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Abstract

We present a framework to systematically investigate higher categorical symmetries in
two-dimensional spin systems. Though exotic, such generalised symmetries have been
shown to naturally arise as dual symmetries upon gauging invertible symmetries. Our
framework relies on an approach to dualities whereby dual quantum lattice models only
differ in a choice of module 2-category over some input fusion 2-category. Given an
arbitrary two-dimensional spin system with an ordinary symmetry, we explain how to
perform the (twisted) gauging of any of its sub-symmetries. We then demonstrate that
the resulting model has a symmetry structure encoded into the Morita dual of the input
fusion 2-category with respect to the corresponding module 2-category. We exemplify
this approach by specialising to certain finite group generalisations of the transverse-
field Ising model, for which we explicitly define lattice symmetry operators organised
into fusion 2-categories of higher representations of higher groups.
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1 Introduction

Global symmetries have been playing a pivotal role in our understanding of quantum systems.
Generally speaking, the existence of a global symmetry in a quantum system helps organise the
spectrum of states and operators into representations of the symmetry. In addition, symmetry
typically imposes strong constraints on the kinds of phases a quantum system can or cannot
realise. These ideas have led for instance to Landau’s classification scheme of phases of matter,
and to organising principles for the particle content of the Standard Model. Despite its long
and illustrious history, symmetry and its manifestations in quantum theory is very much an
evolving story.

Conventionally, given a Hamiltonian model, symmetries are implemented by operators that
act on all of space—i.e., one-codimensional operators in spacetime —commute with the Hamil-
tonian, and satisfy fusion rules representative of a group. In contrast, the modern perspective
on global symmetries in quantum systems identifies the topological invariance of a symmetry
operator within correlation functions as its defining property [72]. This perspective lends it-
self to numerous generalised notions of symmetry that have collectively come to be known as
global categorical symmetries [63], in reference to the mathematical objects encoding them.
Notably, these include symmetry structures whose topological operators may be supported on
higher codimensional sub-manifolds and/or are not invertible, so that they do not obey fusion
rules encoded into a group.

Relaxing the requirement that operators are one-codimensional has led to the concept of
higher-form symmetry. Specifically, a p-form symmetry is defined with respect to topolog-
ical operators with support on (p+1)-codimensional sub-manifolds and act by linking with
p-dimensional operators [50, 74, 83]. These operators being invertible, fusion rules are still
encoded into a group, but whenever p > 0, the corresponding group is necessarily Abelian.
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Furthermore, it is possible to combine higher form symmetries of various degrees in a non-
trivial way. The corresponding groups combine into categorifications of the notion of group
known as higher groups [18], yielding the concept of higher group symmetries [10,29,49,83].
Relaxing the requirement that operators are invertible has led to symmetries encoded into
higher algebraic structures. For instance, given a (1+1)d system, (finite semisimple) non-
invertible symmetries are encoded into fusion 1-categories [59], and the corresponding oper-
ators typically cannot be written as tensor products of local operators. More generally, given
a (d+1)-dimensional system, it is possible to have non-invertible symmetry operators of vary-
ing degrees, in which case the corresponding algebraic structure is expected to be a fusion
d-category [8,23,78]—a notion that remains partly elusive [47,70].

As it turns out, though somewhat exotic, non-invertible symmetries are not rare in one-
dimensional quantum models and have long been studied in the context of rational Conformal
Field Theories (CFTs). There, topological operators go by the name of Verlinde lines [16,104,
118] and exist in any rational CFT defined by a diagonal modular invariant. In particular, the
fusion ring formed by the Verlinde lines corresponds to that of representations of the chiral
vertex algebra, i.e., the underlying algebra of the given CFT, and is generically not group-
like. A well-studied example is that of the diagonal Ising CFT, that hosts three Verlinde lines
embodying the Ising fusion category. It includes in particular a non-invertible line known
as the Kramers-Wannier duality defect [60,61,100,101]. Guided in part by integrability, the
sub-algebra of topological defects within rational CFTs was formalised for instance in ref. [20,
31,64, 65]. Furthermore, it was already appreciated in this context that topological defects
indeed embody a kind of symmetry structure within a quantum field theory (QFT), and thus
it is sensible to consider notions of ’t Hooft anomalies and gauging thereof [31,62,110].

