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Abstract

In this paper, we study the twisted gauging on the (1+1)d lattice and construct various
non-local mappings on the lattice operators. To be specific, we define the twisted Gauss
law operator and implement the twisted gauging of the finite group on the lattice mo-
tivated by the orbifolding procedure in the conformal field theory, which involves the
data of non-trivial element in the second cohomology group of the gauge group. We
show the twisted gauging is equivalent to the two-step procedure of first applying the
SPT entangler and then untwisted gauging. We use the twisted gauging to construct the
triality (order 3) and p-ality (order p) mapping on the Z, x Z, symmetric Hamiltonians,
where p is a prime. Such novel non-local mappings generalize Kramers-Wannier dual-
ity and they preserve the locality of symmetric operators but map charged operators to
non-local ones. We further construct quantum process to realize these non-local map-
pings and analyze the induced mappings on the phase diagrams. For theories that are
invariant under these non-local mappings, they admit the corresponding non-invertible
symmetries. The non-invertible symmetry will constrain the theory at the multicritical
point between the gapped phases. We further give the condition when the non-invertible
symmetry can have symmetric gapped phase with a unique ground state.
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1 Introduction

In (14+1)d, Kramers-Wannier duality, Kennedy-Tasaki transformation, and many other duality
mappings are powerful tools in solving the quantum spin models [1-7]. These dualities map
symmetric operators to other symmetric operators while preserving locality, but they may not
preserve locality when mapping charged operators. Consequently, these dualities induce the
maps among different gapped and gapless phases [8-14]. They provide a simple and precise
way to identify the critical points, understand relatively exotic phases and solve the interacting
theories. For the recent discussion of duality mapping and non-invertible symmetry on the
lattice, see [15-27].

However, these duality mappings in general lead to the dual theory with a different sym-
metry. It is difficult to identify them from these non-local mappings. Translating these dual-
ity maps to the gauging procedure would make the dual theory and symmetry more explicit
[28,29]. Nonetheless, some duality, such as the Kennedy-Tasaki transformation [3-5,30-34],
involves “twisted gauging”, which will be the main focus of this paper.

In a (14+1)d quantum spin chain, gauging a 0-form global symmetry will lead to a dual
0-form global symmetry [28, 35,36]. The ordinary Kramers-Wannier duality is obtained
by gauging the Z, spin-flip symmetry in the transverse field Ising model. In the contin-
uum perspective, for a theory with a global symmetry G together with the 't Hooft anomaly
w € H3(G,U(1)), we can gauge its anomaly-free subgroup H C G, twisted by a discrete torsion
¢ € H?(H,U(1)). The original theory is mapped to a dual theory with the dual (categorical)
symmetry C(G, w,H, ), the so-called group-theoretical fusion category, under the twisted
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Table 1: Bulk-boundary correspondence between the 241d bulk Symmetry TFT and
1+1d boundary theory. The anyon permutation symmetries in the bulk correspond to
different transformations on the boundary theory. T corresponds to applying an SPT
entangler with non-trivial ¢. S corresponds to gauging with diagonal bicharaters. S
followed by R corresponds to gauging with different bicharacters S.

Bulk anyon permutation symmetry | Transformation on the boundary

T-type Applying an SPT entangler
R-type Automorphism of global symmetry
S-type Gauging the global symmetry

gauging. Many physically interesting fusion category symmetries are group-theoretical fusion
categories, for example, Rep(G) = C(G, 1, G, 1) [20,25-27] and the Tambara-Yamagami fusion
category can be group theoretical with certain conditions [37,38]. The general gauging of H
is specified by:

* a symmetric, non-degenerate bicharacter y : H x H — U(1), specifying how the dual
symmetry should be identified with the original symmetry. For H = Z, the identification
is unique. But for H = Zy x Zy, there are diagonal pairing and off-diagonal pairing,
which are related by the automorphism of H.

* a discrete torsion ¢ € H?(H,U(1)), corresponding whether applying an SPT entangler
before gauging [39].

In the partition function level, the data is presented as!

7Z[X,A]l = # Z Z[X,a]exp (Znij ;((a,A\) + a(a)) , (D)

a€H(X,G)

where a(g,h) = ¢(g,h)p(h, g)~! and # is the normalization factor. a is the dynamical gauge
field being summed over and A is the background gauge field for the dual global symmetry.
We incorporate these data in the lattice gauging in this paper, the non-trivial discrete torsion
¢(g,h) will modify the Gauss law operator (17) and different bicharacters are obtained by
certain global symmetries. We denote the untwisted (twisted) gauging as gauging with the
trivial (non-trivial) discrete torsion and using the diagonal pairing between the original sym-
metry and the dual symmetry.> We implement the twisted gauging using the modified Gauss
law, and show on lattice that

Twisted gauging = Applying SPT entangler then untwisted gauging. (2)

There is a bulk-boundary correspondence between the (un)twisted gauging in (14+1)d theory
and anyon permutation symmetry of the bulk (24+1)d topological order [40-54], a lightning
review of the bulk-boundary correspondence is given in Appendix D. We will mainly focus on
the lattice version of the transformations on the (14+1)d boundary theory. In this language,
we can reinterpret the duality as gauging, for instance,

1We assume G is abelian for simplicity. Gauging the non-abelian symmetry G leads to dual non-invertible Rep(G)
symmetry. The more accurate treatment is to use the topological defect line operators, which will be elaborated in
Sec. 2.

2More generally, the twisted and untwisted gauging only have a relative difference, we thank Sahand for raising
the case about anomaly-free non-on-site symmetry.
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* Kramers-Wannier duality = Untwisted gauging Z, global symmetry (S).

* Kennedy-Tasaki duality = (—1)-Twisted gauging Z, x Z,, then applying an SPT entangler
(TS;S,T™ D,

where T denotes bulk anyon permutation symmetry corresponding to applying the SPT en-
tangler with a non-trivial element in H2(H,U(1)) [55], and S; corresponds to the untwisted
gauging of i-th symmetry with diagonal pairing. There is an additional elementary transforma-
tion R corresponds to the automorphism of the global symmetry, which can be used to change
the diagonal pairing to off-diagonal pairing Tab. 1.

Note that the twisted gauging generates quite general non-local mappings, which are be-
yond order 2 duality. Combining with the global symmetry actions, the non-local mapping
is the generator of triality (order 3), p-ality (order p) and even K-ality, where K is a finite
group [56]. In particular, this paper studies the lattice version of triality and p-ality which is
a combination of twisted gauging and global symmetry action. To be specific,

* Triality Tri = Twisted gauging Zy x Zy follow by an automorphism (R(U;)S;S,T),
* p-ality P = (—2)-Twisted gauging Z, x Z, follow by an automorphism (R(U;)S, S, T2),

where U; = (% 3 ) and R(U;) changes the diagonal pairing to off-diagonal pairing. To be con-
crete, for a 1d chain with Z;, Zy; acting on even and odd sites respectively. The automorphism
of Z3, x Z3, specified by U, is obtained by T C®, where T is the lattice translation symmetry and
C¢ is the charge conjugation symmetry acting on the even sites. The translation symmetry T
effectively swap the two Zys. All the non-local mappings are derived in the algebra level and
they induce the mapping among the Hamiltonians. For Zy x Zy symmetric Hamiltonians that
describe gapped phases, triality maps,

: PTN ! -
Tri : SPT® — SYM _— S ~ SSB > SPT® — SPT(—a—l) 1 ’ (3)

where SPT? denotes the a-th Zy x Zy SPT, and the disordered phase (SYM) is equivalent to
0-th Zy x Zy SPT. Depending on N, there could be triality invariant SPTs. For N being prime
numbers, the triality invariant SPT? is given by the condition a(a +1)+1 =0 mod N, which
exists for N =3 or N =1 mod 3. The 3+1d analog of triality is discussed in [57]. We show
that the non-invertible triality non-local mapping can be related to invertible Z; automorphism
of Zy x Zy in Sec.7.1. For instance, let’s consider the Z, x Z, symmetric Hamiltonians, the
Z35 x 73 acts on even and odd sites of the 1d chain respectively,

SPT SSBdiag

4)

A
1
1
1
1
s

SYMw SSB SSB® SB°
Tl.i Zi;lll {0}

where SSB denotes the Z, x Z, spontaneously symmetry breaking phase, and SSB! denotes
the i-th Z, partially SSB phase. Under the Kramers-Wannier duality on the even sites, the
non-local map Tri is transformed into the Z§"* automorphism of Z, x Z,. The center of the

4
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equilateral triangle is the gapless Kosterlitz-Thouless (KT) transition point, which is triality
invariant and admits the triality fusion category symmetry.

The p-ality transformation acts on the Z, x Z, symmetric Hamiltonians with p being a
prime number,

P: spT'{0 SSB— SYM — SPT2 ' — .- — SPT2 —SSB,  SPT® — SPTC¢™2 ' (5)

where x~! shoud be understood as modular multiplicative inverse of x mod p. For p = 2 the
p-ality reduces to the duality with the off-diagonal bicharacter R(U;)S; S, related to the blue
arrow in the first diagram of (4), the corresponding non-invertible symmetry can be Rep(Dg)
(one can stack an 2+1d Z, SPT to change the Frobenius-Schur indicator of the duality TDL [21]
and realize a different fusion category). Similar to the triality, the p-ality non-local mapping
can be transformed into a Z¢ non-on-site symmetry under the TS;S,T~! transformation as the
green arrow in (4) and in the following for Z; x Z5,

SPT

(6)

The disordered phase (SYM) is equivalent to the SPT, the Zs, is generated by the SPT entangler
]_[j CZ;J.l_szCZZj’ZjH, where CZ; ;,; is the controlled-Z gate for qutrits. For p =5,

(7)

SPT!

The type Il mixed anomaly among Z, X Z,, x Z; is used to bootstrap the conformal field theory
at the multicritical point between different SPT phases [58], such as the center of the right
figure in (7). Under the TS;S,T~}, the p-ality also constrains a multicritical point. For general
prime p, the SPT! is always the p-ality invariant phase and admits the p-ality fusion category
symmetry. It would be interesting to classify the symmetric gapped phases or the fiber functors
of the p-ality fusion category symmetry [56,59,60]. As we analyzed in Sec. 7.2, the SPT! could
have several cousins but their domain walls will host zero modes [24,61,62]. More details of
these non-local mapping will be elaborated in the main context.

In this paper, we study the non-local mappings on the 141d lattice model using the
(un)twisted gauging. In particular, we define the twisted Gauss law operator and derive the
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dual Hamiltonians under the twisted gauging. We connect the (un)twisted gauging to the
quantum process and orbifold in field theory. The locality of symmetric operators is preserved
under the (un) twisted gauging, while the charged operators are mapped to non-local ones.
The mapping is on the algebra level and does not need to specify the Hamiltonians. To be
concrete, we study the triality mapping of Zy x Zy symmetric Hamiltonians and p-ality map-
ping of Z,, x Z, symmetric Hamiltonians in detail, where p is a prime number. Both non-local
mappings are generated by the different twisted gauging. We find the condition for triality or
p-ality invariant gapped phase with a unique ground state. And consequences of the triality
or p-ality fusion category symmetry. The outline is as follows, we review the gauging in con-
tinuum, lattice, and quantum information perspective in Sec. 2 and define the general twisted
Gauss law operator on the 1d lattice. In Sec. 3, we review the Kramers-Wannier duality and
set up the notations. In Sec. 4, we study the Z, x Z, twisted gauging and construct its corre-
sponding quantum process. By simplifying the steps of minimal coupling and imposing Gauss
law, we find that twisted gauging is equivalent to applying the SPT entangler and then gaug-
ing. We summarize the non-local mapping among gapped phases in Sec.4.1. We generalize
the twisted gauging of Zy x Zy in Sec. 5 and detailed study the triality and p-ality non-local
mapping in Sec. 6. Specifically, we derive the triality and p-ality non-local mappings on sym-
metric Hamiltonians and find the condition when the symmetric gapped phases with unique
ground state are invariant under such mapping. We further study their corresponding fusion
category symmetries. In Sec.7, we give the continuum field theory perspective and connect
them to the lattice transformations. We give the group theoretical fusion category construction
of the triality and p-ality fusion category, which implies that the non-local mappings can be
converted into the invertible symmetries.

We will use mathsf font for general (non-)local mapping of the operators in the Hamilto-
nians and quantum gates. K... represents the corresponding Kraus operator. T... represents the
matrix acting on the Pauli polynomials as reviewed in Appendix C. U... represents the corre-
sponding unitaries. mathrm font, like S, T, R, labels the bulk automorphism symmetry in the
one higher dimensional symmetry topological field theory as reviewed in Appendix D.

1.1 Relation to the previous studies

Another important consequence of the duality is its constraint on the phase diagram. As a
textbook application, the Kramers-Wannier duality can pin the Ising critical point given there
is only one transition point. Since the duality maps one phase to another, the critical point is
invariant under the duality [63]. An interesting scenario is that the second-order transition
can be driven to the first-order via a multicritical point by turning on the duality-invariant
operators [64, 65]. The self-duality is used to constrain the phase diagram and analyze the
critical behavior in higher dimensions and other contexts [66-71]. Note that we will focus on
the strong duality (exact duality) that maps between ultraviolet theories, in contrast with the
weak duality that relates the infrared phases, see recent review of infrared weak duality web
in [72-78]. Given the non-local mapping, it is generally hard to find such duality invariant
operators, but the (un)twisted gauging procedure again gives clear transformations on the op-
erators. In particular, the (un)twisted gauging can be mapped to a symplectic transformation
acting on the stabilizers [79-81]. The duality invariant operators can be easily found using
the algebraic method reviewed in Appendix C. To be specific, all the transformations that map
the Pauli operator to the Pauli operator while preserving the commutation relations can be
represented as the symplectic transformation. The Pauli operators are represented by vectors
in the symplectic vector space Appendix C. By solving for the invariant vectors under the sym-
plectic transformation, one can find the non-local-mapping-invariant operators and construct
the Hamiltonians.
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If a theory is invariant under the duality, it is said to be self-dual. In the generalized sym-
metry perspective, the self-dual theory admits the non-invertible symmetry associated with
the self-duality [82-85]. For (1+1)d systems, the O-form symmetry is generated by line op-
erators. In particular, these line operators commute with the energy-momentum tensor and
they are topological defect line (TDL) operators. The TDL associated to the self-duality can
be understood as the interface between the original theory and the dual theory. Because
the theory is self-dual, the duality TDL can be moved freely as a consequence of commut-
ing with the Hamiltonian. However, such duality TDL is not invertible. The intuition is that
the TDL maps among gapped phases with different ground state degeneracies (GSDs). The
ordinary Kramers-Wannier duality maps the ferromagnetic phase with GSD 2 to the paramag-
netic phase with GSD 1 and applies twice to get back to the ferromagnetic phase but only with
1 ground state. Then the fusion of duality TDL gives the projection to the symmetric combina-
tion of the SSB groundstates. The Kramers-Wannier duality defect has been extensively studied
in[6,7,19,86-91] and can be constructed from the half-gauging procedure [21,57,92,93]. For
the Kramers-Wannier-like non-invertible symmetry in higher dimension, see [57,92,94,95].

If the theory is invariant under the twisted gauging, the TDLs that are constructed from
half-twisted-gauging generate the corresponding non-invertible symmetry. The fusion cate-
gory consists of the original invertible line and the new non-invertible TDLs as its simple ob-
jects. Note that the data of twisted gauging is not enough to determine the fusion category.
Additional data should be provided. For example, the Frobenius-Schur indicator of the du-
ality line in the Tambara-Yamagami fusion category is specified by whether or not stacking a
(2+1)d SPT from H3(Z,, U(1)) before gauging [38,96]. The Z, SPT in (2+1)d is discussed
in [97,98]. For triality and p-ality fusion category, additional data on symmetry fractional-
ization is needed [60, 99, 100]. Nevertheless, sets of the triality and p-ality fusion category
have group theoretical fusion category construction, which is discussed in detail in Sec. 7. The
group theoretical fusion category construction suggests that the non-local mapping Tri or P
can be converted into invertible symmetry in the dual theories. This is reminiscent of the
construction in [24,101].

Similar to ordinary symmetry, the non-invertible symmetry can be anomalous, but the pre-
cise meaning deviates from those of ordinary symmetry [102]. It is possible to gauge the
anomalous fusion category symmetry C by inserting the mesh of the Frobenius algebra object
but the anomalous fusion category symmetry C is not compatible with the symmetric gapped
phase with a unique ground state. Gauging the non-invertible symmetry is recently discussed
in[100,101,103]. The anomaly of a non-invertible symmetry is the obstruction to a symmetric
gapped phase with a unique ground state, and mathematically the fusion category does not
admit a fiber functor [52, 102, 104]. For the anomaly condition of the self-duality TY cate-
gory and its generalization in higher dimension, see [38,62,96,105,106]. If a non-invertible
symmetry is anomaly-free, then it has at least one symmetric gapped phase with a unique
ground state. The anomaly free non-invertible symmetry is described by the local fusion cat-
egory [42]. More interestingly, it could have several non-invertible symmetric gapped phases
with a unique ground state, but they cannot be smoothly connected to each other [20,24]. As
commented in [24], there is no notion of stacking the non-invertible symmetric gapped phases
with a unique ground state and there are no symmetric entangler between the gapped phases.

The (un)twsited gauging relates to the idea of preparing the long-range entangled states
from measuring the short-range entangled states [107-109]. Moreover, the Kramers-Wannier
duality and other mapping are realized by sequential quantum circuits and quantum pro-
cess [34,110-115]. In particular, we construct the Kraus operator for the twisted gauging
of Zy x Zy by viewing it as a quantum process. The Kraus operators of Tri and P can be con-
structed accordingly. It is interesting to generalize the twisted gauging to higher dimensions
and realize the low-depth parity check codes [116]. Related construction of the non-local
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mapping using the matrix product operator is discussed in [117-123], bond algebraic method
in [22, 124, 125] and bilinear phase map is discussed in [32, 33, 126,127]. The gauging of
generalized symmetry using matrix product operator is formulated in [119].

These non-local mappings in (1+1)d that are generated by (un)twisted gauging corre-
sponds to the anyon permutation symmetries of the (2+1)d symmetry topological field theory
(SymTFT) [40-54]. In particular, the (14+1)d theories are the boundary of the (24+1)d SymTFT
with different boundary conditions. By examining the condensable algebras, one can classify
the (1+1)d gapped or gapless theories [10-12,14,46,128,129]. We review the corresponding
anyon permutation symmetries of triality and p-ality in Appendix D.

