)
In a similar way, the symmetry defects are created by acting the twist operators
AJsub {s:,}) = 1 Z (_DZS_(Si,j+5¢+1,j+s¢,j+1+5i+1,j+1)52,j {s! Yo :{si;}s.)
s Wt = 5@0n Sigfs-i1Siirse) (3.47)

{sijts_

defined on the half space. The fusion rules and mobility of these defects follows in the similar
discussion as Sec. 3.3.

3.5 Anomaly of subsystem KW duality symmetry

We conclude this section by generalizing the approach in Sec. 2.5 to show that the non-invertible
subsystem KW duality symmetry is anomalous.

We proceed to prove the anomaly by contradiction. Assume that the subsystem Z, symmetry
is anomaly free, hence it is compatible with a gapped phase with one ground state, i.e. subsystem
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symmetry protected topological phase. Such a phase has been classified in [159], which is given
by H?(Zg x Zy,U(1))/(H*(Z2,U(1)))® = Z,."® Hence there is one trivial phase and one non-
trivial phase. The trivial phase has partition function Z;, = 1, and the non-trivial phase has the
partition function [161]

ZSSPT[A7'7 Azy] — /D¢xy<_1)f¢l‘y(8q—AzyazayAr)JrA-rAzy 7 (348)

where ¢™¥ € 0,1 is an auxiliary field, integrating which constraints the flatness condition of the
background field A, A,, of the subsystem Z, gauge field. See Appendix A or [89] for further
discussions on the relation between the subsystem Z, symmetry operators (3.1) and the subsystem
Zo symmetry background fields on the square lattice. The Lagrangian is invariant under gauge
transformation ¢™¥ — ¢™ — a, A, — A, + 0, Apy — Agy + 0,0,

Let us check whether Z,;, and Zsspr are separately invariant under the subsystem KW transfor-
mation, i.e. the gauging of the subsystem Zs symmetry. For Z;,, gauging subsystem Z, symmetry
gives a spontaneous subsystem symmetry broken (SSSB) phase, whose partition function is '/

_ arAgytazyAr
ZsssB _/Da f v

Z (_1)2 (WfrlyzW +WA2/1+1 +1)+Z (W;_ZZJWA +WA we ) (349)

x]+§ zj+5
7

conf. of a

where we regulate the integration of the dynamical gauge field on a finite cubic lattice with L, x L,
sites and suppressed the overall normalization. The sum runs over all configurations of gauge field
a, which can be converted to the summation over holonomy variables. However, there are only
2(L, + L, — 1) independent holonomy variables out of 2(L,, + L,) variables

we Zwe o owe L we . e{0,1}. (3.50)

Ty it (VR R

To pick the independent variables, recall the constraint on the space holonomy variables

Lz La Ly
A A
yz+2 +ZW7J+2 ZWy§i+ZWz;j _07 (351)
i=1 =1 j=1

which also shows that the partition function is invariant under a global unit shift of the time holon-

16The classification is only for strong SSPT phases, while there are also weak SSPT phases. The weak SSPT phases
only made use of a subset of symmetry generators, say {U b } but not {U/}, hence the background fields are different.
In [161], the weak SSPT with subsystem Z, symmetry was discussed, whose field theory is A:0,A,. Below, we
would like to discuss the anomaly of the entire subsystem Z, symmetry whose background fields are A;, A, thus
we will only discuss the SSPT whose field theory is in terms of A;, A, It turns out that the only SSPT with such a
background field is the strong SSPT.

17 Again we will suppress the normalization factor.
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omy variables. With the above redundancy, we can choose the following gauge fixing condition

We  =W2 =0,

T y7 7y7 2
Ly

We, = + we
Yvis P yH—é Z Tij+35 (3.52)

Ly
Wi =Y W +ZyWA
i=2 j=1

Then we can evaluate the partition function (3.49)

Zsssp = Z (—1)Z oW Wiit Wiy Wi +1)+Z Ve Wt Wi Ve )
conf. of a
La Ly (3.53)
i=2 =1

Indeed, the ground state degeneracy is extensive and spontaneously breaks the subsystem Z, sym-
metry. This means that the trivial phase is not invariant under gauging.