Naturally, a prolific source of topological operators are topological quantum field theories

(TQFTs) themselves. In fact, by definition, the entire spectrum of operators in a TQFT is topo-
logical. In particular, a large class of TQFTs host topological defects that obey non-invertible
fusion rules. The most well-studied examples are provided by line defects in (2+1)d TQFTs,
either in the continuum [107, 120] or in the discrete [26, 116]. Topological surface opera-
tors associated with braided auto-equivalences of the quantum invariant assigned by the theory
to the circle have also been studied in this context [4,22,77,113], but they are typically in-
vertible. An important development was the remark that these surface operators in (2+1)d
TQFTs could be constructed by condensing a suitable sub-algebras of topological line oper-
ators [37], suggesting a mechanism to generate a broader family of defects. This process
was later formalised as the condensation completion of the category of line operators [47,70].
The resulting (possibly) non-invertible condensation defects turn out to be rather ubiquitous in
(2+1)d TQFTs [106].
In spite of these various developments, examples of non-invertible symmetry operators in
higher dimensions have remained limited until recently. In the past year, various construc-
tions of quantum systems with non-invertible symmetries have appeared that employ dif-
ferent kinds of generalised gauging procedures. Generally speaking, it is understood that
given a theory with an invertible symmetry, gauging one of its sub-symmetries typically yields
a theory with a different symmetry structure. Concretely, gauging a p-form symmetry in a
(d+1)-dimensional theory yields a dual (gauged) model whose symmetry category contains
(d—p—1)-dimensional topological operators labelled by irreducible representations of the cor-
responding group. Whenever the group is non-Abelian, these operators are in particular non-
invertible [25, 46, 48,52]. Moreover, gauging a (normal) sub-symmetry yields a theory pos-
sessing higher-group symmetries [110]. As it turns out, the symmetry structures resulting from
these gauging procedures are even richer.

An early construction [82] of non-invertible defects in (3+1)d involved starting from a QFT
with a O-form and 1-form mixed anomaly and gauging the 1-form symmetry. It was shown that
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this inevitably generates a non-invertible symmetry structure. Another class of examples were
inspired by generalising the construction of the Kramers-Wannier duality defect in the (14+1)d
Ising CFT to (3+1)d self-dual QFTs [27,28,94]. Yet another notable development pertained
to the relation between gauging certain symmetry along sub-manifolds of spacetime and the
condensation defects mentioned above [94, 106]. Most relevant to the present work were
a series of papers [5, 6, 8,9, 23, 24, 44] that considered starting from a (3+1)d theory with
an invertible symmetry structure encoded into a higher-group and gauging one of its sub-
symmetries. These works go beyond previous constructions in their analysis of the resulting
symmetry structure in terms of so-called higher representations of higher groups [7, 56, 71].
Finally, these types of non-invertible symmetries have been further discussed in the context
of various typical quantum field theories such as free field theories [99], pure gauge theories
[2,88], quantum electrodynamics [75], axion models [34] and within other physical contexts
[30,32,33,35,69].

Notwithstanding the obvious recent interest in non-invertible symmetries, concrete lattice
realisations of the corresponding topological operators have been largely unexplored, with
some exceptions [80]. But, the lattice setting being concrete and tractable, it offers a welcome
complimentary approach to understanding the most subtle aspects of these generalised cate-
gorical symmetries. Besides, it paves the way for exploring the implications of such symmetries
on the phase diagram of familiar many-body systems. Furthermore, via the corresponding
graphical calculs, the lattice setting is much closer related to the category theoretic framework
underlying these symmetry structures.

Our paper aims at further bridging the gap between the abstract concept of a generalised
categorical symmetry, as encoded into a higher mathematical structure, and its concrete reali-
sation on a quantum theory. More specifically, we wish to address the question, what does it
mean to have symmetry operators encoded into fusion 2-categories of higher categorical rep-
resentations of higher groups? Guided by the Morita theory of fusion 2-categories [42,44], we
address this question by providing a framework that accomplishes—amongst other things—
two tasks: Given an arbitrary (2+1)d spin system with an ordinary global symmetry, it allows
for the systematic twisted gauging of one of its sub-symmetries, and the systematic identifi-
cation of the resulting dual symmetry structure by constructing the corresponding topological
lattice operators.