2 Gauging in different perspectives

In this section, we mostly review gauging a global symmetry in field theory, lattice model, and
quantum circuit perspectives. The fruitful generalization of symmetry in (1+1)d theory is by
analyzing the symmetry operators, which are in general codimension-1 topological defect line
(TDL) operators [63, 82], see [130-136] for recent reviews on generalized global symmetry.
The TDLs commute with energy-momentum tensor of the conformal field theory and thus
commute with the Hamiltonian. The mathematical structure of TDLs is generalized from finite
group to fusion category [99], where the TDLs are the simple objects of the fusion category
[61,63,137].

In the following, we will discuss the TDLs in continuum field theory and lattice theory. We
review the gauging in the continuum by inserting algebraic objects. We then follow [138] to
discuss the TDLs on the lattice. We define the Gauss law operator for the (un)twisted gauging
in (17) and pictorially in (18). The Gauss law operator can be efficiently diagonalized using
the algebraic method reviewed in Appendix C. The (un)twisted gauging on the lattice can also
be implemented by the quantum process (Kraus operator), which involves adding degrees of
freedom, unitary transformation, and measuring out degrees of freedom. Our goal is to explain
how to translate the (un)twisted gauging procedure step-by-step to quantum processes and
derive the corresponding Kraus operators.

Gauging in 2d CFT Gauging the symmetry in 2d CFTs is to insert the mesh of algebraic object
in the partition function [28, 139] and resulting in a summation of twisted torus partition
function [87,88,140]. The algebraic object A is the direct sum of simple TDLs, together with
the fusion junction u € Hom.(A ® A, A) and split junction u* € Hom(A, A ® A). Since the
gauged theory should be invariant under different triangulations of the manifold, the fusion
and split junctions should be invariant under the various F-moves, [141]

A A
v} w
A A= A A >
m w
A A
A A
L u

= (8
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A A A A A A
n _ u
i u>@A
A A
and the bubble shrinking,
A
u
A TLA - )
uY
A

For a generic triangulation of the torus, the gauging is to put the mesh of an algebraic object on
the dual graph, the partition function is equal to the minimal mesh after the bubble shrinking
and F-moves,

A A A s
= = A = A A (10)
A w

A A A A A A

<

The algebraic object is used to gauge non-invertible symmetry in 2d CFTs [28,139]. For ex-
ample, to gauge an anomaly-free finite group G, the algebra object A = P, g The fusion
and split junctions are given by,

/k _1 > wlg,h)
|G g,heG ,
\( Z ¥ (g,h)

gheG

According to the consistency condition, §¢(g,h, k) = w(g,h,k) = 1. ¢(g,h) € H*(G,U(1))
and ¢"(g,h) = ¢(g,h)" . Inserting the mesh of the algebra object into the partition function,

we obtain,
A 4
Y p(g,h) h) gh
: h . (12)
A A |G| ;G olhg) "
& gh=hg
A g

/k (1
Y
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The gauged partition function depends on the choice of the discrete torsion
¢(g,h) € H(G,U(1)). However, there is no natural choice to favor one discrete torsion over
the others, since the notion of SPT order is relative. In the quantum information perspective,
the SPT phases are short-range entangled states that can be connected to the trivial product
state by finite-depth local unitaries.

For example, H%(Z,,U(1)) = Z, is trivial, there is a unique choice of gauging Z, global
symmetry. But for Z, x Z,, H*(Z, x Z,U(1)) = Z,, these result in two different ways of
gauging (differed by choice of * signs in the following gauged partition function),

1
ZT/ZZXZZ = Z(ZT[]l’ﬂ’ﬂ] +ZT[]l,a,a] +Z7-[]l, b, b] +Z7—[]l,ab,ab] +Z7—[a,]l,a] +Z7’[b,]1, b:]

+ Zylab,1,ab]l+ Z+[a,a,1]+ Z+[b,b, 1]+ Zy[ab,ab,1] £ Zy[a,b,ab] (13)
£ Zyla,ab,b]lx Z[b,a,ab]+ Zy[b,ab,a]l+ Z+[ab,a,b]* Zy[ab,b,a]),

where a,b are the symmetry lines for ZJ x 7k

5, and the twisted torus partition function is
defined as follows,

V Ls
Z[EIJEZJ 'CB;AU" V](T) = L, . (14)

Ly

For TDLs of quantum dimension 1, such as group-like TDLs, their fusion junction is 1 dimen-
sional, such that the labels u, v will be omitted for this case, as in (13).

Gauging on the lattice The connection between field theory and lattice begins with the
identification of topological defect lines in the lattice model. This has been elaborated in [138]
as well as the Lieb-Schultz-Mattis anomaly and 't Hooft anomaly of the symmetry on the lattice.
We follow [138] to define the topological defect lines (TDLs) on the lattice.

Consider the tensor product Hilbert space H = ®;H;. For the on-site symmetry G, the
symmetry TDL corresponding to g € G is U8 = | i UJ‘g , Where Uf is a unitary operator acting
non-trivially on the site j. It acts on local operator O7 at site j with representation index a as
(Ué )_1(9;.‘ Ué = (Uf )t of Uf = R(g)ab(Qj.’ . And the Hamiltonian H = (U8)"'HU?¢ is invariant
under the symmetry action as expected.

In the system with Lorentz invariance, the partition function with TDL £ action Tr([,e_/j H )
is related to the defect partition function Try, . ¢ PH by the modular S-transformation, where
H, is the defect Hilbert space. For a lattice system, there is no Lorentz invariance, and we
define the defect Hamiltonian by acting the TDL on half of the space. To be specific, the defect
Hamiltonian with a symmetry defect of g at link (j, j + 1) is obtained by,

-1
Héj_l’j) = (Uij)_lHUg where Uij = l_[ Uf. (15)
i=—00

<j’

The symmetry defect is topological, and it can be moved freely without energy cost. The defect
moving operator is given by,

& _ (778 1778 178 Ev-17G-1,1) 28 — rg(,j+1)
Aj_(U<j) U<j+1_Uj’ (Aj) Hg] ]Aj_Hg” ) (16)

When moving one defect close to another defect, the fusion junction of TDLs is in general
a vector space of dimension N7, , where a, b, ¢ are the TDLs. There is in general a matrix acting
on the fusion junction. For group-like TDLs, the fusion junction is 1-dimensional and there is a
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phase ambiguity 2-cocycle p(g,h) associated to the junction. Since the ¢(g,h) is a 2-cocycle,
6p(g,h,k) = 0, it will not introduce new ’t Hooft anomaly. Although such phase commutes
with the defect Hamiltonian, we will show the phase ¢(g,h) € H(G,U(1)) could change the
Gauss law operator, imposing the corresponding twisted Gauss law corresponds to the twisted
gauging.

To gauge the symmetry G, we first introduce the degrees of freedom on the links labeled
by a group element g. |g) -1 at the link (j—1, j) denotes the g defect between site j—1 and j.
The gauge transformation operator is defined by,

v6f = bZG(cp(ag—l,g)’*' |ag™) (al);_1 ® 25 ® (p(g,b) gb) (b - (17)

which is pictorially depicted as,

lag™") lgb)
¢ (g, b
Y
Gi=>" ‘ 19) . (18)

|a) |b)
Jj=1/2 5 j+1/2

Different from the Gauss law operator in the previous literature, this Gauss law operator in-
corporates the data of ¢ € H?(G,U(1)). The twisted (untwisted) Gauss law operator refers
to non-trivial (trivial) ¢(g,h). We note that the general Gauss law operators “’Gf on different
sites commute with each other. The product of all the Gauss law operators act the same as
the symmetry operator on the physical Hilbert space on sites ]_[j “’G]g Isites) = [ | i UJﬁg |sites),
as it is not necessary to require l_[j “’G](‘.” =711 i Ujg. When imposing the (un)twisted Gauss
law ”G}ig =1, Vj, we obtain the dual physical space. The (un)twisted gauging refers to the
process of introducing the link variable, mimial coupling, and imposing the (un)twisted Gauss
law constraint.

Technically, one needs to find a unitary to transform the Gauss law operator to its diagonal
form, and other terms in the extended Hamiltonian will be transformed accordingly. This
unitary in general is hard to find, so we will use the algebra structure of the Pauli polynomials
to find the unitary. This method is used in studying stabilizer code [79-81, 142].

The untwisted gauging corresponds to (g, h) = 1, while the twisted gauging is obtained
by taking ¢(g,h) € H?(G, U(1)). Note that such modification will not contribute to the ’t Hooft
anomaly. Although the symmetry operator Ué has a phase ambiguity, such phase ambiguity
can not trivialize the phase ¢(g,h) € H?(G,U(1)) associated with the fusion vertex of the
defect lines. The twisted gauging of Zy x Zy is explicitly shown in the following section
Sec.5. We will show that twisted gauging is equivalent to first applying SPT entangler and
then untwisted gauging the symmetry.

Gauging via quantum process Both the untwisted gauging and twisted gauging involve
adding additional link degrees of freedom, extending the Hamiltonian, and imposing the Gauss
law constraint. These procedures can be translated to quantum processes, that involve adding
ancilla freedoms, performing unitary transformations via quantum circuits, making partial
measurements, and then post-selecting measurement outcomes to enforce gauge constraints.
Here, the notion of a quantum process refers to a completely positive (CP) map of quantum
states that are not necessarily trace-preserving, namely p — KpK' by some Kraus operator K.
To be precise, given that the post-selection procedure (as a projection) is not trace-preserving,
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(non-)invertible symmetries K (as TDLs) are generally implemented as quantum processes,
other than quantum channels that are completely positive trace-preserving (CPTP) maps.

Nevertheless, a key ingredient in specifying these quantum processes is the sequential
quantum circuit that implements the (majority of) operator mappings. We will explain how to
realize the gauging process by quantum gates in the quantum circuit. After compilation and
simplification of the circuit structure, the mapping between the original Hamiltonian and the
dual Hamiltonian can be achieved efficiently. Once having the quantum circuit, one can find
general translation invariant local operators that are invariant under the duality transforma-
tions and construct the duality invariant Hamiltonians.

3 Warm-up: Kramers-Wannier duality in Ising model as Z, gaug-
ing

In this section, we review the Kramers-Wannier duality in the Ising model and understand
it from field theory, lattice, and quantum process perspectives. This section is meant to set
up the notation and review the method, all results in this section are not new. The qubit
(spin) operators in the original Hamiltonian are X, Z;,j € Z, while the dual operators are
Xj+%> j+%,j€Z.

The Ising model on 1d lattice is given by,

HIsing:_ZZij+1+ng> (19)
J

where X,Y,Z are the Pauli matrices. The Z, global symmetry is generated by U" = [ | iXj,
and the local operator Z; is charged under this Z, global symmetry. For simplicity, we will
first consider an infinite chain, and we will deal with the boundary conditions later. It is
well-known that the Kramers-Wannier duality exchanges the paramagnetic (disordered) and
ferromagnetic (ordered) phase, and,

Hence, the Ising critical point g = 1 is invariant under the Kramers-Wannier duality (20).
We will use = for mapping using generic quantum processes and their reserves, and — for
mapping using unitary operators. Although KW maps the local Hamiltonian to the dual Hamil-
tonian and preserves locality, it maps the Z, charged local operator to the non-local disorder
operator,

More drastically, KW maps the symmetry operator U" = l_[j X;= l_[j Z j_lz ; = 1. The KW
cannot be implemented by a unitary operator. However, the Kramers-Wannier duality is ob-
tained by gauging the global Z, symmetry,

Kramers-Wannier duality = untwisted gauging Z, global symmetry (S). (22)

Lattice perspective To gauge the Z, symmetry on the lattice, we follow the procedure in
[138]. We first create many Z, defects and then make them dynamic. This enlarges the
Hilbert space to include link degrees of freedom. In particular, for every link (j,j + 1), we
introduce a local Hilbert space as j+ % with two states labeling the Ising domain wall degrees
of freedom. The extended Hamiltonian becomes,

HIsing—gauged = _szzj+%zj+1 + ng . (23)
J
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The Z, defect moving operator is given by Ajg = (X;)¢. According to (17), the Gauss law
operator is given by,

Z(la— (a]). 1®Xg®(|g+b)(b|)+1—Xg ng . (24)

= %y
Finally, we impose G; = 1, V] to project to the dual Hilbert space. To be specific, we use the
unitary,
Ucond = l_[ Hjl l_[ CZis l_[ CZj+y (25)
j

where CZ; ; = %(1 +Z; + Z; — Z;Z;) and H; f(Z + X;). Ucond is a finite depth unitary
quantum circuit,

(26)

1-3/21-11-1/2 ¢ +1/2 i+1 1+3/2

In our convention, the unitary transformation is taken as O — O’ = U'OU. Applying the
unitary transformation, the extended Hamiltonian and Gauss law become,

=~ Ucond 4 > >
HIsing—gauged = _ZZjZ 1 Z]+1 + gX - Hlsmg gauged — ZX]'+% + ng_%Xij+% , @27)
J J
G =X, 1X;X 1 T G =X, (28)
J=27 1+
By setting X; = 1, we arrived at the dual Ising model,
ﬁlsing:_zfj+%+gzj—%zj+%' (29)

J

It can be further mapped back to the original Ising model by shifting the lattice by “j — j— %”
and sending g — 1/g.

Quantum process perspective In the quantum process perspective, introducing new de-
grees of freedom on the link and minimal coupling can be formulated as introducing ancilla
qubits and entangling with the original qubits, and enforcing the Gauss law constraint can be
formulated as making measurement and post-selecting the measurement outcome.

To be concrete, we introduce ancilla qubits on the link with an initial state specified by

Z 1= 1,Vj € Z. First, we apply a layer of Hadamard gates,

Unitial = l_[ Hj+% > (30)
J

to transform these ancilla qubits to the state of X 1= +1,Vj € Z, which will turn out to be
more convenient for performing the gauging procedure via minimal coupling. In the quantum
process perspective, gauging means entangling the ancilla qubits to the system as the link
(gauge string) degree of freedom with Gauss law constraint.

Next, we aim to construct a sequential quantum circuit that can implement the following
maps:
- X, XX,

i =X L2 X1 Zj > ZiZ;,1Z;

j+3%j

Zis- (31)

NI»—A

3
+32
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Physically, the second mapping corresponds to the emergence of a local Gauss law constraint
G; = +1 from the ancilla qubit initial state X 1= +1, and the last two mappings correspond
to the generation and termination of gauge string at the matter field site, realizing the minimal
coupling. Such sequential quantum circuit is given by,

Ugauge = | [ X511, 1CX 5015, (32)
j

where CX; ; = %(1 +Z; + X; — Z;X;). Together with the introduction of the ancilla qubit, the
quantum circuit UyyjaUgauge in €ach sequential step can be depicted as,

o
\V
\/
j=1/2 j j+1/2 (33)

Here we stick to the notation that the ancilla qubit (down-triangle) is always introduced in the
Z = +1 state in the circuit diagram, therefore it requires a Hadamard gate H jrl (as provided
by Uipitiar) to transform to the X = +1 initial state.

Finally, we need to implement the gauge constraint G; = X - %X Jff 1 = +1,Vj € Z by
measuring each G; observable, and post-selecting its measurement outcome to G; = +1.

Given that G; is a non-onsite operator, the first step is to evoke the unitary transformation
Ucong in (25) to transform the Gauss law operator G; = X f %X jf j to an on-site operator
GJ’. = U:OH 4GjUcona =X . This amounts to applying the unitary layer U.,q to the system. Then
we further apply a final layer of Hadamard gates,

Usoat =] [H; (34)
J

to transform X; — Z;, such that the gauge constraint becomes Z; = +1,Vj € Z effectively,
which can then be implemented by measuring every integer-site qubit in Z basis and post-
selecting the Z = 41 result.

Note that all these unitary transformations can be combined as a single unitary circuit

Ukw:
Ukw = Unnitial Ugauge UcondUtinal
=[ IRl Il Ina T Tz T ez a v
j j j j j j

= ]_[ H;CX; 1 ;CX; 1 SWAP
J

(35)

jij+3?

where SWAP; ; = %(1 +X;X;+Y;Y;+Z;Z;). Here we have merged the gates and compiled the
quantum circuit into a simpler form.

As a result, the Kramers-Wannier duality KW can be viewed as the composition of intro-
ducing of ancilla qubits Z 1 = 1,Vj € Z on the links (half-integer sites), performing the
unitary transformation Ukyy, and post-selecting Z; = 1, Vj € Z by projective measurement on
integer sites. The combined operation goes beyond the scope of unitary transformations. It
should be understood as a quantum process implemented by a Kraus operator Kkyy, such that
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any operator mapping KW : O = O’ under the Kramers-Wannier duality will be realized as
a Kraus map O’ o< K;;W(’)KKW, or more precisely as OKyxyw = Kxw@’. Thus Ky should be
identified as the duality operator, corresponding to a non-invertible symmetry in the self-dual
Ising model.

Inherited from the sequential structure of the unitary quantum circuit Uy, the Kraus
operator Kxyy also assumes a sequential structure,

Kew = | | kKW 36
WL sy (36)

where each step of the Kraus operator can be represented by the following quantum circuit
diagram following the result of (35),

€
KW = e (37)

J—3.0.+%
[T]

Jj=1/2 7 j+1/2

In the above diagram, we assume that the ancilla qubit (down-triangle) is always introduced in
the Z = +1 state and the single-qubit measurement (square apparatus) is always performed in
the Z basis and post-select to the Z = +1 outcome. To be more precise, we define the Z = +1
projection operator on site-j as

1
Pj=5(1+Zj), (38)
which enables us to express the Kraus operator in terms of
KW _
Kj—%,j,j+% = Pj+% HjCX]-_%}jCXﬂ_%’jSWAPj’j+% Pj 5 (39)

with the understanding that the projection operator P j+1 prepares the a new qubit j +% to the

Z 1= +1 state and the projection operator P; post-selects an existing qubit j to the Z; = +1
state. Since the projection P; is not invertible, the Kraus operator Ky as a whole is also not
invertible.