For Zsspr, gauging subsystem Z, symmetry yields a partially spontaneous subsystem symme-
try broken (PSSSB) phase, whose partition function is

Zpsssp = / Da / D (1)) &7 O dudae) ety oAyt Ar
(3.54)

ArQpy+ar Apy+azy Ar
/Da f Yy zy Tazy ,

where we first integrated out the auxiliary field ¢*¥ enforcing the flatness condition 0,a,, —
0.0ya, = 0. PSSSB means the ground state degeneracy is not extensive and only part of the
subsystem symmetry is broken.

To see this, let us integrate out a, a,, in (3.54). Naively, one would attempt to simply integrate
out a, which enforces a,, = A;,. Such a naive integration, however, is obstructed due to subtle
global constraints originating from the flatness condition for the gauge field. Below, we evaluate
the integration carefully by first converting the integration of gauge fields in terms of summation
over holonomy variables. Concretely,

L L
7 = Z ( 1)ZZT1 vy 1( i TW i) T2 Wa+ (W2 ot Weaj41)
PSSSB — -
{conf. of a} (3.55)
we WA WA we we WA WA we
()T A, W AW WA W)

Using the gauge fixing condition (3.52) and summing over the spatial holonomy variables of the

dynamical gauge field W; SWe el yfori=2,...,Lyandj =1,..., L, we will get
v )3

~ Ly a
Tpsssp = Z daa (— 1)2 we Wi+ Y we Wi ’ (3.56)

wa o we . =0,1
Yty Taiit g
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where the delta constraint & A,q includes

A a a a .
WT>y;i+2 W y2+WTyZ+W y1+1’ Z—Q,,Lx—l
WfZJ;Lm“" =Wy + Wiyir, (3.57)
Wflﬂj"r% = Ty2+ng]+foj+1, jzl,...,Ly

The first two lines are constraints on the y direction and the last line is on the = direction. Further
summing over the delta constraints on y and x directions separately leads to

Z W ,y,1+7 =L Wf%
(3.58)

a
Z Ry = LWy

This means that the background field A obey global constraints, depending on the parity of L,
and L,

1. (L,, L,) = (even,even): two independent constraints 3%, WTAy i1 = Zfil fo;ﬂ | =
0, leading to four-fold ground state degeneracy.

2. (Lg, Ly) = (even, odd): one independent constraint ZLT WA il = = 0, leading to two-fold

ground state degeneracy.

3. (Ly, L,) = (odd,even): one independent constraint Z WTAw = = 0, leading to two-

fold ground state degeneracy.

4. (Ly, L,) = (0odd, 0dd): one independent constraint 37, Ty2+1 + Z =0,

T , ]+
leading to two-fold ground state degeneracy. ’

For all cases, the theory after subsystem KW transformation spontaneously breaks part of the
symmetry, and therefore Zgspr is not invariant under gauging subsystem Z, symmetry. '8

Because both Z;, and Zgspr are not compatible with subsystem KW duality symmetry, we
can conclude that this symmetry is anomalous. We remark that this anomaly protects the phase
transition of the plaquette Ising model with the critical transverse field in (3.29).

4 Discussion and future directions

In this paper, we gave the first example of a subsystem non-invertible symmetry — the subsystem
KW duality symmetry — in lattice models in (2 + 1)d, thereby filling in one missing corner of

18The feature where the gauged strong SSPT has 4 or 2 GSD depending on the parity of (L., L,) can also be seen
for the lattice model Hsspr = — ), ;07,07 ;1071 ;0741 j 1107 j_107-1,;0;—1,j—1- We thank Trithep Devakul for
pointing out this exactly solvable model.
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duality symmetry | subsystem duality symmetry
dimension (1+1)d (24 1)d
operation gauging Zo gauging subsystem Zo
fusion rules of operators (2.6) (3.19), (3.20), (3.28)
fusion rules of defects (2.15) (3.36)
invertible defect mobility mobile restricted mobile
duality defect mobility mobile mobile along spatial translation
anomaly of duality symmetry anomalous anomalous

Table 2: Comparison between the KW duality symmetry in (1 4+ 1)d and the subsystem KW
duality symmetry in (2 + 1)d.

generalized symmetries in Tab. 1. The discussion of subsystem duality symmetry in (2 + 1)d is
a direct generalization of the ordinary duality symmetry in (1 + 1)d. We listed the comparison in
Tab. 2. Here we comment on several future directions.

To have a generic understanding of subsystem non-invertible symmetry, one can employ sim-
ilar analysis to models with general abelian subsystem symmetry [83,175] or theories with global
dipole symmetry [87,91]. Another interesting direction is to find the last missing corner in Tab. 1,
a higher subsystem non-invertible symmetry, by studying duality operators and defects from gaug-
ing higher-form subsystem symmetry [85,90, 142—144, 146, 148,176-178].