The framework we introduce in this manuscript is inspired by the study of dualities in
one-dimensional quantum lattice models carried out in ref. [89,90].! Within our framework,
a duality class of models is specified by an algebra of operators that is generated by a set of
(abstract) local operators. A representative of a duality class is obtained by choosing a Hilbert
space and correspondingly explicit matrix representations for the local operators. Concretely,
the algebras of operators we consider take as input data a finite group G—or rather, a fusion
2-category 2Vec; of G-graded 2-vector spaces—as well as a set of complex coefficients, which
amounts to selecting certain linear combinations of local operators. These choices completely
determine the physical properties of the duality class of models as encoded into their shared
spectrum. Choosing a matrix representation then amounts to picking a so-called (indecompos-
able) module 2-category over 2Vecg, i.e. a 2-category with a G-action. We think of the module
2-category as providing the physical degrees of freedom—which may satisfy kinematical con-
straints—on which the local operators act. It follows that Hamiltonian models that only differ
in a choice of module 2-category are dual to one another.

In the framework described above, a duality operator amounts to a map between two
module 2-categories, which provide matrix representations of the same local operators. For

!Throughout this manuscript, whenever we refer to two models as being dual to one another, we mean that there
exists an operator performing the transmutation of the Hamiltonians into one another, which can be promoted to
an isometry after addressing how the duality intertwines closed boundary conditions and charge sectors [90].
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consistency, the action of this map is required to commute with the G-action resulting in the no-
tion of module 2-functor. Similarly, a symmetry operator amounts to a module 2-endofunctor
between a module 2-category and itself. More specifically, a module 2-endofunctor furnishes
a topological surface operator that commutes with the Hamiltonian. There is also a notion of
map between module 2-functors that are compatible with the G-action, namely module nat-
ural 2-transformations, which furnish topological lines at the interfaces of (possibly distinct)
topological surfaces. These data can be organised into a 2-category. Crucially, given an in-
decomposable module 2-category M, the composition of module 2-endofunctors endows this
2-category with a fusion structure. The resulting fusion 2-category (2Vecg)’, , is referred to the
Morita dual of 2Vec; with respect to M. This is the symmetry structure of the model obtained
by choosing the Hilbert space associated with the module 2-category M. Notice that we can
make this statement without referring to a specific duality class of models. As emphasised in
(14+1)d in ref. [89], this is because dualities are only sensitive to symmetry structures. Note
that it is always possible to choose 2Vec; as a module 2-category over itself, in which case
the symmetry fusion 2-category of the resulting model is again 2Vec. In other words, it is a
model with an ordinary (0-form) G-symmetry. We can then show that choosing an alternative
2Vec;-module 2-category has the interpretation of performing a twisted gauging of one of its
sub-symmetries.

One merit of our approach is our ability to provide lattice operators accompanying these ab-
stract statements, allowing to explicitly perform a twisted gauging in an arbitrary G-symmetric
(2+1)d spin system and prove that the resulting model does have the expected symmetry struc-
ture by constructing the corresponding topological lattice operators. This ability extensively
relies on the tensor network study of topological phases of matter where such symmetry oper-
ators first appeared in the form of matrix product operators in (1+1)d [40,91] and projected
entangled pair operators in (2+1)d [44]. In addition to providing a systematic recipe for
generating new dual models, this framework explicitly provides lattice operators embodying
symmetry structures related to higher representations of groups and categorifications thereof.
Furthermore, we are also able to construct duality lattice operators performing the transmu-
tation of the local symmetric operators.