From the simplified quantum circuit, we can see that the introduced ancilla qubit in the
Z = +1 state is never modified by any gate in the circuit until it gets measured to the same
Z = +1 state with probability one (therefore no selection is actually needed). Effectively, the
introduced ancilla will do nothing and then be projected out by measurement, so the combined
operations Pj +1 CXJ. 1 JSWAP].,J. +1 P; can be dropped together from the circuit, apart from
those in the initial and final steps (we will take care of these boundary operations later). The
gauging with respect to symmetries encoded into nilpotent fusion categories can be realised
in constant depth as discussed in [123]. The sequential unitary circuit within each step is then

simplified to:

Jj=1 (40)

It is easy to check that the sequential unitary circuit maps Z;Z;,; — X; and X; — Z;_;Z;, as
expected for the Kramers-Wannier duality.
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However, more care should be given to the gate structure near the left and right boundaries,
since the first ancilla qubit on the left boundary will be entangled into the system and not be
measured until the sequential quantum circuit runs into its right end. To be more specific, we
choose j =1 as the starting point of the periodic chain of size L, meaning that the site L+ 1 is
equivalent to the site 1. The first ancilla qubit at % will be acted by both K t(\{v and KLKV\{ L1

3
2:L3
The complete quantum circuit that implements the Kramers-Wannier duality is

A

2272

WV WV

(41)

H]
\V,
0 1 2 L-11L

where the boundary qubit is relabelled to be % — 0. Therefore, we finally arrive at the simpli-

fied Kraus operator
L L
Kew = P (]_[ Hi] ] cxj_l,j) CXo Py . (42)
=0  j=1

In the end, the entire KW quantum process only introduces one ancilla qubit on the left end
by Py, and measures one final qubit on the right end by P; [19,123]. This is reminiscent of
orbifolding in the conformal field theory, where the line operators are only inserted once along
the non-contractible loops. In particular, the unitary part of Ky (the quantum circuit part)
maps

702,71 = Xo,  Xp— 2.7 1Z,. (43)

Therefore, Z, controls the periodic or anti-periodic boundary condition for the original Ising
model, while Z; controls the boundary condition of the dual model, which are both set to
Z = +1 by the projection operators P, and P;, realizing periodic boundary conditions in both
original and dual Ising models.

Moreover, unitary part of KW maps the symmetry operator as follows,

L L-1
l_[Xk_)ZL> Zo*l_[Xk- (44)
k=1 k=0

These mappings describe how the original Z, symmetry nile « disappears under gauging

and how the dual Z, symmetry l_[i;(l)Xk emerges at the same time. Physically, KW inter-
changes the symmetry charge and defect charge. For example, let us consider the sector with

L
l_[sz—l, Zy=+1, (45)
k=1
of the original theory (defined on sites j =1,---,L). Under the KW, it maps to,
I—1
zy=-1, [ [x=+1, (46)
k=0
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which is in the twisted Z, even sector of the Z, orbifold theory (defined on sites
j=0,---,L—1). This is consistent with the Z, orbifold of Ising CFT that KW interchanges
the sectors,

B Zo-even | Z,-odd 2 orbifold B/Z, Zoy-even | Z,-odd
-0rbiro
untwisted 1,e 1) e untwisted l,e u 47)
twisted u Y, Pr twisted o Y1, YPr

Pauli polynomial In general, it could be hard to keep track of the mapping of all operators
under the unitary transformations, as in (25), (32). The algebra method used in quantum sta-
bilizer codes becomes useful for this purpose. As reviewed in Appendix C, the tensor product
of Pauli matrices with translation invariance can be represented as a vector, where the coef-
ficients are Z,-valued. For example, the terms (independent sets of stabilizers) in the Ising

model are
1

The unitary transformations will preserve the commutation relation of the stabilizers, and the
unitary transformations can be represented as symplectic transformations on the Pauli poly-
nomials. We introduce ancilla qubits with X 4l = +1,j € Z, which amounts to adding X i+l

2 2
to each stabilizer set by appending another column of Pauli polynomials in correspondence
to X j+1

0 0 10

[ 0 ) (o 1\ 1 0 1

\1+x}_)\1+x 0}’ o) o 0] 49
0 0 0 0

where each row now corresponds to (X j,)? i1 /Z;Zj,fjﬂ /2) respectively. The unitary maps

Ugauge in (32) and U,pq in (25) are represented as the following symplectic transformations
1 1 0 0 1 0 O 0
o i+1 0o o | o o0 1
Tgauge - 0 0 1 0 > Teond = 0 0 1 1+x (50)
o 0 = X 1+1 10 0
Note that Ty, is a sequential quantum circuit, while T¢,nq is a finite depth local unitary
circuit, which can be obtained by combining the elementary transformations,
1 0 0O 1 0 0O 1 0 0O
01 0O 01 00 0 0 01
Teond =Tz, y ~Tez, 0T = | o x 1 0 0110 0010 | OY
1001 1001 0100
Then the symplectic transformation of KW is
1 1 0 0
0 0o - L
TKW=Tcond'Tgauge= 0 0 xal x-{l (52)
1+y10 0o o
It is straightforward to check the KW transformation on the local operators X, Z; is,
(1 0\ ( 1 0\
Tkw 0 = | Gausslaw Lx ~ o~ ~ o~
- J)M\ o) 00 (1 ] 16)“”@—; i ZpKag ), 69)
X
00 k§+1 0 )
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where the Gauss law is imposed in the last step to set X; = +1, j € Z, effectively removing the

integer sites from the system. After site relabeling of j + % — j, the symplectic transformation

1
Teft, :( 0 m ) (54)

1
;+1 0

corresponds to the effective KW transformation, under which the operators transform as

1 0 Teff 0 1
(Xj,Zj) s [ \ Kw [ 1+x) P (Zj—lz',l_[Xj’) . (55)

o 1/ "(z+41 o

In the Kraus operator representation, the KW transformation can be formulated as a quantum
process, implemented by the Kraus operator in an infinite system
KKW = ... l—[] H] l_[] CXJ._L]. . ,‘SUCh thatXJKKW = KKWZj_lzj and Z]KKW = KKW l—[J/Z]X]/
This matches the quantum circuit description in (40), after adding boundary terms and pro-
jection operators for finite-sized systems.

J'zj

4 Warm-up with a twist: Z, x Z, twisted gauging in quantum spin
chain

In this section, we will elaborate on twisted gauging and its connection with “applying an
SPT entangler then untwisted gauging”. This twisted gauging generates a non-local mapping
between local Hamiltonians, in particular, the gapped phases. We will postpone the in-depth
discussion of various duality, triality between gapped phases, and their combination later in
this section.

To illustrate the twisted gauging on the lattice, we start with the concrete Hamiltonians that
respect Z, x Z, symmetry and describe gapped phases. To be specific, the Z, x Z, spontaneous
symmetry breaking phase is described by,

Hggp = Z Zyj1Zoj41 + ZojZ5542, (56)
j

where X ;, Z; are Pauli matrices. The SSB Hamiltonian has Z5 xZ3 symmetry, which is generated
by n¢ = l_[j X5i,m° = I1 jX3j—1 for even (e) and odd (o) sublattices respectively. The Z5 x L
symmetric states include the cluster state in the SPT phase

Hgpy = Zzzj—1X2j22j+1 + 23 X0j11225+42 (57)
j

and the symmetric trivial product state in the disordered phase,

Heyy = Zij + Xoji1 - (58)
j

Lattice perspective The Z3 x Z3 defect moving operator is given by A8182) ng}ngJ? 12
where g; = 0,1 (g2 = 0,1) labels the group element of Z3 (Z3). Different from the pre-
vious Z, case, ¢ € HZ(ZZ x Z3,U(1)) = Z, has non-trivial element explicitly given by
¢(g,h) = (—1)%"2, This non-trivial element cannot be trivialized by redefining the symmetry
operator U8 — e" (&)U no matter how the phase factor v(g) is chosen. Therefore, the VARY//
Gauss law operator has two choices of ¢(g,h),

(g, R)=1, (g, h)=(—1)", (59)
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for g = (g1,82),h = (hy,hy) € Z35 x Z3. The corresponding untwisted Gauss law operator with
¢(g,h) =11,

G; XZ]——X2]X2]'+% 5 G;) :XZj—%X2j+1X2j+%’ (60)
and the twisted Gauss law operator with ¢(g,h) = (—1)$"2 is given by,
tW(;;3 =X2J_§Z2J__X2]X2 + , tWG;) =X2] IZ 1X2j+1X2j+% . (61)

The twisted Gauss law operator is directly computed using (17), and the Zy x Zy version is
derived in Appendix A. Note that the twisted Gauss law operators are dressed by the operator
acting on the other Z, gauge field, but the twisted Gauss law operators all commute with each
other as they should.

The Hamiltonians are also extended to include link variables. The untwisted gauging is
similar to the previous Z, example. We are focusing on the twisted gauging in the following
discussion. The twisted Gauss law operators can be diagonalized by the unitary transforma-
tion, whose explicit form is given by the following finite depth local unitary,

“Ueond :l_[CX2] 2]+1CX2] zj—iczzj 2j— 71_[CX21 1,2j— %CX 12]—§C22] 1,21—31_[sz—§ H2j+§- (62)
Jj J

Pictorially, it is given by,

b | G la ||
~—e a o a o
Q Q Q ®
o N Pa N
o ” \v 74
D D D
-3 -5/2 -2 =3/2 -1 —-1/2 O 1/2 ] 3/2 2 5/2

where the numbers # correspond to 2j + #. The corresponding symplectic transformation is
given by,

(10000000\
o 0 1 00 1 0 O
O 0 1 00 0O 0 O
I 9 o o0 0 o0 1
M Teona = 0 0 0 x 1 14x 0 0 ’ (64)
1+v11 0o 00 0o 0 O
0 1 0 00 0 1 1+x
\ o o0l+110 0 0 0 |

~

whose basis is (ij_l,ij 1 XZJ,X2j+1,ZZj_1,ZZj_1,sz,zszrl). Its action on the gauged sta-
e . 2 2 2
bilizers is,

(zzjfzﬁ%zw,sz_lfzj_lzzjﬂ) = (X, X’Zj_%), (65)

(ij’X21+1)_’( 23X 1X0i 25101, 201 1 X5 1 X041 2500 ) (66)

(ZZJZZj+%X2j+1ZZJ+2’sz—lsz—%ijZZJ""l)_)(22] Xoj1129143, Zo; 3X2i 2,1 ) (67)
Its action on the Gauss law operators is as desired,

(sz_%sz_lXZjX2j+%:X21_122]+1X2]+1X2]+3) - (X2]:X2]+1) . (68)
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We then impose the Gauss law, X; = 1, and the twisted gauging maps these gapped phases
to each other as,

SPT
TG: SYM— T~ sSB (69)

For the partial SSB phases,
TG : SSB® «— SSB°, ssBdi8 invariant. (70)
TG generates an order-6 non-local mapping among gapped phases,
(TG’ =T, (71)

where T is translation by 1 lattice constant (as j — j + 1), which will permute the Z3 and Z3
symmetries.

Quantum process perspective The minimal coupling between the local fields and the ad-
ditional ancilla again can be obtained by unitary transformation as Ug,,g. in the previous Z,
case. However, the twisted Gauss law operator requires a modified sequential quantum circuit,

(72)

Fany

-1/2 ]
1/2

where (—1/2,1,3/2) ~(2j—5/2,2j—1,2j—1/2)and (1/2,2,5/2) ~(2j—3/2,2j,2j+1/2).
Its corresponding symplectic transformation is,

[1 1 0 O O 0 0 0 \
02410 0 O 0O 0 O
0o 0 1 1 0O 0O 0 0
0o 0 o0 i+1 0o 0o o o
tw _ X
Teauge =1 9 0 0 o0 1 0 0 O (73)
0 0 0 1 =5 = 0 o0
0 0 0 O 0O 0 1 0
1 1 1
\o 1 o o 0 0 5 m}

It is straightforward to check the combined action on local operators, the effective symplectic
transformation with Gauss law constraint is,

|H

0 1 1+x 0
. 1 1
W tw project = 0 0 T .
T d- T Em— 1 X X = TTG B (74)
Ccon gauge ; + 1 O O O
0 2+1 0 0

which acts on (X5j_1,X5j; Zj_1,Z;) basis. It is easy to verify that the symplectic transforma-
tion TG is equivalent to first doing the SPT entangler and then doing Kramers-Wannier duality
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on even and odd sites separately,

Tvg = Tkwe * Tkwe * Tspt

0 0 =5 0 1 0 0 O 1 00
1 (75)
| o 1 0 o 0 0 0 4 0 1 00
| s+1 0 0 o0 0 0 1 0 0 1+x 10
0 0 0 1 0 1+1 0 o0 1+1 0 01
The quantum circuit for the twisted gauging is
A
A
\V A
N YV
\V A
S YV
\V A
N YV
\V A
S vV
o | (76)
YV
H H H H H
Tmlolo [w
-1 Vo 3 2L-3  2L-1
0 2 4 2L-2 2L
or expressed as the following Kraus operator
K16 = UspTKkweKkwe ,
21
UspT = l_[CZj—l,j CZy1s
j=2
-1 -1
77)
Kgwe =P_; ( Haj1 l_[ CXZj—1,2j+1) CX1201Par1s
j=0 j=0
-1 I-1
Kxwe = Po l_[ Hy; l_[ CXajaj+2 | CXo,21.Par -
Jj=0 Jj=0

The twisted gauging TG already induces a cyclic permutation among the three gap phases:
SYM, SPT, and SSB, given that their Hamiltonians are related by the Kraus map:

HgymKtG =KycHspr,  HsprKvg =K7GHssp,  HsspKtg = K1cHsyw - (78)
The slogan for the twisted gauging is,
Twisted gauging = SPT entangler then gauging (S,S;T), (79)

where T corresponds to applying the SPT entangler SPT and S; (S,) corresponds for the
Kramers-Wannier duality KW¢ (KW?) by gauging each of the two Z, symmetries.

We note that the Kennedy-Tasaki (KT) duality is twisted gauging and then applying an SPT
entangler. The Kennedy-Tasaki (KT) duality maps Z, X Z, symmetry-protected topological
(SPT) phase to Z, x Z,, spontaneously symmetry breaking (SSB) phase. The Hgyy,; is invariant
under the KT duality, which is the KT non-invertible symmetry-protected gapped phase.

Kennedy-Tasaki duality = Twisted gauging Z, X Z, then an SPT entangler (TS,S;T). (80)
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4.1 (S3 x S3) % Z, action on Z, x Z, gapped phases

As discussed in the previous section, the twisted gauging of Z, x Z, is not an order-3 map yet,
since TG® = T, where T is the lattice translation symmetry, and it will swap the Z3 and Z3.
However, under the T TG map, the SPT phase, symmetric phase and completely SSB phase are
permuted, while the partially SSB phases remain invariant,

SSBdiag

SPT
. Q Q .
SYM SS

B  SSB® SSB°

The left and right triangles are related by KW°.

SPT Sspdiag
L
KW e (82)
SYM  SSB  SSB®  SSB°

Moreover, the combination (KW¢)" o TTG o KW® maps,

SPT SSBdiag

(KW®) o TTG o KW : O O O A . (83)

SYM SSB  SSB® SSB°

In general, the untwisted gauging KW®® = KW*® o KW?, together with twisted gauging TG
and KW® generate the maps corresponding to the element in (S5 x S3) X Z,.>
This can be understood from the symmetry topological field theory (SymTFT) perspective.

The SymTFT of Z, x Z, symmetric Hamiltonian is Z, x Z, toric code, which contains 16
anyons. The different gapped phases are given by condensing different Lagrangian algebras.
The anyons with self-boson statistics can be organized as follows, such that each column and
row are mutual bosons,

el 1le ee

Im ml mm (84)

em me ff

The table has (S3 x S3) X Z, symmetry, where the S; x S3 permutes the columns and rows,
and Z, reflects the table along the diagonal (like matrix transpose). This is exactly the anyon
permutation symmetry of the Z, x Z, toric code. Depending on condensing which row or
column, there are 6 gapped phases,

Condensible algebra A | Gapped phase

11+el+1e+tee Zo X Zo SSB
11+1m+ml+mm Zo X Zs SYM
1l1+em+me+ff Zo % Z5 SPT (85)
11+el+1m+em 75 SSB
11+1e+ml+me 7, SSB
114+ee+mm+ff Z‘zﬁag SSB

3We reserve the term G-ality for every elements in G corresponding to (un)twisted gauging [56]. Since in this
case the Z, x Z, SPT entangler is a unitary, it differs from other order-2 elements that corresponds to (un)twisted
gauging and combining them won’t have the proper fusion rule.
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The bulk (S5 x S3) X Z, anyon permutation symmetry generates corresponding maps between
theories [9],

TTG:SPT — SSB — SYM — SPT, (86)

KW?¢®° : SYM « SSB, (87)

(TTG)'KW® : SPT « SYM, (88)
(TTG)'KW®(TTG): SPT «> SSB, (89)

KWe : SYM < Z$ SSB,  SSB«—>Z3 SSB,  SPT «- ZS"¥ SSB.  (90)
If we label the symmetry group as (Sgl) X ng)) X Z5, and the generators satisfy,
(@) = (D)2 = (pDaD)2 =1, ?=1, ca®c = a(f),cb(i)c = b({), 91

where a®, b are the generators of S(i), and c is the generator for Z3. 1,2 = 2,1 respectively.
The corresponding maps are related as,

TTG~aW, KW ~ pM) | KW ~c. (92)

Then it is clear about the relations of other group elements.

However, the mappings in this Z, x Z, case are not on equal footing. In particular, the
element that corresponds to b™a™® is SPT entangler which doesn’t involve any gauging,
therefore, it corresponds to invertible mapping with quantum dimension 1. In the following,
we will specify the G-ality as that each element corresponds to (un)twisted gauging, so that it
can have a consistent fusion rule. We will discuss triality (G = Z3) and p-ality (G = Zp) in the
subsequent sections. The Ss-ality is discussed in [56].

Note that SPT phase is invariant under the Kramers-Wannier duality, while the SYM phase is
invariant under the Kennedy-Tasaki transformation. They both admit non-invertible symmetry,
and they are corresponding non-invertible symmetric gapped phase with a unique ground
state.