As a duality transformation, the subsystem KW transformation provides a new method to
study SSPT phases. For example, we can perform a parallel analysis for (2 + 1)d many-body
systems with Z, x Z, subsystem symmetries where subsystem KW transformation A/*"® amounts
to gauging the Z, X Z, subsystem symmetries. Moreover, there exists a unitary decorated domain
wall (DW) transformation Upy relating Z, x Z, strong SSPT phase and trivially gapped phase '’
in (2+1)d [79,179]. Similar to the cases in (1+ 1)d [154,180, 181], one can define the subsystem
Kennedy-Tasaki (KT) transformation

Nir = NP Upw ™, 4.1

which relates the SSPT to SSSB phase, while leaving the trivial gapped phase invariant. See
Fig. 9 for a summary. The KT duality transformation thus offers a hidden symmetry-breaking
interpretation for strong SSPT phase [182—184]. It is interesting to explore the explicit expression
of this duality transformation and its applications to gapped and gapless SSPTs [181, 185-188].
In [89], we discussed the subsystem Jordan-Wigner (JW) transformation. It is known [169,
189,190] that in (141)d, the JW transformation, the KW transformation, and stacking a fermionic

Here we consider the product state, which excludes the weak SSPT phase.
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KT

-

Trivial

KwW DW

KT
DW SSSB » SSPT KW

Figure 9: Three gapped phases with Z, X Z, subsystem symmetry and the dualities between
them. Note that the KW duality transformation in the figure applies to the entire subsystem
Zo X Lo symmetry.

SPT, i.e. the Arf invariant, satisfy the following relation
(Stack fermionic SPT) - JW = JW - KW . 4.2)

In (2 + 1)d systems with subsystem Z, symmetries, besides the subsystem JW transformation,
subsystem KW transformation, and stacking a subsystem fermionic SPT (i.e. the subsystem Arf
invariant in [89, Sec. 4]), we can also stack a bosonic subsystem Z, strong and weak SPT [158,
161,191, 192], see also the discussion in Sec. 3.5. Hence these four operators generate a more
complicated diagram. It would be interesting to explore the relation between them in the future.
Finally, it has been realized recently [164, 193] that gaugings and measurements can be imple-
mented in the quantum circuits to prepare interesting topological states, and has potential applica-
tion in fault-tolerant quantum computation. It is also widely appreciated [194—199] that quantum
codes with subsystem symmetries behave better in protecting quantum information from errors.
It would be interesting to investigate whether the subsystem KW duality operators can be imple-
mented in the quantum circuits and to search for possible applications in quantum computation.
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A Gauging subsystem Z, symmetry

The subsystem KW transformation gauges a subsystem Z, symmetry. We will review the technical
details [89] in this appendix.

Turing on background gauge fields: To couple the theory to a background gauge field, con-
sider a spacetime cubic lattice with 7" sites along the time direction and L, x L, sites along the
space direction. The background gauge fields sz’k Iy Bﬁ%,ﬁ%,k € {0, 1} are defined on the
time link and the spatial plaquette respectively, see Fig.10.

(4,7, k +1)
BiT,j,H%
.
b)x 3.0+5.k
(4,7, k) (i+1,4,k)

Figure 10: Background gauge field for subsystem Z, symmetry on lattice.

The gauge invariant holonomy variables VVTBz o ij L1 Wfi 41 € {0, 1} are defined by sum-
W IR
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ming gauge fields over particular spacetime circles.

B
T,m ZB,ngr— Tmy—i_wfyl’
B

J+2 Z 2+2,j+2,k ]+ ’ (A1)

L?!
wE B™, =t .

yl"'—* 1 Z+27.]+27k Z+%

Jj=

The number of holonomy variables grows with system size. Because the L, x L, variables W2,

T4,
are highly reducible instead we use WB . W2E e {0,1}, detecting the insertion of symmetry

’TZ‘]’ Tyl

operator (U )W and (UHW= “wi . The constraint on the symmetry generator [, UY Hfil Uy =
1 induces the redundancy

wWhoo—wrhl . +1, WE,—-Ww-E . +1, (A2)
which is obvious from (A.1). Along the spatial cycle, the holonomy variables WB e Wﬁ L1
2 2

detect the boundary conditions with the follow1ng constraint

L,
NI MR a3

In summary, there are L, + L, — 1 independent holonomy variables along the time and space
directions separately. The partition function with background fields is