We can offer a different perspective on our approach to dualities: It is understood that a
three-dimensional TQFT as provided by the Reshetikhin-Turaev construction [108] possesses
a state-sum description if and only if it admits a non-trivial gapped boundary [68]. These
theories are of the Turaev-Viro-Barrett-Westbury type, whose input data are spherical fusion 1-
categories [26,116]. More specifically, given a choice of gapped boundary condition, which can
be encoded into a module category over the input spherical fusion category, a state-sum can be
obtained following the construction outlined for instance in ref. [17]. Distinct gapped bound-
ary conditions yield distinct state-sums. The corresponding state spaces are then spanned by
topological tensor network states that were defined in ref. [91]. In the same vein, we can con-
struct a family of state-sums of the same four-dimensional topological G gauge theory indexed
by module 2-categories over 2Vec; encoding various choices of gapped boundary conditions.
The corresponding state spaces are then spanned by the topological tensor network states de-
fined in ref. [44]. Importantly, it is possible to define distinct state sums of the same theory
in different regions of spacetime. The operators intertwining these distinct lattice realisations
then precisely correspond to the duality operators transmuting local symmetric operators of
a given Hamiltonian into local symmetric operators of one of its duals, as considered in this
manuscript.

We illustrate our approach with finite group generalisations of the transverse-field Ising
model. For an arbitrary finite group, we consider the gauging of the whole invertible symmetry,
revealing a dual symmetry structure in terms of 2-representations of the group. Supposing that
the input group is a semi-direct product, we also consider the gauging of its two constitutive
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sub-symmetries in detail, revealing on the lattice dual symmetry structures in terms of 2-group-
graded 2-vector spaces and 2-representations of 2-groups. Further specialising to the Klein
four-group and the symmetric group of degree 3, we provide even more explicit expressions
for the corresponding topological surfaces and topological lines in terms of spin operators,
allowing us to confirm on the lattice their fusion and composition rules.

Organisation of the paper

We begin in sec. 2 with an in-depth analysis of the symmetry structure resulting from gauging
the global symmetry of the (2+1)d transverse-field Ising model. We emphasise in particular the
appearance of non-invertible surface operators. Guided by this example, we present in sec. 3
a general framework to gauge invertible sub-symmetries of arbitrary (2+1)d quantum lattice
models and construct the dual symmetry operators as encoded into the corresponding Morita
dual fusion 2-category. A few specific scenarios are discussed in detail. Finally, we exemplify
our approach in sec. 4 and 5 by specialising to finite group generalisations of the transverse-
field Ising model for the Klein group and the symmetric group of degree 3, respectively.

2 Motivation: Transverse-field Ising model

We set the stage by exploring the higher categorical symmetries that emerge from gauging the Z,
symmetry of the two-dimensional transverse-field Ising model.

2.1 Z,-symmetric Hamiltonian

Let X be a closed oriented two-dimensional surface endowed with a (fixed) triangulation X5
whose vertices, edges and plaquettes are denoted by v, e and p, respectively. Given an edge
e = (v;Vy) oriented from v; to v,, we denote by s(e) :=v; and t(e) := v, its source and target
vertices, respectively. We consider a variant of the well-known (2+1)d transverse-field Ising
model. As in the usual model, qubit degrees of freedom are assigned to vertices v C X . We
identify such an assignment with a choice of 0-cochain m € C°(X,,Z,) so the microscopic
Hilbert space is provided by the tensor product &), C[Z,] ~ &®, C?, where Z, = (r|r? = 1).
Moreover, we denote by |m) the state in the microscopic Hilbert space associated with O-
cochain m. Throughout this manuscript, we write basis elements of C[Z,] as |0) and |1),
which are identified with the ‘up’ and ‘down’ state, respectively. Qubit degrees of freedom are
governed by the Hamiltonian

H==J D 050t~k D oy =Tk D2 00 | | exp (%(1 - ‘751‘732))’ 1)
e v Voo (vvivy)
where 0% is the usual shorthand for id®---®id® o) * ®id ® - - - ® id, with the tensor product
being over all the vertices of the triangulation, and o)* are Pauli operators.

The first term in the Hamiltonian describes a ferromagnetic interaction between qubits.
The second term is the usual paramagnetic term. The third term is a topologically twisted
variant of the paramagnetic term that includes phase factors associated with triangles (v v;v,)
containing the vertex v [92]. One can readily check that the model has a global (0-form) Z,
symmetry implemented by surface operators® acting on all of 5

=] [id,, and O'=]]ol, )

v

2Throughout this manuscript, we refer to operators that act on extended two-dimensional regions of & as
topological surface operators. These could act on all of ¥ or on a sub-region.