5 Twisted gauging of Zy x Zy
It is straightforward to generalize the twisted gauging of Z, X Z, to Zy x Zy. We first introduce
the Zy generalized Pauli matrices, also known as shift and clock matrices. Let X,Z be N x N

matrices, acting on the states as X |n) = |n—1),Z |n) = w™|n), where w = e X, They satisfy
X7 = wZX. Using these Zy Pauli matrices, we can define controlled gates for the Zy case:

N N
1 ZZ _
ij = ]v w abZlaO;) B (93)

where i is the controlled site and j is the action site, and the operator O will be replaced by
either X or Z to indicate either CX or CZ gate. We can also define the projection operator to
the Z =1 state (i.e. the state |n = 0)) on the site j as

L
Pi=v 2.7 59
a=1

These operators will enable us to construct Kraus operators for Zy x Zy twisted gauging.
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The Zy x Zy SPT is classified by H2(Zy x Zy,U(1)) = Zy, which is given by,

Hepro = ) Z5.X0j41 250 + 234 X528, 1 +hec. (95)
J

This Hamiltonian is symmetric under the Z$, x Z3 symmetry which is generated by

n® = ]_[szj,no = ]_[szj_l on the even (e) and odd (o) sublattices respec-
tively The SPT Hamiltonian can be obtained from the trivial symmetric phase Hamil-
tonian Hgyyy = Hgppo = Zij + h.c. by the unitary transformation SPT entangler

Uspre = [ [;CZ51, 5,CZ5; 541> @ Hspre = UgpraHsymUspre. Here, SPT® denotes the ath
order SPT entangler which effectively attaches the SPT root state to the system by a times.
Another important gapped phase is the spontaneous symmetry breaking phase, which is sta-
bilized by HSSB = Z ZZ] 1Z2]+1 + ZZ]Z2_1+2 +h.c..

The defect moving operator is given by }Lgl 2 =X ng‘ngZ .1~ The phase associated with the
defect fusion junction is given by ¢(g,h) = bgth € H%(Zy x Zy, U(1)), where every integer
b € Zy, 1abels a twisted gauging, called b-twisted gauging. Then, following the general formula
of (17), the associated b-twisted Gauss law operators for Z, and Zg, are given by

270 Xy X! bGo =X,

bge =X, . \Z7b
j 2j=32j—1721% 2541 j 2j—=32j+1

v—1
Xaj1 X, ;- (96)

The detailed derivation of the twisted Gauss law operator is in Appendix A. Under the twisted
gauging, the stabilizers for the gapped phase become,

(ZZJZZJ+2’ZZJ 1Zz;+1) - (‘)?Zj-r%’XZj—%) ) (97)

(Xajo Xajs1) = ( SIS oV By AP Y ) . (98)
a —a —a a a+b F— 4 v—a—b—5—
(28 X011 23540, 23 X028, ) = (ZZJ—1X2]+222]+2 Z2j-3%51 %, +2) (99)

Using the symplectic transformation representation, the b-twisted gauging is given by,

[1 -1 0 0 0 0 0 0 \
01-1 0 o o o0 o0 o0
o o0 1 -1 0 0 O0 o0
o o o01-¥ o o o0 o
b _ X
Teawee=| 0 0 0 o0 1 0o o0 o |’ (100)
1 1
0 0 0 —-b = &= 0 O
0 0 0 O 0O o0 1 0
b 1 1
\ 0 x 0 0 0o 0 & &)

whose basis is (X3 1,X2]_1 XZJ,X2 41522 1,22] 1,23j, 2]+1) And the unitary transforma-
tion that diagonalizes the Gauss law operator is given by,

(—1 0 0 0 0 0 0 0 \
o O —-b 0O O 1 0 O
o o0 1 0 0 0 0 O
5 o0 o o 0o o0 0 1
"Teond = 0 0 0 —bx -1 1-x 0 0 (101)
11 -1 o 0O 0 0 0 O
0O —-b O 0 0 0 1 —l+x
\ o 0o 1-1 -1 0 0o 0o o |

24


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136

e SciPost Phys. 17, 136 (2024)

The twisted gauging is given by,

1
-
project = 0 0 —
*Teond * " Tgauge — Tt = %11 o o o | (102)
o -1 0 o

which acts on (X3j_1,X5j, Z2j_1,Z5j)- One can check (97) in the Pauli polynomial representa-
tion, the SSB, SYM and SPT stabilizers transform as

0 0 01 «x 0 01 —b 0 0 —a-—b»b
0 0 10 0 1 T | 1 0 O L a+b 0
— (103)
0 1—x 0 O 0 ax—a 00 0 s—1 1—x 0
1-x 0 00 a—ax O 00 -1 0 o 11

As anon-local mapping among Zy x Zy symmetric SPT Hamiltonians (and their corresponding
phases), TG? maps SPT? to SPTCab)" when N is a prime number, where the inverse should
be understood as the modular multiplicative inverse with respect to N. One can easily convert
the twisted gauging to a quantum process,

TGY = KWE o KW° o SPT? (104)

where the KW¢/KW? corresponds to Zy Kramers-Wannier duality on even and odd sites, and
SPT? corresponds to attaching b multiples of the Zy % Zy SPT root state. At the level of
symplectic transformation of Pauli polynomials, (104) means (multiplication order goes from
right to left as the operator mapping reads vp — T - vp, where v, denotes the vector encoding
of Pauli operator P),

TTGb = TKWE . TKWO . TSPTb N

[1 0 0 0
Tkwe = 00
o 1 o |’
Lo 210 o )
0 0 -~ 0
_[ o 1 0 0\ (105)
Trewe = 110 0 o}
\ 0 0 o0 1]
1 0 0 0
. _[ 0 1 0 0
SPT® = 0 —b(1—x) 1 O
\b(%—l) 0 0 1

At the level of the Kraus operator, (104) is explicitly realized as (multiplication order goes
from left to right as the operator mapping is given by O = K'OK)

Kygr = Ugpro KxweKkwe

b b
Usprs = (l_[ CZZ] 1 2;C22] 2]+1) CZZL 1>

L—-1

-1
Kywe = P_ ( Haj l_[ CXZj—1,2j+1> CX120-1Par—1,

j=0 j=0

(106)

L1 L—1
Kxwe =Py ( sz szj 2]+2) Cxo 21.Par -
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Under the Kraus map of TGP, the SPT Hamiltonians with prime N (95) are related by

HSPTaKTGb ~ KTGbH (107)

SpT(-a—by"!

where ~ denotes that the Hamiltonians on both sides are in the same SPT phase.

6 Non-local mapping among gapped phases with Zy x Z, symme-
try

In this section, we use the (un)twisted gauging to study the nonlocal mapping among different

gapped phases. For Zy x Zy symmetric Hamiltonians, the possible low energy gapped phases

are disorder phase (SYM = SPT?), symmetry-protected topological phases (SPT%) and spon-

taneously symmetry breaking phases (SSB). We will consider the b = 1 and b = —2 twisted

gauging. The twisted gauging combined with global symmetry transformation generates the
triality and p-ality (p is a prime number) mapping between gapped phases.

6.1 Tri=TC°TG" as the triality map

For general N > 2, the twisted gauging with b = 1 maps,

e spTN-! —
SPT? =SYM SSB, (108)

which looks like an order-3 triality map. However, these 3 gapped phases are symmetric under
the TC® symmetry, where T is the translation and C*® is the charge conjugation on the even
sites. If considering partially SSB phases, the TG! generates an order-12 map. In particular,

(TG =Tce. (109)

Note that the translation symmetry effectively swaps the even and odd Z3, x Zg, symmetry. In
particular, under the (TG!)? map, the partially symmetry breaking phase becomes,
- (TG')? -
Hgspe = 28,255 ) + Xojpy +hic.— Hggpo = > Zy@ 78 + Xy, +hc.  (110)
J J

It is straightforward to modify the order-12 non-local mapping to an order-3 triality map
Tri by combining the TC® symmetry action to TG'. Since the symmetry action TC® commutes
with the twisted gauging TG?,

Tri=TCTG!,  (Tri)>=(TC°TG!)® =1. (111)

This can also be seen from the Pauli polynomial representation acting on
(X9j—1,X2j5 Z2j-1,Z2j)s

-1 0 0 X
B 0 -1 £ o0

Trii = 0 —-1+4x 0 0 ’ (112)
11 0 0 O

X

and T%i = 1. According to (97), the twisted gauging TG' combining with the TC® symmetry
action maps the stabilizers of SPTs as,

Tri= TCeTGl . (Zng2j+1Z_a Z_a lezgj+1) - (sz)?_a_lz_l Z_l

SR
2j+2242j—1 2j+1 Z2jr20 Zaj—1%y; ZZJ+1)' (113)
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Table 2: Non-local mapping Tri acts on the gapped phases. For N =3 and N =1
mod 3, there are symmetric gapped phases invariant under Tri. The other gapped
phases are permuted by Tri in disjoint orbits.

N G Tri = TC*TG! mapping among the gapped phases
SPT
2 | Zyx 2y sy 55
SPT?
3 | Z3xZs SYM EaN ssB spTtO
SpT* SPT?

S | Zs X Zs SYM ‘& SSB  spT! ‘& SPT3

SPT® SPT?
71 2x2, | sy g SPT! EaN sprs  sp120  spT¢ O

For N is prime number, any number x with 1 < x < N — 1, has the greatest common divisor
(x,N) = 1, therefore, x has unique inverse x~*, such that x 'x = 1 mod N. The stabilizers
after mapping are equivalent to,
S(—a—1)"1g 5—(—a-1)"! 5—(—a-1)"'g F(—a-1)
(Zz]‘ X2j+lzzj+2 >sz—1 ijZZj+1 ) ’ (114)

where x~! is understood as the modular multiplicative inverse of x modulo N. It is obvious

that there is an order-3 map among

Tei - - SpTN1 —
ri: SPTO =SYM SSB. (115)
The mapping among other SPTs depends on a and N,

Tri: SPT® — SPTC @D (116)

It is interesting to notice that, the SPT? is invariant under the triality if and only if,
al(a+1)+1=0 modN. 117)

We will consider N as a prime number in the following. The equation has solutions if N = 1
mod 3 for general prime N > 3. Since (117) is a quadratic equation, it has at most two
solutions. If the two solutions are a;, a,, then by Vieta’s relations,

aja; =1 modN, a;+a,=—1 modN. (118)

For example, N = 3, the SPT! is invariant under the triality. For N = 7, both SPT? and SPT*
are invariant under the triality. More examples of the triality invariant SPTs are summarized
in Tab. 2. The first few Tri-ality invariant SPTs are given as follows,

{SPT;}, {SPT7,SPT;}, {SPTj,,SPT{;}, {SPT],,SPT|s}, {SPT;,,SPT5;}, (119)

where the SPT phases are labelled by SPT},. Other Zy x Zy SPTs are permuted by order 3
cycles under the Tri-ality map,

N 5 7 11 13

Cyces (1,2,3) (L,3,5) (1,5,9)(2,7,4)(3,8,6) (1,6,11)(2,4,5)(7,8,10). (120
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To summarize, the gapped phases of Zy x Zy are invariant under Tri if and only if N = 3 or
N =1 mod 3, and for the latter case, there are at least 2 gapped SPTs that are Tri invariant.
The Tri maps other gapped phases by order 3 permutations as the consequences of Tri being a
triality map. The Tri invariant theories admit triality fusion category symmetry. More detailed
analysis of triality fusion category symmetry protected topological phases relies on the study
of its fiber functors and we leave it for future study.

The ordinary SPTs cannot be smoothly connected without breaking the protecting symme-
try. Similarly, the triality fusion category symmetry-protected topological phases will undergo
a phase transition between them, the critical theory can also be triality fusion category sym-
metric. For example, when N =7,

7 _ 2 -2 ) 2 4 —4 —4 4
HY = MZ3Xoj1 252 + 2521 X0i 23, 1) + (1= A)(Z5 Xojun Zythy + 237 XpiZ3 )+ hec. (121)
j

The transition occurs at A = %, which is pinned by the duality transformation TKW*KW°.
The whole phase diagram is invariant under the triality and admits triality fusion category
symmetry. In particular, the non-invertible line operators Q that corresponds to Tri = TC¢TG!
with quantum dimension N has the fusion rules with invertible lines in Zy x Zy,

0e0= P g, g©0=Q00g=0Q, goh=gh, (122)
SELN XLy
g®0=0®g=0Q, Q®Q=NQ, (123)

where g,h € Zy x Zy and thus Q® Q® Q =N P,ez, xz, & The details of this triality fusion
category will discussed in Sec.?7. The quantum dimension of Q can also be counted by the
Kraus operator that implements such triality transformation. The KW®° effectively adds 1 lat-
tice site which corresponds to quantum dimension N, while translation T, charge conjugation
C® and SPT are unitary transformations that will not change the quantum dimension of the
defect line.

6.2 P =TCTG ? as the p-ality map for Z, x Z, with prime p
Another special non-local map is an p-ality map, which is given by,

P=TCTG *:Tp = (124)

One can find its action on the stabilizers in the Hamiltonian straightforwardly. Interestingly, n
times P transformation yields,

n+1 0 0 X

x—1
0 n+1 - 0
n__ 1—x
(Te)" = 0 nkx-1) -n+1 o | (125)
n(i-1) 0 0 -n+1

Therefore, for Z,, x Z,, system with prime p, PP =1 mod p and P generates an order p non-
local mapping. The p-ality P maps the SPT phases as,

P : SPT® — SPTCt2) ™ (126)
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Table 3: Non-local mapping P acts on the Z, x Z, gapped phases. For all prime
numbers p, SPT! is P invariant. The other p gapped phases are permuted under P.

D G p-ality P = TC*TG ™2 mapping among the gapped phases

2| z,%x7, SPTX) SSB«> SYM

3| Zyx7Zs spT!¥)  SSB — SYM — SPT? — SSB

5 | Zs % Zsg spT' XD  SSB — SYM — SPT? — SPT* — SPT2 — SSB

7| Z,%x2, | sSPTXD SSB— SYM — SPT* — SPT3 — SPT® — SPT5 — SPT2 — SSB

where the x~! should be understood as the modular multiplicative inverse of x modulo p.
Therefore, for any prime number p, there exists only one p-ality invariant SPT phase, which
is given by,

a*—2a+1=0=>a=1. (127)

Then the p-ality P maps the gapped phases as,

P: spT'X0 SSB — SYM — SPT2 ' — -.- — SPT2 — SSB, (128)

where the sequence of SPT phases follows (126) with the understanding that SPT? = SYM
and “SPT®°” = SSB. For the first few prime numbers, the p-ality mapping is given in Tab. 3.
We note that for p = 2 the p-ality coincides with the duality with off-diagonal bicharacter, i.e.
Rep(Dg), and for p = 3, the p-ality coincides with the triality Tri. The detailed mathematical
structures and continuum field theory applications of p-ality are discussed in [56].

From this lattice perspective, we see that the p-ality always has a symmetric gapped phase,
which is given by SPT'. In general, if a theory is invariant under the p-ality, it admits the p-ality
fusion category symmetry. We note that there are distinct p-ality fusion category symmetric
gapped phases that cannot be continuously deformed to each other without breaking the non-
invertible symmetry, similar to [24]. The p-ality non-invertible lines P;,i = 1,---,p — 1 have
quantum dimension p which follows the same argument as that in triality, namely, only the
KWeKW? part will contribute quantum dimension p, the other actions correspond to quantum
dimension 1. The fusion rules for P; are,

i=—j
@geZpeJZp &> I

] (129)
PPiyj, otherwise.

g®Pi:Pi®g:pia Pl®P]:{

7 Noninvertible symmetry from (un)twisted gauging

Given the partition function of the continuum field theory, the discrete gauging is specified by a
bicharacter y : G x G — U(1) and the possible discrete torsion a(g,h) = ¢(g,h)p(h, g)~t. We
assume G is abelian for simplicity. Suppose the original partition function has global symmetry
G, which is tracked by the background gauge field A. We promote the background gauge field
A to the dynamical gauge field labeled by a. After gauging, there is a dual symmetry G with
background gauge field A,

~ —~ 1 . ~

Z[X,Al= — Z Z[X,a]exp (Zm J x(a,A)+ a(a)) , (130)

|G|g a€H(X,G)

where X is the 2-dimensional base manifold, a € H(X, G) and A € H!(X, G). The bicharacter
x gives the identification between the original global symmetry and the dual symmetry. For
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Zs x 7.3, if x((A1,A3), (A;,A,)) =A; UA; +A, UA, isA diaAgonal pairir}\g, then iniuitively the dual
symmetry is still Z3 x Z3. However, if y ((A1,A3), (A1,A2)) = A; UA; + Ay UA, is off-diagonal
pairing, then the two Z,s get swapped. In particular,

KW®® ~ diagonal pairing ~ Rep(Hg) = TY(Zy X Zj, X diag> +1), (131)
TKW® ~ off-diagonal pairing ~ Rep(Dg) = TY(Zy X Zs, Xoffdiag» +1) (132)

where KW*®® = KW® o KW? as before and the last column gives the emerged infrared non-
invertible symmetry if the theory is self-dual under gauging the Z, x Z, symmetry with different
bicharacters [61,83,84]. The translation T will permute the even and odd sites, resulting in
exchanging Z3 and Zj.