LL/ L:c
B B B B o \Wp by —BH
ZOW s Wy Wi, W) = Tr{WB o } (H(U W ) <H(Uy) )e :

wij+3 it d j=1 i=1
(A4)

Gauging subsystem Z, symmetry: Consider a theory X with a non-anomalous subsystem Z,
symmetry on the spacetime 3-torus 7. After gauging, we obtain a theory X/Z5™ living on the
dual lattice with a new subsystem Z, symmetry. According to the new subsystem Z, symmetry,
the Hilbert space is divided into symmetry and twist sectors labeled by u := {ﬂ;” L ﬂiﬁ,? =

{?;U,?Zy} Equivalently, we can couple the new theory with a new background subsystem Z, gauge
field.

The gauging procedure contains two steps: first attach to the partition function a phase whose
exponent is the cup product of the gauge fields in X and X/Z$"™ and then sum over all distinct
gauge field configurations in the theory X to promote its gauge field into a dynamical field. In
terms of gauging ordinary Z, symmetry in (1 4 1)d, the background for the quantum symmetry
couples to the dynamical gauge field via the standard coupling

/ b.B, + b, B, = WEW? + WBW?. (A.5)
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(A.5) can be derived using the flatness of gauge fields B, b. We show it on lattice for later conve-
nience of the generalization in subsystem symmetry. After discretization on the spacetime lattice
with L, x T sites, the flatness means that the gauge field B is closed

Bq:JJré + BZ—+1,]+1 + Bf+2,j + Bf+2,]+1 07 (A6)

equivalent to the statement that the gauge field B is exact

B ..=Bij+ Biy1; B/

i+3.5 i+

= B;j+ Bjjt1, (A7)

where B; ; € {0, 1} is the potential field of the gauge field. By definition, the holonomy variables
measure the twist boundary of the potential field

Z B ij+l Bi1+ Biry1,
(A.8)

ZBH =B+ B,

(A.5) then follows

JEZRNTRS 5 S U

lel

= Z Z ig T Bigr)bi; 1+ (Big + Bipi )b,y

i=1 j=1

L, T
=SS By Iy, )

i=1 j—l

(A9)

T
+szT+ Zl+Bi,Lz+1)+ZbL +31,j (Blj+BT+1,J)
j=1

= W,Bwf + WEw?.

Similarly, we can regularize the coupling to subsystem symmetry gauge fields. Consider the
spacetime cub lattice with L, x L, x T'sites. The flatness means that the gauge field B is closed

BT 1+BT

r
1,5,k+35 i+1,7, k’—l—l + B

Tips + BT LB, L+ BY, =0, (A.10)

i+1,j+1L,k+35 i+1.5+5.k i+, 545 k+1

equivalent to the exactness
.
B kvt = Bigr + Bijrn

xy
Bl i1y = Bijk + Bivvjk + Bijerk + Bivijiik,
27 2?

(A.11)
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where B; ;€ {0, 1} is the potential field for the subsystem gauge field. The holonomy variables
measure the twist boundary of the potential field

B B _ B ..
WTJ}] + WTy 7 WT’L] Z B i3, k—i— ,],1 + Bz,j,T—i-l
Lz
B — Y — ) ) ) .
W, vl T E BH%JJF%J{ = Bijk + Br,+1k + Bij+ik + Bro+ij+1k
=1

W, z+2 E BZ+2’]+27,§ Biik + Bir,1k + Biviak + Bivi,n, 41k

(A.12)
The standard regularization of the coupling to subsystem gauge field is
Ly, T
[ B B =SS B Bl A
i=1 j=1 k=1
After a lengthy but straightforward derivation, we obtain
La Ly
/bTBxy +bay B =Y (W! W+ WE W) + Z(wa+lwfj+1 +WE WL,
- "~ (A.14)

Following the above procedure, the partition function after gauging is

T:vj? Y510 7]—|— yz+2

1

— b b b
- 22(L1+Ly*1) Z Z (WT 377]+1 ’ WT y,1+1 ’ W$.77 Wyﬂ) (A 15)
wb we WE L Wh =01 )
rag+d il B
L b B B b
Zzzlwu1+lwy +1+ ‘ryz yz)+z ( :cj+1ij+1+ ‘r:chg:])

x (1)
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