In general, if the theory is invariant under gauging an abelian symmetry A, then it admits
the Tambara-Yamagami category symmetry TY(A4, y, €), where y is the bicharater in the gaug-
ing, and e € H3(Z,, U(1)) is the Frobenius-Schur indicator. The simple objects in TY(A, ¥, €)
are group-like line operators g € A and a non-invertible line A’ with quantum dimension 4/]A.
These simple lines satisfy the following fusion rules,

g®h=gh, gOIN=N®g=N, N®N=@g. (133)

g€eA
The only non-trivial F-symbols are

[F g/\/h] [FNNN] _

€
n=——x(g,n)",
VA

where ¢ = +1 is the Frobenius-Schur indicator for A/, which is classified by
e € H¥(Z,,U(1)) = Z,, and y : Ax A — U(1) is a non-degenerate symmetric bicharacter,
which satisfies

x(g,h)=yx(h,g),  x(gh,k)= x(g,k)x(h,k), x(g,hk) = x(g,W)x(g,k). (135)

For general Zy x Zy, the untwisted gauging with diagonal and off-diagonal bicharacters
are,

NN [FhN N v = x(g,h), (134)

KWe : Z[A;,A,] — Z[A},A,] = oz Z Z[ay, ay | Artai; (136)
1Gle | =

TKW® : Z[A;,Ay] — Z[A},Ay] = |G| Z Z[ay, ay ]Vt aUAr (137)
ai,as

The twisted gaugings TG, Tri = TC®TG! and P = TC*TG 2 discussed in the previous section
correspond to,
TGl = KW®SPT : Z[A},4,] - Z[A1,A,] = —— > Z[ay, 4]tV of WAt (138)

al as

IGl¢

Tri = TC*KW®°SPT : Z[A;,A,] — Z[A}, A, ] = Z Z[ay, ay]w@Y% VA=A (139)

a,a;

IGIg

When N = 2, Tri transformation reduces to the triality in [61]. It is straightforward to verify
(TG : Z[A;,A,] = Z[A,,—A;]and (Tri)® = 1 using aUb = —bUa and D wV =5, 0o- One
can also compute such partition function on a torus, the cup product becomes
AUB =A,B,—A,B,, where A, , denote the gauge fields along the cycles in the x, y-direction.
The partition functions for the gapped phases are given by,

Zepra[A1,Ar] = ™12 | Zsop[A1,Ay] =64 06, 0- (140)
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And the partially SSB phases are given by 6,, where A is some combination of A;,A, that
corresponds to the diagonal subgroup. Lastly, the p-ality transformation P = TC*KW®°SPT 2
is give by,

1

P:Z[A],A)] — Z[A\DA\Z] = @

Z Z[al, az]w—2a1Ua2 walu&—azu& . (141)

ay,dy

The better way to check the transformation on the boundary partition function is to examine
the symmetry of bulk SymTFT as discussed in Appendix D.

For a theory that is invariant under the Tri or P transformation, it admits the triality or
p-ality fusion category symmetry. Similar to the TY category, the pairing between the orig-
inal symmetry and the dual symmetry relates to the F-symbols of the form of F%Dh, where
g,h € Zy xZy and D is the triality or p-ality non-invertible defect. However, different from the

TY category, the symmetry fractionalization class of triality or p-ality fusion category symmetry
is in general not trivial, then, for example, FZ) P8 and F}fDD will be non-trivial [60,99,100].

7.1 Triality fusion category symmetry

If the Zy x Zy symmetric theory is invariant under the triality Tri transformation, then it admits
the triality fusion category symmetry. Similar to the Tambara-Yamagami category, the triality
fusion category can be viewed as an Z3 extension of Vecy, .7, . The simple liIEs in the triality
fusion category are group-like lines g € Zy x Zy and non-invertible lines Q, @ with quantum
dimension N,

g®h=gh, g®0=00g=0, g®Q=0®g=20, (142)
Q®Q0=NQ, Q0= P g, (143)
8E€ELN XLy

which implies Q® Q® Q = N P,ez, xz, & In the following, we try to determine the triality
fusion category that is realized in the Zy x Zy spin model. The triality fusion category of
this particular twisted gauging Tri with corresponding transformation on the partition func-
tion(139) can be a group theoretical fusion category,

CU(ZE x ZY) % Zg, ., 2%, 1), (144)
where
(Zy, x Zjli,) X Zs={a,b,cla’ =bN =c3=1,ab=ba,cac’! =a 'b,cbct =al), (145)

where Zs is the subgroup of the automorphism group of Zj, x lef], Aut(Zy, x Zk]) = GL(2,Zy)
assuming N is prime. w, relates to the Frobenius-Schur (FS) indicator of O, and its explicit
form is given in [56]. For this triality fusion category, the non-trivial FS indicator forbids
a symmetric gapped phase. Therefore, in the case that has Tri invariant gapped phase, the
triality fusion category is necessarily anomaly-free with a trivial FS indicator. Hence, for N = 3
and prime N =1 mod 3, the triality fusion category is C((Z}, x ZZ) X Zs3, 1,75, 1).

The group theoretical fusion category suggests that the triality transformation can be ob-
tained by gauging the subgroup Zg, of (Z, x Zk[) X Zs. One starts with the theory that is
symmetric under (Z%, X Zk,) X Z3, then gauges the Z; subgroup, the Z; symmetry transforma-
tion becomes triality transformation as illustrated in [56].
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In particular, we consider the Z§, x Z3, spin model, there are 3 particular partially sponta-
neously symmetry breaking phases,

Hsge =— Y Z3iZy y + Xojq +hoc., (146)
j

Hgspo =— Y Zyj 125 ) + X5 +hoc., (147)
j

Hggpins = — D Zoj 5250 1 253 Zojr + Xoj_oXoj 1 +hec. (148)

J

The Z5 invertible symmetry permutes these 3 partially SSB phases, while it becomes triality
Tri non-invertible symmetry under the conjugation of KW*® or gauging Z$,,

SSpdiag SPT1

KWwWe
SSB® '& SSB° < SYM & SSB. (149)

In partition function formalism, the Z5 symmetry acts as,
Zs: Z[A,Az] = Z[—A; + Ay, —AL], (150)

where A;,A, are the background gauge fields of Z5,, Z3,. We define the Z, gauged partition
function,

=~ 1
Z[A,Ax] = @Zz[alez]wGIUAl : (151)
ay

Then the Z5 acts on the gauged theory as,

Zs: Z[A,Ar]= ﬁ ;Z[al,Az]a)alUAl (152)
— ﬁ ; Z[—a; + Ay, —a; JwBYh (153)
_ ﬁ g 2[a2’ al]w—aluA1+a2ua1+a2uA2 (154)
1,42
_ ﬁ CZ; 2[a1, az]waluaz o1 UA2—azUA , (155)
1,42

which agrees with the transformation in (139).

7.2 p-ality fusion category symmetry

In the following discussion, p is a prime number. If the Z, x Z, symmetric theory is further
invariant under the p-ality P transformation, then it admits the p-ality fusion category sym-
metry. We then try to determine the p-ality fusion category that is realized in the Z, x Z,, spin
models. The fusion rules of the simple lines are given by,

@geZp®Zp g, 1= _] )

. (156)
PPiyj, otherwise.

§®h=gh, goP;=P®g=";, Pi®Pj={

32


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136

e SciPost Phys. 17, 136 (2024)

The complete classification of the p-ality fusion category is not known. However, one particu-
larly interesting one is the group theoretical fusion category [56],

Pom = C(ZE X LY X L, 0, 23 X 2D, 1), (157)
where w ,(a1b/1ck1, a2bi2ck2, a3 biscks) = e%i1j2k3+%kl(kﬁke‘_[kﬁkd"). The second part in
w4 is a type I anomaly of Z; and it relates to Frobenius-Schur indicator of P;. In this p-ality
fusion category, the non-trivial FS indicator obstructs the symmetric trivial gapped phase. Our
interested models have SPT! as the p-ality invariant theory, therefore, the FS indicator must
be trivial. To realize non-trivial FS indicators, one needs to stack SPT corresponding to the
non-trivial element in H3(Zp, U(1))[21].

The group theoretical fusion category suggests the p-ality is obtained by gauging Z; x ZS
subgroup of global symmetry Zg X Zg X Z; with type IIl anomaly. The type Il anomaly is used to
bootstrap the conformal field theory of the multicritical point between the SPT phases [58]. For
p = 2, this analysis coincides with study of Rep(Dg) = C(Zy X Zy X Zy, w . o, Zy X Z5,1) [101]. In
particular, [24] uses the Kennedy-Tasaki transformation to convert the Rep(Dg) to Zy X Zy X Z,
with the type III anomaly, and then analyze the different symmetry breaking patterns to con-
struct the symmetric gapped phases (fiber functors) of Rep(Dg). Parallel analysis can yield
other symmetric gapped phases of this p-ality fusion category.

To be specific, we consider the Z; X Zg spin system as in the previous section, where the
symmetry is generated by n® =] | 1 X2 n°=[] jX2j-1. The Z; symmetry is generated by

— -1 1
n° = l_[ CZZj—l,ZjCZZj,ZjH’ (158)
J

which permutes the SPT¢ — SPT%"! but leaves the SSB phase invariant,
Z; : SSB O SYM - SPT! - SPT?> .- — SPT*~! — SYM. (159)

Following the group theoretical fusion category, the p-ality fusion category is obtained by gaug-
ing Zg X Zg. Note that stacking Z; X Zg SPTs will not change the fusion category since the

type Il anomaly will assimilate the SPT. In the following, we consider the TS;S,T™! transfor-
mation, which is the Z,, generalization of Kennedy-Tasaki transformation, SPT KW®° SPTL.
Note that this is an order 2 non-local mapping,

—1 —1 _
SSB e SPT!,  SPT® e spTl-(=D" (160)
where the inverse should be understood as mod p. This matches with the (128),

P: spT!{) SPT? — SSB — SYM — --- — SPT32 ' > SPT2. (161)

We follow the procedure in the previous section and [56] to derive the p-ality action on the
partition function. Because of the type III anomaly, the Z; symmetry acts on the partition
function as,

Zy: ZIA,Ax] - Z[A1,Ay ]2 (162)
where A;,A, tracks the global symmetry Zle) and Zg. We define the Zg X Z‘; gauged partition
function following the TS;S,T~! transformation,

1

Z[AbAz] = |G|g

Z Z[Cll, a2]w—alUa2+a1UA1+a2UA2+A1UA2 . (163)

ap,dy
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Then the Z; symmetry acts on the gauged theory as,

L

Z; : 2[A1’A2] B |G|g Z Z[al’a2]w—a1Ua2+a1UA1+a2uA2+A1qu (164)

ay,dy

1
— |G|g E :Z[abaz]waluazw—alUa2+a1UA1+a2UA2+A1UA2

ap,as
_ 1 Z 2[b1, bz]w_b1Ub2+b1Ual+b2ua2+a1ua2 UVAIHGLUA A VA (165
|G|8
aj,as;bq,by
1 = _ _
— Z Z[by, bylw 2byUb,+b1UAy—byUA; (166)
IG|¢
by,by

This matches with (141).

Furthermore, another group theoretical fusion category P_,, in [56] involves type II
anomaly, and it is also compatible with the fusion rules in (156). In this case, the non-trivial
FS indicator can still have a symmetric trivial gapped phase, since the type II anomaly will
“cancel” the obstruction. It is also interesting to construct various symmetric gapped phases
of this p-ality fusion category P_ ,.

8 Conclusion

In this paper, we studied the (un)twisted gauging on a 1d lattice incorporating the analogous
data from continuous theory. The non-local duality mapping is translated into the gauging
procedure, and the general (un)twisted gauging leads to novel non-local mapping of the local
Hamiltonians, which preserves the locality of symmetric operators but maps charged operators
to non-local operators. The dual symmetry is explicit in this construction and could be fusion
category symmetry under the (un)twisted gauging. We elaborate the (un)twisted gauging on
lattice using both lattice operator algebra and Kraus operator in the quantum process. We
detailed study the triality for Zy x Zy symmetric Hamiltonians and p-ality mapping for the
Z, x Z, symmetric Hamiltonians with prime p, we found the mapping among different gapped
phases. Under certain conditions, there exist triality or p-ality invariant gapped phases. For
theories that are invariant under the triality or p-ality, they admit corresponding non-invertible
symmetry. We analyze their corresponding group theoretical fusion category construction.
The data of the non-invertible symmetry contains additional information of the triality or p-
ality defects, which can be extracted from the lattice defect Hamiltonians as in [21]. For the
non-invertible symmetric gapped phases with unique ground state, there are distinguishable
cousins which cannot be smoothly connected to each other.
There are several directions to pursue in the future:

* Since we know the triality and p-ality fusion category admit symmetric gapped phases
with unique ground state under certain algebraic condition, it is interesting to have the
classification of these symmetric gapped phases. For group theoretical fusion category,
the condition is known in [56,59,60]. The lattice construction of these trivial symmetric
gapped phases is leaving for future study. One approach is to import the fusion category
data to the tensor network formalism as developed in [120].

* It would be interesting to generalize the lattice twisted gauging as an ingredient to com-
pare and generate other interesting non-local mapping with respect to non-abelian sym-
metry, fermionic symmetry, non-invertible symmetry and higher form symmetry. Many
related works on duality mappings for various cases are reviewed in the introduction.
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* It is also interesting to extract more fusion category data and the data of fiber functors
from the lattice (defect) Hamiltonian [21,24,61,93,143].

* The (14+1)d symmetric gapped phases with domains can be used to encode the logical
qubits and using non-local mapping as the quantum gate to implement the quantum
computing. This corresponds to the boundary perspective of the dynamic automorphism
codes [144-148].

Acknowledgments

We acknowledge the discussions with Yimu Bao, Yichul Choi, Sheng-Jie Huang, Laurens
Lootens, Chong Wang, Xinping Yang, Zipei Zhang, Liujun Zou. We acknowledge Zipei Zhang
for the collaboration on a related project. We thank Sahand Seifnashri, Shu-Heng Shao for
helpful comments on the draft.

Funding information DCL and YZY are supported by a startup fund by UCSD and the Na-
tional Science Foundation (NSF) Grant No. DMR-2238360. This research was supported in
part by grant NSF PHY-2309135 to the Kavli Institute for Theoretical Physics (KITP), through
the KITP Program “Correlated Gapless Quantum Matter” (2024).

A Twisted Gauss law operator

For Zy x Zy, the non-trivial element in H%(Zy x Zy, U(1)) is ¢(g,h) = w?&2 where b € Zy.
The general Gauss law operator is given by,

G(glgz) Z (plag™, g) |ag™ ) al) ® 2§ ® (v(g, b)|gb) (b])
a,beG

= > (eemmmig —g)(g)),, © (lay— g) (@) @ XDHEDE
(a1,a2),(b1,bs)

®(|g1+b1)(b1|)]+_ ®(wbg1bz|gz+b2 b2|)
_ (7e —bg e g o g e\g 0\g e g1(¥O0 Y& (70 bg
—(Z]._%) 2(X]._%) 1(X]._%) 2(X7)E(XT) 2(XJ.Jr%) 1(X.+%) 2(ZJ.JF%) Lo (AD

where (a;, ay), (b1, b2),(81, &2) € Z3, x Z3, and |a)]_1 =(la;) ® |az>)j_%- Let (g1,82) =(1,0)
and (0, 1), we have,

G V=X \(xE(Re )TE,), 6P =@ 0K &0 )T @A)
2 J J=3 Jmz T s

B Useful identities for Zy generalized Pauli matrices

As defined in the main text,

ZZ w P08 (B.1)
a=1p=1

Under the CZ“ transformation,

XI—-XZ%, IX -7, VARSIV N 1Z - 17, (B.2)
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whose symplectic transformation is,

1 000
01 0O
Tezr=| 0941 0 (B.3)
a 0 01
Under the CX? transformation,
XI—->XX%, IX—>IX, ZI-ZI, 1Z—-277Z, (B.4)
whose symplectic transformation is,
1 0 0 O
a1l 0 O
Tex*=1 0 0 1 —a (B.5)
0 00 1

We can also define the generalized Hadamard gate and its corresponding symplectic transfor-
mation,

1 o
H= ﬁw_(l_l)(l_l), Ty= (_01 é) . (B.6)

C Practical review of algebraic methods for quantum codes on lat-
tice

In this section, we give a practical review of the algebraic methods for quantum codes on lattice
developed in [79,80] and the nice review [81]. The basic idea is that the Pauli operators can be
mapped to vectors in the symplectic vector spaces to keep the commutation relation but forget
the phases in front of the Pauli operators. The elements in the Clifford group, which maps any
Pauli operator to a Pauli operator, are represented as matrices that preserve the symplectic
structure.

First, let’s consider a quNit, with local Hilbert space CV, spanned by |n) ,n € Zy. We define
the generalized Pauli operator as in the main context, X |[n) = [n—1),Z |n) = " |n), where
w=¢e~. And XZ = wZX. The general Pauli operator is given by nX¢Z¢, where £,{ € Zy
and 1) is the phase factor. Two Pauli operators have the commutation relation,

nX$Z8n'x8 78 = WEE Ny xE 28 nx 8 28 (C.1)

And they commute up to a phase w™, where
" 0 1)\(¢
m=£¢—&¢ modN=(& ¢) 1 o)l mod N . (C.2)

The Pauli operator nX*Z¢ is represented by the vector (¢ ¢)T. And the commutation relation
between two Pauli operators is encoded by,

(& C)(_Ol é)(?) mod N . (C.3)

Any transformation that preserves the commutation relation is a symplectic transformation on
the vector, for the symplectic transformation A is a 2 x 2 matrix with values in Zy;,

0 1 0 1
AT(_l O)A:(_l 0)' ((oX))
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For example, the elementary transformations are,

1 0 0 1 a O
(a 1) ) (_1 0) ) (0 a—l) 5 (CS)

where a € Zy. They correspond to the phase gate, Hadamard gate, and the K4 = Y, |—i) (i
gate [149]. For m quNit system, the Pauli operator is represented as 2m-vector,

m
1 1 T
| [ (&0 R4 RN (ST S I SR <) L (C.6)
=1
where X! acts on the [-th quNit, similar for Z!. We neglect the phase factors in front of the
Pauli operators since they are irrelevant for the commutation relation. Then the symplectic
transformation is given by 2m x 2m matrix with values in Zy and satisfies,

0 I 0 I
T —
A( f O)A—(_I 0)’ AeGL(2m,Zy), (C.7)

where I is m x m identity matrix. The symplectic transformations correspond to CZ and CX
are listed in Appendix B.

It is interesting and useful to incorporate the translation invariance in the algebraic
method. In one spatial dimension, the translation symmetry is Z and generated by x. x'

represents translation by i sites (unit cells). Then the Pauli operator ]_[l.Xi‘E" VA fi, where X;, Z;
act on the site (unit cell) i, is represented as,

(Zigixi | ZiCixi)T- (C.8)

And the dual vector is given by x — x7!,

(Zigix_i | >¢ix). (C.9)

The commutation relation between two Pauli operators is encoded by,

i nf 0 1\ [ &
xtr[(zi Ext D lix) (_1 0) (Zi i )] (C.10)
where xtr[x'] = 1 if i = 0 and 0 otherwise. For example, the Ising coupling Zl-Zl.jrl1 is repre-
sented as,
(0 | xi—x*)T~(0 | 1-x)". (C.11)
The ~ is because of the translation invariance. For m quNit system on 1-dimensional lattice
. . . . L ! !
with translation invariance, the general Pauli operator is given by l_[;n:l [L&x f)gi (Zil)gi, where
X ll acts on [-th quNit and site i. It is represented as,

m
1 1 .
[T Tehies -3 e 1eh o). a2
=1 i i
Any transformation A(x) that preserves the commutation relation is given by,
0 I 0 I
A(x )(—I O)A(x) (—I 0), (C.13)

where A(x) is a polynomial of x with coefficients as 2m x 2m matrices with values in Zy. For
example, on the 1d lattice with one quNit per site, some interesting unitary is given by,

1 0 . 0
nczj,j+1 . (x—1 +x 1) ; ncxj,j+1 - (10x 4 1) , (C.14)
J J

where the second one is acting CX; ;,, sequentially and it does not preserve locality. For local
Hilbert space with m quNit, some elementary symplectic transformations are given by,
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* Hadamard H;: row; = row;, row; = —row; for 1 <i <m,

e controlled-NOT Ei_q-(a): row; += a(x) X row;, ToOWj,, += —a(x™1) x row;,,, for
1<i#j<m,

* controlled-Phase: row,,,, += f x row; where f € Zy for 1 <i < m,

where a(x) is a polynomial of x with coefficients in Z.

For example, the stabilizers for the Zy x Zy symmetric phase (1,2-column), SSB phase
(3,4-column) and SPT phase (5,6-column) with minimal coupling to the Zy x Zy gauge field
is represented as

SYM SSB SPT Gauss law \
01 0 0 X 0 0 b
0 0 0 0 0 0 0 1—x
1 0 0 0 0 1 b 0
00 0 0 0 0 1—x 0 s (C.15)
0 0 0 1—x 0 ax—a 0 0
00 0 1 0 —a bx 0
0 0 1—x 0 a—ax 0 0 0
\ 00 1 0 a 0 0 —b

where the basis is (ij_l,fzj_%,ij,)?zﬂé,sz_l,sz_%,sz,szJr%) and the last two columns
correspond to the twisted Gauss law operators (96). To find the unitary that transforms the
twisted Gauss law operator (96) into the form of single X, one applies the elementary sym-
plectic transformations to (C.15),

HyoH10Cy 1 (bx)0Cyyy(x)0C, 1 (—1)0Cs 5 (=b)oCs_4(—x )0 Cq 4 (1)oH; oH,, (C.16)

which corresponds to the matrix form in (101). Certainly, there are different paths lead to the
same unitary transformation. It is an interesting question to find the minimal one. Under the
unitary transformation, the resulting stabilizers are,

[ 0O -1 00 -—x 0 0 —x\
b 0 01 0 =—a—b 0 0
1 0 00 O 1 x 0
0 b 1 04a+b 0 0 O
0 0 00 O 0 0 0 (€17)
0 I-1001-x o0 o0 0
0 0 00 O 0 0 0
1 1
\1-1 0 00 o0 -1 0 o ]

D Bulk symmetry TFT

The Z) x Zy symmetric theory in (14+1)d can be viewed as the boundary of (2+1)d Zy x Zy
quantum double. Using the Chern-Simons theory representation,

0 010

I ]l oo0oo01

£_4nK”a Ada’, K=N 1000 |’ (D.1)
0100
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the charge vector is (e;, e5, m;, m,)7. The above Chern-Simons theory is a continuum descrip-
tion of the Zy x Zy Dijkgraaf-Witten theory [150-152]. The non-local mappings of the bound-
ary theories correspond to the global symmetry of the bulk theory [153,154]. In particular,
the bulk global symmetry of Z}; quantum double is generated by V,

{v € GL(2m, Zy) | V ((1) é) YT = ((1) é)} , (D.2)

where I is m x m identity matrix. Such a group is called a split orthogonal group. There are
3 types of bulk global symmetry, and they correspond to different actions on the boundary
theory [153].

R-type The R-type symmetry in the matrix form is,

R(U)=(g U91T), AT UTITAT, (.3)

where A is the background gauge fields in the boundary theory that track the global symme-
try. Note that such bulk global symmetry corresponds to the automorphism of the boundary
symmetry group.

T-type The T-type symmetry is generated by,

0 n
T" = ! (—n 0) , Z[A1,A5] = Z[Aq, Ay oo™ A2 (D.4)
0 I

where I is the identity matrix and Z[A;,A,] is the partition function of the boundary theory.
The T-type bulk symmetry corresponds to applying an SPT entangler on the boundary theory.

S-type The S-type symmetry is given by,

Si:(IJ_J IiJ)’ Z[-- A, ] — Z Z[...’ai’...]waiUAi, (D.5)
a;€H (X, Zy)
where I is the identity matrix, J;; = 1 and O otherwise. S; is the EM duality between the
i-th Zy in the bulk and corresponds to gauging the i-th Zy symmetry on the boundary, i.e. S;
corresponds to the Kramers-Wannier duality of the i-th Zy on the boundary.

Note that both R-type and T-type correspond to action with finite depth local unitary on
the boundary theory. To classify the non-local mapping on the boundary theory, one should
mod out the R-type and T-type transformations [ 154].

In particular, the triality transformation Tri corresponds to the bulk symmetry,

0O 0 O 1
0 0 -1 O
VTri = R(Ul) ' SZ : Sl -T= 0 1 —1 0 > (D6)
-1 0 0 -1
where Uy = (% §). It is easy to check V2. = 1.
The p-ality transformation P is given by,
0 0 0 1
0 0 -1 0
— . . . —2 —
Vo =R(U;)-Sy-S; - T o 1 2 o | (D.7)
-1 0 0 2

_ O 1 . . p _ . .
Whef U, = (_1 0) is the same as above. It is easy to check V; =1 mod p, where p is a prime
number.
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E Defect

One can obtain the Kramer-Wannier duality defect Hamiltonian using the half-gauging on the
lattice as illustrated in [21,93]. We will show the defect Hamiltonian with various (un)twisted
half-gaugings.

E.1 Untwisted Half-gauging Zy x Zy

We consider half gauging the system < 2j + 1, then it creates the defect located at (2j,2j + 1).
The defect Hamiltonian is closely related to the Kramer-Wannier duality defect and corre-
sponds to doing Kramer-Wannier duality on even and odd sites KW*KW?® and then shift

j—=Ji—3

-1 — —
22jZ3j40 _)X2J22]+2’ Xoj = Zyj— zZZJ ,
Zyj_ 122]+1—’X2j 1ZZ_J+1, Xoj 1= 2y 322_1 1- (E.1)

The defect terms for the SPT® are given by,

- —a -1
sz 1X2JZZ_]+1 - ZZJ'—ZXz]a 122j Z§]+1 )
Z X2]+122]+2 _)X X2]+1ZZJ+2 (EZ)

When N = 2, such defect Hamiltonian under the renormalization group flow will corre-
spond to inserting the duality defect of Rep(Hg). A closely related duality defect of Rep(Dg) is
given by TKW®KW?®, whose Zy x Zy version is,

& 1 1
ZZ]ZZJ+2 = X2j+122j42> Xoj = Zaj- 122;+1 )
ZZ] 1ZZ]+1 XZ]ZZ_]+1 , XZ] 1 Z2] ZZ_ . (EB)
The defect terms for the SPT® are given by,
- —ay-1
sza 1X2]'Z§j+1 = Z3j1X, aZZ]+1Z§]+1 )
Z3iX2j41Z5549 = X2j+1X21'+lzz_f-l+2 (E.4)

There is an additional site in the Hilbert space and the dimension of the defect Hilbert space
is larger by N times. This corresponds to the quantum dimension of the duality defect.
E.2 Twisted half-gauging

The twisted half-gauging can be obtained by first applying SPT entangler to half of the space
and then applying untwisted half-gauging,

— -b —

ZZJZZJ+2 X21221+2: Xoj = Zoj—2Xy5_ 1221 >
ZojaZopn = XojaZofyrs  Xaja = Zoj Xy o251 (E.5)

The defect terms for the SPT® are given by,
- —a—b—1
sza 1X2122]+1 ZZj—ZXZJa 1 Z Z§]+1 ’
Z X2]+]-ZZ]+2 _)X X2]+]-ZZ]+2 (E6)
Combined with the translation operator, the defect terms become,
—b5—

ZZJZZJ+2 _’X21+1zzj+z’ Xaj = Z2j1Xy; sz+1 )

Zgj 12551 = X2jZ5]4 Xojo1 = Zoj2X5; 125 (E.7)
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The defect terms for the SPT? are given by,

- —a—b5-1
Zz; 1XZJZzJ+1_’ZZJ' 1X5; - Zz;+1Z§J+1’
ZyXaj+12Z5515 = Xz]+1X21+1ZzJ+z (E.8)

Again, the dimension of the defect Hilbert space is N times larger than the original Hilbert
space. This corresponds to the quantum dimension of the triality defect.

E.3 Derivation of half gauging

E.3.1 Untwisted half-gauging
KWeKW®

- 5 -1
ZZJZZJ+IZZJ+2 X2]+1ZZJ+2’ Xoj = 2, —%sz+§
zzj_lz2 lzz o —>X2]_122_J+1, Xoj1 — 22]__ 2J1__ (E.9)
The defect terms for the SPT® are given by,
Zz_]a 1Z_a XZJZZJ+1 = Zy; 3X2Ja__Z_ Z§]+1 >
NSNS SRV PELD SRS CHRY 7 PS (E.10)
E.3.2 SPT entangler
U= ]_[ C22] 1 ZJCZSj,Zj +1 acts < 2j + 1, only the following terms will be modified
X5 = Zy) 1 Xo; (E.11)
- —a—b
sza 1X2]Z§]+1 sza 1 XZJZ§]+1 (E.12)
E.3.3 Twisted half-gauging
Combining the SPT entangler and untwisted half-gauging, we have,
1 — b - 5 .5-b -
22]ZZJ+122]+2 X2]+122]+2> Xaj sz 1X2j = 2y 1Z X2j = Zy; 3X2]__Zz 1
— Sb 5-1
sz_lzz 122]+1 _)XZ 1Z2]+1, XZ] 1 —>sz 2X2]'_122 _)Z2] ;}(21__22 -1 (E.13)
The defect terms for the SPT* are given by,
- —a—b —a—b7—a—b —a—b75—1
sza 1X2JZ§]+1 sza 1 ijzgj+1 - sza 1 Z o X2]Z§]+1 - Zz;——lea__ ZZJ+ZZ§J+1 >
Zg]z;l] X21+122]+2 _>X2j+%X2j+1ZZJC-li-2 (E.14)
References

[1] H. A. Kramers and G. H. Wannier, Statistics of the two-dimensional ferromagnet. Part I,
Phys. Rev. 60, 252 (1941), doi:10.1103/PhysRev.60.252.

[2] J. B. Kogut, An introduction to lattice gauge theory and spin systems, Rev. Mod. Phys. 51,
659 (1979), doi:10.1103/RevModPhys.51.659.

41


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1103/PhysRev.60.252
https://doi.org/10.1103/RevModPhys.51.659

e SciPost Phys. 17, 136 (2024)

[3] T. Kennedy and H. Tasaki, Hidden symmetry breaking and the Haldane phase in S =1
quantum spin chains, Commun. Math. Phys. 147, 431 (1992), doi:10.1007/BF02097239.

[4] T. Kennedy and H. Tasaki, Hidden Z, x Z, symmetry breaking in Haldane-gap antiferro-
magnets, Phys. Rev. B 45, 304 (1992), doi:10.1103/PhysRevB.45.304.

[5] M. Oshikawa, Hidden Z, * Z, in quantum spin chains with arbitrary integer spin, J. Phys.:
Condens. Matter 4, 7469 (1992), doi:10.1088/0953-8984/4/36/019.

[6] D. Aasen, R. S. K. Mong and P. Fendley, Topological defects on the lattice: I. The Ising model,
J. Phys. A: Math. Theor. 49, 354001 (2016), d0i:10.1088/1751-8113/49/35/354001.

[7] D. Aasen, P Fendley and R. S. K. Mong, Topological defects on the lattice: Dualities and
degeneracies, (arXiv preprint) doi:10.48550/arXiv.2008.08598.

[8] A.Karch, D. Tong and C. Turner, A web of 2d dualities: Z, gauge fields and Arf invariants,
SciPost Phys. 7, 007 (2019), doi:10.21468/SciPostPhys.7.1.007.

[9] H. Moradi, S. E Moosavian and A. Tiwari, Topological holography: Towards a uni-
fication of Landau and beyond-Landau physics, SciPost Phys. Core 6, 066 (2023),
doi:10.21468/SciPostPhysCore.6.4.066.

[10] S.-J. Huang and M. Cheng, Topological holography, quantum criticality, and boundary
states, (arXiv preprint) doi:10.48550/arXiv.2310.16878.

[11] L. Bhardwaj, L. E. Bottini, D. Pajer and S. Schéfer-Nameki, Gapped phases with non-
invertible symmetries: (1 + 1)d, (arXiv preprint) doi:10.48550/arXiv.2310.03784.

[12] L. Bhardwaj, L. E. Bottini, D. Pajer and S. Schifer-Nameki, Categorical Lan-
dau paradigm for gapped phases, Phys. Rev. Lett. 133, 161601 (2024),
doi:10.1103/PhysRevLett.133.161601.

[13] A. Turzillo and M. You, Duality and stacking of bosonic and fermionic SPT phases, J. High
Energy Phys. 10, 34 (2024), doi:10.1007 /JHEP10(2024)034.

[14] L. Bhardwaj, D. Pajer, S. Schéfer-Nameki and A. Warman, Hasse diagrams
for gapless SPT and SSB phases with non-invertible symmetries, (arXiv preprint)
doi:10.48550/arXiv.2403.00905.

[15] D. Radicevic, Spin structures and exact dualities in low dimensions, (arXiv preprint)
doi:10.48550/arXiv.1809.07757.

[16] R. A. Jones and M. A. Metlitski, One-dimensional lattice models for the boundary
of two-dimensional Majorana fermion symmetry-protected topological phases: Kramers-
Wannier duality as an exact Z, symmetry, Phys. Rev. B 104, 245130 (2021),
doi:10.1103/PhysRevB.104.245130.

[17] K. Inamura, On lattice models of gapped phases with fusion category symmetries, J. High
Energy Phys. 03, 036 (2022), doi:10.1007/JHEP03(2022)036.

[18] M. Cheng and N. Seiberg, Lieb-Schultz-Mattis, Luttinger, and 't Hooft - anomaly matching
in lattice systems, SciPost Phys. 15, 051 (2023), doi:10.21468/SciPostPhys.15.2.051.

[19] N. Seiberg and S.-H. Shao, Majorana chain and Ising model - (non-invertible)
translations, anomalies, and emanant symmetries, SciPost Phys. 16, 064 (2024),
doi:10.21468/SciPostPhys.16.3.064.

42


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1007/BF02097239
https://doi.org/10.1103/PhysRevB.45.304
https://doi.org/10.1088/0953-8984/4/36/019
https://doi.org/10.1088/1751-8113/49/35/354001
https://doi.org/10.48550/arXiv.2008.08598
https://doi.org/10.21468/SciPostPhys.7.1.007
https://doi.org/10.21468/SciPostPhysCore.6.4.066
https://doi.org/10.48550/arXiv.2310.16878
https://doi.org/10.48550/arXiv.2310.03784
https://doi.org/10.1103/PhysRevLett.133.161601
https://doi.org/10.1007/JHEP10(2024)034
https://doi.org/10.48550/arXiv.2403.00905
https://doi.org/10.48550/arXiv.1809.07757
https://doi.org/10.1103/PhysRevB.104.245130
https://doi.org/10.1007/JHEP03(2022)036
https://doi.org/10.21468/SciPostPhys.15.2.051
https://doi.org/10.21468/SciPostPhys.16.3.064

e SciPost Phys. 17, 136 (2024)

[20] C. Fechisin, N. Tantivasadakarn and V. V. Albert, Non-invertible symmetry-
protected topological order in a group-based cluster state, (arXiv preprint)
doi:10.48550/arXiv.2312.09272.

[21] N. Seiberg, S. Seifnashri and S.-H. Shao, Non-invertible symmetries and LSM-
type constraints on a tensor product Hilbert space, SciPost Phys. 16, 154 (2024),
doi:10.21468/SciPostPhys.16.6.154.

[22] O. M. Aksoy, C. Mudry, A. Furusaki and A. Tiwari, Lieb-Schultz-Mattis anomalies and web
of dualities induced by gauging in quantum spin chains, SciPost Phys. 16, 022 (2024),
doi:10.21468/SciPostPhys.16.1.022.

[23] A. Kapustin and N. Sopenko, Anomalous symmetries of quantum spin chains
and a generalization of the Lieb-Schultz-Mattis theorem, (arXiv preprint)
doi:10.48550/arXiv.2401.02533.

[24] S. Seifnashri and S.-H. Shao, Cluster state as a non-invertible symmetry protected topolog-
ical phase, Phys. Rev. Lett. 133, 116601 (2024), doi:10.1103/PhysRevLett.133.116601.

[25] L. Bhardwaj, L. E. Bottini, S. Schifer-Nameki and A. Tiwari, Illustrating the categorical
Landau paradigm in lattice models, (arXiv preprint) doi:10.48550/arXiv.2405.05302.

[26] A. Chatterjee, O. M. Aksoy and X.-G. Wen, Quantum phases and transitions
in spin chains with non-invertible symmetries, SciPost Phys. 17, 115 (2024),
doi:10.21468/SciPostPhys.17.4.115.

[27] L. Bhardwaj, L. E. Bottini, S. Schéfer-Nameki and A. Tiwari, Lattice mod-
els for phases and transitions with non-invertible symmetries, (arXiv preprint)
d0i:10.48550/arXiv.2405.05964.

[28] L. Bhardwaj and Y. Tachikawa, On finite symmetries and their gauging in two dimensions,
J. High Energy Phys. 03, 189 (2018), doi:10.1007/JHEP03(2018)189.

[29] Y. Tachikawa, On gauging finite subgroups, SciPost Phys. 8, 015 (2020),
doi:10.21468/SciPostPhys.8.1.015.

[30] D. V. Else, S. D. Bartlett and A. C. Doherty, Hidden symmetry-breaking pic-
ture of symmetry-protected topological order, Phys. Rev. B 88, 085114 (2013),
doi:10.1103/PhysRevB.88.085114.

[31] K. Duivenvoorden and T. Quella, From symmetry-protected topological order to Landau
order, Phys. Rev. B 88, 125115 (2013), d0i:10.1103/PhysRevB.88.125115.

[32] L. Li, M. Oshikawa and Y. Zheng, Noninvertible duality transformation between symmetry-
protected topological and spontaneous symmetry breaking phases, Phys. Rev. B 108,
214429 (2023), do0i:10.1103/PhysRevB.108.214429.

[33] L. Li, M. Oshikawa and Y. Zheng, Intrinsically /purely gapless-SPT from non-invertible du-
ality transformations, (arXiv preprint) doi:10.48550/arXiv.2307.04788.

[34] A. Parayil Mana, Y. Li, H. Sukeno and T.-C. Wei, Kennedy-Tasaki transformation and non-
invertible symmetry in lattice models beyond one dimension, Phys. Rev. B 109, 245129
(2024), d0i:10.1103/PhysRevB.109.245129.

[35] C. Vafa, Quantum symmetries of string vacua, Mod. Phys. Lett. A 04, 1615 (1989),
doi:10.1142/50217732389001842.

43


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.48550/arXiv.2312.09272
https://doi.org/10.21468/SciPostPhys.16.6.154
https://doi.org/10.21468/SciPostPhys.16.1.022
https://doi.org/10.48550/arXiv.2401.02533
https://doi.org/10.1103/PhysRevLett.133.116601
https://doi.org/10.48550/arXiv.2405.05302
https://doi.org/10.21468/SciPostPhys.17.4.115
https://doi.org/10.48550/arXiv.2405.05964
https://doi.org/10.1007/JHEP03(2018)189
https://doi.org/10.21468/SciPostPhys.8.1.015
https://doi.org/10.1103/PhysRevB.88.085114
https://doi.org/10.1103/PhysRevB.88.125115
https://doi.org/10.1103/PhysRevB.108.214429
https://doi.org/10.48550/arXiv.2307.04788
https://doi.org/10.1103/PhysRevB.109.245129
https://doi.org/10.1142/S0217732389001842

e SciPost Phys. 17, 136 (2024)

[36] Z. Komargodski, K. Ohmori, K. Roumpedakis and S. Seifnashri, Symmetries and strings
of adjoint QCD,, J. High Energy Phys. 03, 103 (2021), doi:10.1007/JHEP03(2021)103.

[37] S. Gelaki, D. Naidu and D. Nikshych, Centers of graded fusion categories, Algebra Number
Theory 3, 959 (2009), doi:10.2140/ant.2009.3.959.

[38] Z. Sun and Y. Zheng, When are duality defects group-theoretical?, (arXiv preprint)
doi:10.48550/arXiv.2307.14428.

[39] X. Chen, Z.-C. Gu and X.-G. Wen, Local unitary transformation, long-range quantum en-
tanglement, wave function renormalization, and topological order, Phys. Rev. B 82, 155138
(2010), doi:10.1103/PhysRevB.82.155138.

[40] D. S. Freed and C. Teleman, Relative quantum field theory, Commun. Math. Phys. 326,
459 (2014), doi:10.1007/s00220-013-1880-1.

[41] W. Ji and X.-G. Wen, Categorical symmetry and non-invertible anomaly in symmetry-
breaking and topological phase transitions, Phys. Rev. Res. 2, 033417 (2020),
doi:10.1103/PhysRevResearch.2.033417.

[42] L. Kong, T. Lan, X.-G. Wen, Z.-H. Zhang and H. Zheng, Algebraic higher symmetry and
categorical symmetry: A holographic and entanglement view of symmetry, Phys. Rev. Res.
2, 043086 (2020), doi:10.1103/PhysRevResearch.2.043086.

[43] D. Gaiotto and J. Kulp, Orbifold groupoids, J. High Energy Phys. 02, 132 (2021),
doi:10.1007/JHEP02(2021)132.

[44] F Apruzzi, E Bonetti, I. Garcia Etxebarria, S. S. Hosseini and S. Schéfer-Nameki, Symme-
try TFTs from string theory, Commun. Math. Phys. 402, 895 (2023), doi:10.1007/s00220-
023-04737-2.

[45] W. Ji and X.-G. Wen, A unified view on symmetry, anomalous symmetry and non-invertible
gravitational anomaly, (arXiv preprint) doi:10.48550/arXiv.2106.02069.

[46] H. Moradi, S. E Moosavian and A. Tiwari, Topological holography: Towards a uni-
fication of Landau and beyond-Landau physics, SciPost Phys. Core 6, 066 (2023),
doi:10.21468/SciPostPhysCore.6.4.066.

[47] E Apruzzi, Higher form symmetries TFT in 6d, J. High Energy Phys. 11, 050 (2022),
doi:10.1007/JHEP11(2022)050.

[48] D. S. Freed, G. W. Moore and C. Teleman, Topological symmetry in quantum field theory,
Quantum Topol. 15, 779 (2024), doi:10.4171/QT/223.

[49] J. Kaidi, K.Ohmori and Y. Zheng, Symmetry TFTs for non-invertible defects, Commun.
Math. Phys. 404, 1021 (2023), doi:10.1007/s00220-023-04859-7.

[50] I. M. Burbano, J. Kulp and J. Neuser, Duality defects in Eg, J. High Energy Phys. 10, 186
(2022), d0i:10.1007/JHEP10(2022)187.

[51] A. Chatterjee and X.-G. Wen, Holographic theory for continuous phase transitions:
Emergence and symmetry protection of gaplessness, Phys. Rev. B 108, 075105 (2023),
doi:10.1103/PhysRevB.108.075105.

[52] J. Kaidi, E. Nardoni, G. Zafrir and Y. Zheng, Symmetry TFIs and anoma-
lies of non-invertible symmetries, J. High Energy Phys. 10, 53 (2023),
doi:10.1007/JHEP10(2023)053.

44


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1007/JHEP03(2021)103
https://doi.org/10.2140/ant.2009.3.959
https://doi.org/10.48550/arXiv.2307.14428
https://doi.org/10.1103/PhysRevB.82.155138
https://doi.org/10.1007/s00220-013-1880-1
https://doi.org/10.1103/PhysRevResearch.2.033417
https://doi.org/10.1103/PhysRevResearch.2.043086
https://doi.org/10.1007/JHEP02(2021)132
https://doi.org/10.1007/s00220-023-04737-2
https://doi.org/10.1007/s00220-023-04737-2
https://doi.org/10.48550/arXiv.2106.02069
https://doi.org/10.21468/SciPostPhysCore.6.4.066
https://doi.org/10.1007/JHEP11(2022)050
https://doi.org/10.4171/QT/223
https://doi.org/10.1007/s00220-023-04859-7
https://doi.org/10.1007/JHEP10(2022)187
https://doi.org/10.1103/PhysRevB.108.075105
https://doi.org/10.1007/JHEP10(2023)053

e SciPost Phys. 17, 136 (2024)

[53] A. Chatterjee and X.-G. Wen, Symmetry as a shadow of topological order and a
derivation of topological holographic principle, Phys. Rev. B 107, 155136 (2023),
doi:10.1103/PhysRevB.107.155136.

[54] P Putrov and R. Radhakrishnan, Non-anomalous non-invertible symmetries in 1 + 1D from
gapped boundaries of SymTFTs, (arXiv preprint) doi:10.48550/arXiv.2405.04619.

[55] C.Zhang, Topological invariants for symmetry-protected topological phase entanglers, Phys.
Rev. B 107, 235104 (2023), doi:10.1103/PhysRevB.107.235104.

[56] D.-C. Ly, Z. Sun and Z. Zhang, Exploring G-ality defects in 2-dim QFTs, (arXiv preprint)
doi:10.48550/arXiv.2406.12151.

[57] Y. Choi, C. Cérdova, P-S. Hsin, H. T. Lam and S.-H. Shao, Non-invertible condensation,
duality, and triality defects in 3 + 1 dimensions, Commun. Math. Phys. 402, 489 (2023),
d0i:10.1007/s00220-023-04727-4.

[58] R. A. Lanzetta and L. Fidkowski, Bootstrapping Lieb-Schultz-Mattis anomalies, Phys. Rev.
B 107, 205137 (2023), doi:10.1103/PhysRevB.107.205137.

[59] V. Ostrik, Module categories over the Drinfeld double of a finite group, Int. Math. Res. Not.
1507 (2003), d0i:10.1155/S1073792803205079.

[60] D.-C. Lu and Z. Sun, On triality defects in 2d CFT, J. High Energy Phys. 02, 173 (2023),
doi:10.1007/JHEP02(2023)173.

[61] R. Thorngren and Y. Wang, Fusion category symmetry. Part I. Anomaly in-flow and gapped
phases, J. High Energy Phys. 04, 132 (2024), doi:10.1007/JHEP04(2024)132.

[62] T. D. Décoppet and M. Yu, Fiber 2-functors and Tambara-Yamagami fusion 2-categories,
(arXiv preprint) doi:10.48550/arXiv.2306.08117.

[63] C.-M. Chang, Y.-H. Lin, S.-H. Shao, Y. Wang and X. Yin, Topological defect lines and
renormalization group flows in two dimensions, J. High Energy Phys. 01, 026 (2019),
doi:10.1007/JHEP01(2019)026.

[64] A. Rahmani, X. Zhu, M. Franz and 1. Affleck, Phase diagram of the interacting Majorana
chain model, Phys. Rev. B 92, 235123 (2015), doi:10.1103/PhysRevB.92.235123.

[65] E. OBrien and P Fendley, Lattice supersymmetry and order-disorder coexis-
tence in the tricritical Ising model, Phys. Rev. Lett. 120, 206403 (2018),
doi:10.1103/PhysRevLett.120.206403.

[66] A. M. Somoza, P Serna and A. Nahum, Self-dual criticality in three-dimensional Z, gauge
theory with matter, Phys. Rev. X 11, 041008 (2021), doi:10.1103/PhysRevX.11.041008.

[67] D.-C. Lu, C. Xu and Y.-Z. You, Self-duality protected multicriticality in deconfined quantum
phase transitions, Phys. Rev. B 104, 205142 (2021), doi:10.1103 /PhysRevB.104.205142.

[68] M. Anosova, C. Gattringer, N. Igbal and T. Sulejmanpasic, Numerical simulation of self-
dual U(1) lattice field theory with electric and magnetic matter, Proc. Sci. 396, 386 (2022),
doi:10.22323/1.396.0386.

[69] M. Anosova, C. Gattringer, N. Igbal and T. Sulejmanpasic, Phase structure of
self-dual lattice gauge theories in 4d, J. High Energy Phys. 06, 149 (2022),
doi:10.1007/JHEP06(2022)149.

45


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1103/PhysRevB.107.155136
https://doi.org/10.48550/arXiv.2405.04619
https://doi.org/10.1103/PhysRevB.107.235104
https://doi.org/10.48550/arXiv.2406.12151
https://doi.org/10.1007/s00220-023-04727-4
https://doi.org/10.1103/PhysRevB.107.205137
https://doi.org/10.1155/S1073792803205079
https://doi.org/10.1007/JHEP02(2023)173
https://doi.org/10.1007/JHEP04(2024)132
https://doi.org/10.48550/arXiv.2306.08117
https://doi.org/10.1007/JHEP01(2019)026
https://doi.org/10.1103/PhysRevB.92.235123
https://doi.org/10.1103/PhysRevLett.120.206403
https://doi.org/10.1103/PhysRevX.11.041008
https://doi.org/10.1103/PhysRevB.104.205142
https://doi.org/10.22323/1.396.0386
https://doi.org/10.1007/JHEP06(2022)149

e SciPost Phys. 17, 136 (2024)

[70] W.-T. Xu, E Pollmann and M. Knap, Critical behavior of the Fredenhagen-
Marcu order parameter at topological phase transitions, (arXiv preprint)
doi:10.48550/arXiv.2402.00127.

[71] Y.-H. Chen and T. Grover, Unconventional topological mixed-state transition and crit-
ical phase induced by self-dual coherent errors, Phys. Rev. B 110, 125152 (2024),
doi:10.1103/PhysRevB.110.125152.

[72] N. Seiberg, T. Senthil, C. Wang and E. Witten, A duality web in 2+ 1 dimensions and
condensed matter physics, Ann. Phys. 374, 395 (2016), doi:10.1016/j.a0p.2016.08.007.

[73] P-S. Hsin and N. Seiberg, Level/rank duality and Chern-Simons-matter theories, J. High
Energy Phys. 09, 095 (2016), doi:10.1007/JHEP09(2016)095.

[74] A.Karch and D. Tong, Particle-vortex duality from 3D bosonization, Phys. Rev. X 6, 031043
(2016), doi:10.1103/PhysRevX.6.031043.

[75] C. Wang, A. Nahum, M. A. Metlitski, C. Xu and T. Senthil, Deconfined quan-
tum critical points: Symmetries and dualities, Phys. Rev. X 7, 031051 (2017),
doi:10.1103/PhysRevX.7.031051.

[76] D. Gaiotto, Z. Komargodski and N. Seiberg, Time-reversal breaking in QCD,,
walls, and dualities in 2+ 1 dimensions, J. High Energy Phys. 01, 110 (2018),
doi:10.1007/JHEP01(2018)110.

[77] T. Senthil, D. T. Son, C. Wang and C. Xu, Duality between (2 + 1)d quantum critical points,
Phys. Rep. 827, 1 (2019), doi:10.1016/j.physrep.2019.09.001.

[78] C. Turner, Dualities in 2+1 dimensions, Proc. Sci. 349, 001 (2018),
d0i:10.22323/1.349.0001.

[79] H. Bombin, Structure of 2D topological stabilizer codes, Commun. Math. Phys. 327, 387
(2014), doi:10.1007/s00220-014-1893-4.

[80] J. Haah, Commuting Pauli Hamiltonians as maps between free modules, Commun. Math.
Phys. 324, 351 (2013), d0i:10.1007/s00220-013-1810-2.

[81] J. Haah, Algebraic methods for quantum codes on lattices, Rev. Colomb. Mat. 50, 299
(2017), doi:10.15446/recolma.v50n2.62214.

[82] D. Gaiotto, A. Kapustin, N. Seiberg and B. Willett, Generalized global symmetries, J. High
Energy Phys. 02, 172 (2015), doi:10.1007/JHEP02(2015)172.

[83] D. Tambara and S. Yamagami, Tensor categories with fusion rules of self-duality for finite
Abelian groups, J. Algebra 209, 692 (1998), doi:10.1006/jabr.1998.7558.

[84] D. Tambara, Representations of tensor categories with fusion rules of self-duality for Abelian
groups, Isr. J. Math. 118, 29 (2000), doi:10.1007/BF02803515.

[85] D. Gaiotto and J. Kulp, Orbifold groupoids, J. High Energy Phys. 02, 132 (2021),
doi:10.1007/JHEP02(2021)132.

[86] M. Oshikawa and I. Affleck, Defect lines in the Ising model and boundary states on orbifolds,
Phys. Rev. Lett. 77, 2604 (1996), doi:10.1103/PhysRevLett.77.2604.

46


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.48550/arXiv.2402.00127
https://doi.org/10.1103/PhysRevB.110.125152
https://doi.org/10.1016/j.aop.2016.08.007
https://doi.org/10.1007/JHEP09(2016)095
https://doi.org/10.1103/PhysRevX.6.031043
https://doi.org/10.1103/PhysRevX.7.031051
https://doi.org/10.1007/JHEP01(2018)110
https://doi.org/10.1016/j.physrep.2019.09.001
https://doi.org/10.22323/1.349.0001
https://doi.org/10.1007/s00220-014-1893-4
https://doi.org/10.1007/s00220-013-1810-2
https://doi.org/10.15446/recolma.v50n2.62214
https://doi.org/10.1007/JHEP02(2015)172
https://doi.org/10.1006/jabr.1998.7558
https://doi.org/10.1007/BF02803515
https://doi.org/10.1007/JHEP02(2021)132
https://doi.org/10.1103/PhysRevLett.77.2604

e SciPost Phys. 17, 136 (2024)

[87] M. Oshikawa and I. Affleck, Boundary conformal field theory approach to the criti-
cal two-dimensional Ising model with a defect line, Nucl. Phys. B 495, 533 (1997),
doi:10.1016/S0550-3213(97)00219-8.

[88] V. B. Petkova and J.-B. Zuber, Generalised twisted partition functions, Phys. Lett. B 504,
157 (2001), doi:10.1016/S0370-2693(01)00276-3.

[89] J. Frohlich, J. Fuchs, I. Runkel and C. Schweigert, Kramers-Wannier duality from confor-
mal defects, Phys. Rev. Lett. 93, 070601 (2004), doi:10.1103/PhysRevLett.93.070601.

[90] J.Frohlich, J. Fuchs, I. Runkel and C. Schweigert, Duality and defects in rational conformal
field theory, Nucl. Phys. B 763, 354 (2007), doi:10.1016/j.nuclphysb.2006.11.017.

[91] J. Frohlich, J. Fuchs, I. Runkel and C. Schweigert, Defect lines, dualities, and generalised
orbifolds, in XVIth international congress on mathematical physics, World Scientific, Sin-
gapore, ISBN 9789814304634 (2009), doi:10.1142/9789814304634 0056.

[92] Y. Choi, C. Cérdova, P-S. Hsin, H. T. Lam and S.-H. Shao, Noninvertible duality defects in
dimensions, Phys. Rev. D 105, 125016 (2022), doi:10.1103/PhysRevD.105.125016.

[93] M. Sinha, E Yan, L. Grans-Samuelsson, A. Roy and H. Saleur, Lattice realizations of topo-
logical defects in the critical (1 + 1)-d three-state Potts model, J. High Energy Phys. 07, 225
(2024), do0i:10.1007 /JHEP07(2024)225.

[94] M. Koide, Y. Nagoya and S. Yamaguchi, Non-invertible topological defects in 4-
dimensional Z, pure lattice gauge theory, Prog. Theor. Exp. Phys. 01, 013B03 (2021),
doi:10.1093/ptep/ptab145.

[95] J. Kaidi, K. Ohmori and Y. Zheng, Kramers-Wannier-like duality defects in (3 + 1)D gauge
theories, Phys. Rev. Lett. 128, 111601 (2022), doi:10.1103/PhysRevLett.128.111601.

[96] C.Zhang and C. Cérdova, Anomalies of (1 + 1)D categorical symmetries, Phys. Rev. B 110,
035155 (2024), doi:10.1103/PhysRevB.110.035155.

[97] X. Chen, Z.-X. Liu and X.-G. Wen, Two-dimensional symmetry-protected topological or-
ders and their protected gapless edge excitations, Phys. Rev. B 84, 235141 (2011),
doi:10.1103/PhysRevB.84.235141.

[98] M. Levin and Z.-C. Gu, Braiding statistics approach to symmetry-protected topological
phases, Phys. Rev. B 86, 115109 (2012), doi:10.1103/PhysRevB.86.115109.

[99] P Etingof, D. Nikshych, V. Ostrik and E. Meir, Fusion categories and homotopy theory,
Quatum Topol. 1, 209 (2010), doi:10.4171/QT/6.

[100] Y. Choi, D.-C. Lu and Z. Sun, Self-duality under gauging a non-invertible symmetry, J.
High Energy Phys. 01, 142 (2024), doi:10.1007 /JHEP01(2024)142.

[101] O. Diatlyk, C. Luo, Y. Wang and Q. Weller, Gauging non-invertible symmetries: Topolog-
ical interfaces and generalized orbifold groupoid in 2d QFT, J. High Energy Phys. 03, 127
(2024), doi:10.1007/JHEP03(2024)127.

[102] Y. Choi, B. C. Rayhaun, Y. Sanghavi and S.-H. Shao, Remarks on bound-
aries, anomalies, and noninvertible symmetries, Phys. Rev. D 108, 125005 (2023),
doi:10.1103/PhysRevD.108.125005.

47


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1016/S0550-3213(97)00219-8
https://doi.org/10.1016/S0370-2693(01)00276-3
https://doi.org/10.1103/PhysRevLett.93.070601
https://doi.org/10.1016/j.nuclphysb.2006.11.017
https://doi.org/10.1142/9789814304634_0056
https://doi.org/10.1103/PhysRevD.105.125016
https://doi.org/10.1007/JHEP07(2024)225
https://doi.org/10.1093/ptep/ptab145
https://doi.org/10.1103/PhysRevLett.128.111601
https://doi.org/10.1103/PhysRevB.110.035155
https://doi.org/10.1103/PhysRevB.84.235141
https://doi.org/10.1103/PhysRevB.86.115109
https://doi.org/10.4171/QT/6
https://doi.org/10.1007/JHEP01(2024)142
https://doi.org/10.1007/JHEP03(2024)127
https://doi.org/10.1103/PhysRevD.108.125005

e SciPost Phys. 17, 136 (2024)

[103] A.Perez-Lona, D. Robbins, E. Sharpe, T. Vandermeulen and X. Yu, Notes on gauging non-
invertible symmetries. Part I. Multiplicity-free cases, J. High Energy Phys. 02, 154 (2024),
doi:10.1007/JHEP02(2024)154.

[104] A. Apte, C. Cérdova and H. T. Lam, Obstructions to gapped phases from noninvertible
symmetries, Phys. Rev. B 108, 045134 (2023), doi:10.1103/PhysRevB.108.045134.

[105] C. Cérdova, B-S. Hsin and C. Zhang, Anomalies of non-invertible symmetries in (3 + 1)d,
SciPost Phys. 17, 131 (2024), doi:10.21468/SciPostPhys.17.5.131.

[106] A. Antinucci, E Benini, C. Copetti, G. Galati and G. Rizi, Anomalies of non-
invertible self-duality symmetries: Fractionalization and gauging, (arXiv preprint)
d0i:10.48550/arXiv.2308.11707.

[107] N. Tantivasadakarn, R. Thorngren, A. Vishwanath and R. Verresen, Long-range entan-
glement from measuring symmetry-protected topological phases, Phys. Rev. X 14, 021040
(2024), doi:10.1103/PhysRevX.14.021040.

[108] N. Tantivasadakarn, A. Vishwanath and R. Verresen, Hierarchy of topological order from
finite-depth unitaries, measurement, and feedforward, PRX Quantum 4, 020339 (2023),
doi:10.1103/PRXQuantum.4.020339.

[109] R. Sahay and R. Verresen, Finite-depth preparation of tensor network states from mea-
surement, (arXiv preprint) doi:10.48550/arXiv.2404.17087.

[110] Y. Huang and X. Chen, Quantum circuit complexity of one-dimensional topological phases,
Phys. Rev. B 91, 195143 (2015), do0i:10.1103/PhysRevB.91.195143.

[111] W. W. Ho and T. H. Hsieh, Efficient variational simulation of non-trivial quantum states,
SciPost Phys. 6, 029 (2019), doi:10.21468/SciPostPhys.6.3.029.

[112] M. Barkeshli, Y.-A. Chen, S.-J. Huang, R. Kobayashi, N. Tantivasadakarn and G. Zhu,
Codimension-2 defects and higher symmetries in (3 + 1)D topological phases, SciPost Phys.
14, 065 (2023), doi:10.21468/SciPostPhys.14.4.065.

[113] X. Chen, A. Dua, M. Hermele, D. T. Stephen, N. Tantivasadakarn, R. Vanhove and J.-
Y. Zhao, Sequential quantum circuits as maps between gapped phases, Phys. Rev. B 109,
075116 (2024), doi:10.1103/PhysRevB.109.075116.

[114] M. Okada and Y. Tachikawa, Noninvertible symmetries act locally by quantum operations,
Phys. Rev. Lett. 133, 191602 (2024), doi:10.1103/PhysRevLett.133.191602.

[115] M. Khan, S. A. B. Zakir Khan and A. Mohd, Quantum operations for Kramers-Wannier
duality, (arXiv preprint) doi:10.48550/arXiv.2405.09361.

[116] T. Rakovszky and V. Khemani, The physics of (good) LDPC codes 1. Gauging and dualities,
(arXiv preprint) doi:10.48550/arXiv.2310.16032.

[117] J. Haegeman, K. Van Acoleyen, N. Schuch, J. I. Cirac and E Verstraete, Gauging quantum
states: From global to local symmetries in many-body systems, Phys. Rev. X 5, 011024
(2015), doi:10.1103/PhysRevX.5.011024.

[118] L. Lootens, J. Fuchs, J. Haegeman, C. Schweigert and E Verstraete, Matrix product op-
erator symmetries and intertwiners in string-nets with domain walls, SciPost Phys. 10, 053
(2021), doi:10.21468/SciPostPhys.10.3.053.

48


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1007/JHEP02(2024)154
https://doi.org/10.1103/PhysRevB.108.045134
https://doi.org/10.21468/SciPostPhys.17.5.131
https://doi.org/10.48550/arXiv.2308.11707
https://doi.org/10.1103/PhysRevX.14.021040
https://doi.org/10.1103/PRXQuantum.4.020339
https://doi.org/10.48550/arXiv.2404.17087
https://doi.org/10.1103/PhysRevB.91.195143
https://doi.org/10.21468/SciPostPhys.6.3.029
https://doi.org/10.21468/SciPostPhys.14.4.065
https://doi.org/10.1103/PhysRevB.109.075116
https://doi.org/10.1103/PhysRevLett.133.191602
https://doi.org/10.48550/arXiv.2405.09361
https://doi.org/10.48550/arXiv.2310.16032
https://doi.org/10.1103/PhysRevX.5.011024
https://doi.org/10.21468/SciPostPhys.10.3.053

e SciPost Phys. 17, 136 (2024)

[119] J. Garre-Rubio and 1. Kull, Gauging quantum states with nonanomalous
matrix product operator symmetries, Phys. Rev. B 107, 075137 (2023),
doi:10.1103/PhysRevB.107.075137.

[120] J. Garre-Rubio, L. Lootens and A. Molndr, Classifying phases protected by matrix
product operator symmetries using matrix product states, Quantum 7, 927 (2023),
doi:10.22331/q-2023-02-21-927.

[121] L. Lootens, C. Delcamp, G. Ortiz and E Verstraete, Dualities in one-dimensional quantum
lattice models: Symmetric Hamiltonians and matrix product operator intertwiners, PRX
Quantum 4, 020357 (2023), doi:10.1103/PRXQuantum.4.020357.

[122] L. Lootens, C. Delcamp and F Verstraete, Dualities in one-dimensional quan-
tum lattice models:  Topological sectors, PRX Quantum 5, 010338 (2024),
doi:10.1103/PRXQuantum.5.010338.

[123] L. Lootens, C. Delcamp, D. Williamson and E Verstraete, Low-depth unitary quan-
tum circuits for dualities in one-dimensional quantum lattice models, (arXiv preprint)
doi:10.48550/arXiv.2311.01439.

[124] E. Cobanera, G. Ortiz and Z. Nussinov, Unified approach to quantum and classical dual-
ities, Phys. Rev. Lett. 104, 020402 (2010), doi:10.1103/PhysRevLett.104.020402.

[125] E. Cobanera, G. Ortiz and Z. Nussinov, The bond-algebraic approach to dualities, Adv.
Phys. 60, 679 (2011), do0i:10.1080/00018732.2011.619814.

[126] W. Cao, L. Li, M. Yamazaki and Y. Zheng, Subsystem non-invertible symmetry operators
and defects, SciPost Phys. 15, 155 (2023), doi:10.21468/SciPostPhys.15.4.155.

[127] H. Yan and L. Li, Generalized Kramers-Wanier duality from bilinear phase map, (arXiv
preprint) doi:10.48550/arXiv.2403.16017.

[128] R. Wen and A. C. Potter, Classification of 1 + 1D gapless symmetry protected phases via
topological holography, (arXiv preprint) doi:10.48550/arXiv.2311.00050.

[129] R. Wen, W. Ye and A. C. Potter, Topological holography for fermions, (arXiv preprint)
doi:10.48550/arXiv.2404.19004.

[130] J. McGreevy, Generalized symmetries in condensed matter, Annu. Rev. Condens. Matter
Phys. 14, 57 (2023), doi:10.1146/annurev-conmatphys-040721-021029.

[131] C. Cordova, T. T. Dumitrescu, K. Intriligator and S.-H. Shao, Snowmass white pa-
per: Generalized symmetries in quantum field theory and beyond, (arXiv preprint)
doi:10.48550/arXiv.2205.09545.

[132] S. Schéfer-Nameki, ICTP lectures on (non-)invertible generalized symmetries, Phys. Rep.
1063, 1 (2024), doi:10.1016/j.physrep.2024.01.007.

[133] T. D. Brennan and S. Hong, Introduction to generalized global symmetries in QFT and
particle physics, (arXiv preprint) doi:10.48550/arXiv.2306.00912.

[134] L. Bhardwaj, L. E. Bottini, L. Fraser-Taliente, L. Gladden, D. S. W. Gould, A.
Platschorre and H. Tillim, Lectures on generalized symmetries, Phys. Rep. 1051, 1 (2024),
doi:10.1016/j.physrep.2023.11.002.

[135] S.-H. Shao, What’s done cannot be undone: TASI lectures on non-invertible symmetries,
(arXiv preprint) doi:10.48550/arXiv.2308.00747.

49


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1103/PhysRevB.107.075137
https://doi.org/10.22331/q-2023-02-21-927
https://doi.org/10.1103/PRXQuantum.4.020357
https://doi.org/10.1103/PRXQuantum.5.010338
https://doi.org/10.48550/arXiv.2311.01439
https://doi.org/10.1103/PhysRevLett.104.020402
https://doi.org/10.1080/00018732.2011.619814
https://doi.org/10.21468/SciPostPhys.15.4.155
https://doi.org/10.48550/arXiv.2403.16017
https://doi.org/10.48550/arXiv.2311.00050
https://doi.org/10.48550/arXiv.2404.19004
https://doi.org/10.1146/annurev-conmatphys-040721-021029
https://doi.org/10.48550/arXiv.2205.09545
https://doi.org/10.1016/j.physrep.2024.01.007
https://doi.org/10.48550/arXiv.2306.00912
https://doi.org/10.1016/j.physrep.2023.11.002
https://doi.org/10.48550/arXiv.2308.00747

e SciPost Phys. 17, 136 (2024)

[136] N. Carqueville, M. Del Zotto and I. Runkel, Topological defects, in Encyclopedia of
mathematical physics, Elsevier, Amsterdam, Netherlands, ISBN 9780323957069 (2025),
doi:10.1016/B978-0-323-95703-8.00098-7.

[137] R. Thorngren and Y. Wang, Fusion category symmetry II: Categoriosities at ¢ =1 and
beyond, J. High Energy Phys. 07, 51 (2024), doi:10.1007/JHEP07(2024)051.

[138] S. Seifnashri, Lieb-Schultz-Mattis anomalies as obstructions to gauging (non-on-site) sym-
metries, SciPost Phys. 16, 098 (2024), doi:10.21468/SciPostPhys.16.4.098.

[139] J. Fuchs, I. Runkel and C. Schweigert, TFT construction of RCFT correlators I: Partition
functions, Nucl. Phys. B 646, 353 (2002), doi:10.1016/S0550-3213(02)00744-7.

[140] P Ginsparg, Applied conformal field theory, (arXiv preprint) doi:10.48550/arXiv.hep-
th/9108028.

[141] L. Kong, Anyon condensation and tensor categories, Nucl. Phys. B 886, 436 (2014),
doi:10.1016/j.nuclphysb.2014.07.003.

[142] J. Haah, Classification of translation invariant topological Pauli stabilizer codes for
prime dimensional qudits on two-dimensional lattices, J. Math. Phys. 62, 012201 (2021),
doi:10.1063/5.0021068.

[143] K. Kawagoe and M. Levin, Microscopic definitions of anyon data, Phys. Rev. B 101,
115113 (2020), doi:10.1103/PhysRevB.101.115113.

[144] M. B. Hastings and J. Haah, Dynamically generated logical qubits, Quantum 5, 564
(2021), doi:10.22331/q-2021-10-19-564.

[145] D. Aasen, Z. Wang and M. B. Hastings, Adiabatic paths of Hamiltonians, symme-
tries of topological order, and automorphism codes, Phys. Rev. B 106, 085122 (2022),
doi:10.1103/PhysRevB.106.085122.

[146] D. Aasen, J. Haah, Z. Li and R. S. K. Mong, Measurement quantum cellular automata
and anomalies in Floquet codes, (arXiv preprint) doi:10.48550/arXiv.2304.01277.

[147] M. S. Kesselring, J. C. M. de la Fuente, E Thomsen, J. Eisert, S. D. Bartlett and B.
J. Brown, Anyon condensation and the color code, PRX Quantum 5, 010342 (2024),
doi:10.1103/PRXQuantum.5.010342.

[148] M. Davydova, N. Tantivasadakarn, S. Balasubramanian and D. Aasen, Quantum com-
putation from dynamic automorphism codes, Quantum 8, 1448 (2024), doi:10.22331/q-
2024-08-27-1448.

[149] Y. Wang, Z. Hu, B. C. Sanders and S. Kais, Qudits and high-dimensional quantum com-
puting, Front. Phys. 8, 589504 (2020), doi:10.3389/fphy.2020.589504.

[150] J. Maldacena, N. Seiberg and G. Moore, D-brane charges in five-brane backgrounds, J.
High Energy Phys. 10, 005 (2001), doi:10.1088/1126-6708/2001/10/005.

[151] T. Banks and N. Seiberg, Symmetries and strings in field theory and gravity, Phys. Rev. D
83, 084019 (2011), doi:10.1103/PhysRevD.83.084019.

[152] R. Dijkgraaf and E. Witten, Topological gauge theories and group cohomology, Commun.
Math. Phys. 129, 393 (1990), doi:10.1007/BF02096988.

50


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1016/B978-0-323-95703-8.00098-7
https://doi.org/10.1007/JHEP07(2024)051
https://doi.org/10.21468/SciPostPhys.16.4.098
https://doi.org/10.1016/S0550-3213(02)00744-7
https://doi.org/10.48550/arXiv.hep-th/9108028
https://doi.org/10.48550/arXiv.hep-th/9108028
https://doi.org/10.1016/j.nuclphysb.2014.07.003
https://doi.org/10.1063/5.0021068
https://doi.org/10.1103/PhysRevB.101.115113
https://doi.org/10.22331/q-2021-10-19-564
https://doi.org/10.1103/PhysRevB.106.085122
https://doi.org/10.48550/arXiv.2304.01277
https://doi.org/10.1103/PRXQuantum.5.010342
https://doi.org/10.22331/q-2024-08-27-1448
https://doi.org/10.22331/q-2024-08-27-1448
https://doi.org/10.3389/fphy.2020.589504
https://doi.org/10.1088/1126-6708/2001/10/005
https://doi.org/10.1103/PhysRevD.83.084019
https://doi.org/10.1007/BF02096988

e SciPost Phys. 17, 136 (2024)

[153] J. Fuchs, J. Priel, C. Schweigert and A. Valentino, On the Brauer groups of sym-
metries of Abelian Dijkgraaf-Witten theories, Commun. Math. Phys. 339, 385 (2015),
doi:10.1007/s00220-015-2420-y.

[154] D.Jordan and E. Larson, On the classification of certain fusion categories, J. Noncommu-
tative Geom. 3, 481 (2009), doi:10.4171/INCG/44.

51


https://scipost.org
https://scipost.org/SciPostPhys.17.5.136
https://doi.org/10.1007/s00220-015-2420-y
https://doi.org/10.4171/JNCG/44

	Introduction
	Relation to the previous studies

	Gauging in different perspectives
	Warm-up: Kramers-Wannier duality in Ising model as Z2 gauging
	Warm-up with a twist: Z2Z2 twisted gauging in quantum spin chain
	(S3S3)Z2 action on Z2Z2 gapped phases

	Twisted gauging of ZNZN
	Non-local mapping among gapped phases with ZNZN symmetry
	Tri=T CeTG1 as the triality map
	P=T CeTG-2 as the p-ality map for ZpZp with prime p

	Noninvertible symmetry from (un)twisted gauging
	Triality fusion category symmetry
	p-ality fusion category symmetry

	Conclusion
	Twisted Gauss law operator
	Useful identities for ZN generalized Pauli matrices
	Practical review of algebraic methods for quantum codes on lattice
	Bulk symmetry TFT
	Defect
	Untwisted Half-gauging ZNZN
	Twisted half-gauging
	Derivation of half gauging
	Untwisted half-gauging
	SPT entangler
	Twisted half-gauging


	References