6


https://scipost.org
https://scipost.org/SciPostPhys.16.4.110

Scil SciPost Phys. 16, 110 (2024)

with Z, fusion rules

O0le0'=0"=000°, O0'o0’=0'=0"6c0!. 3)

Correspondingly, in the three extreme limits 1 > «,&, ¥ > 1,k and K > 1,«, one obtains
fixed-point Hamiltonians with ferromagnetic, paramagnetic and symmetry-protected topolog-
ical (SPT) ground states, respectively. This Hamiltonian does not have any non-trivial 1-form
symmetry as topological lines on either surface operator must be the identity line. Further-
more, it is not possible for the surface operator O to be open, i.e. to have support on a
sub-region of X 5. In other words, it is not possible to define a (topological) line interface
between O° and O'. We describe below how, upon gauging of the Z, 0-form global symmetry,
one inevitably lands on a dual model with more a intricate symmetry structure.

2.2 Gauging the Z, symmetry

Although this was not immediately appreciated when the construction first appeared [81,109],
it is by now understood that gauging a 0-form Z, symmetry yields a (2+1)d dual model hosting
Z, topological Wilson lines labelled by representations of the group. In modern terminology,
this is the statement that the gauged model has a 1-form Z\z/ symmetry, with Z\Z/ the Pontrjagin
dual of Z, [72]. However, it was recently pointed out that this is only part of the story [5, 24,
44]. Indeed, the 1-form Z) symmetry is only a component of the symmetry structure of the
gauged model in the sense that it does not encapsulate all possible topological operators.

In order to grasp the above statements, let us explicitly gauge the global Z, symmetry
in model (1). To do so, we begin by assigning additional qubit degrees of freedom to edges
e C 5. We identify such an assignment with a choice of 1-cochain g € C}(Zx,Z,) so the
model is now defined on the extended microscopic Hilbert space provided by the tensor prod-
uct ®.C[Z,1&, C[Z,]. Let us now promote generator O! of the global Z, symmetry to a
local gauge transformation by defining Gaufs operators

G, := a\’/‘ l_[cr;f . 4

Since Gaul} operators obey the multiplication rule in Z, and [G,,,, G,,]=0, for any v;,v, C X,
they are the generators of a Z, gauge symmetry. Concretely, consider a basis state |g, m) in the
extended microscopic Hilbert space. By definition, we have

O\Z,|g: m> = (_1)m[V]|g, m) B

5)
oflg,m) = (—1)]|g,m),

where m[v] and g[e] denote the restrictions of m and g to v and e, respectively. One can now
define a general Gauf operator indexed by a 0-cochain r € C°(3 A, Z,) which acts as

G =] [GI: g, m) — g+ dr,m+1). (6)
\"

The gauge symmetry is imposed kinematically so that we only consider physical states in the +1
eigenspace of G(x) for any r € C°(Xz,Z,). We then require the gauged Hamiltonian to com-
mute with Gaul} operator G(x). This can be accomplished by minimally coupling Hamiltonian
(1) with the edge degrees of freedom:

~ i
Hg. =—JZaj(e)aiof(e)—JKZa\’f—JKZa\’f l_[ exp(:(l—oilofvlvz)oflz )+ , (7))
e v \"

(vviva)
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where ‘...’ refers to other gauge invariant terms that can potentially be added in the process
of gauging. A minimal example of such a term would be a product of o operators around
closed loops in X 5. For the sake of simplicity, we neglect these terms in what follows. We can
readily confirm that [H, ,G(x)] = 0 for any r € CO(Z A, Z,).

At this point, it is crucial to notice that the microscopic Hilbert space splits into super-
selection sectors labelled by eigenvalues of the operators l_[eC(VIVZVB) o associated with every
triangle (v;vyv3) C L A. As customary, we shall restrict to a single super-selection sector,
namely that given by

l_[ O'z ; ld, V(V1V2V3) C EA . (8)

eC(vyvavs)

These conditions are also imposed kinematically enforcing g to define a Z, gauge field so that
dg = 0. Finally, notice that we have

X

X
O-V

=] ]ez
G,=id edv

9)

G,=id

Upon enforcing this operator equality on the physical Hilbert space, the model becomes classi-
cal in the vertex degrees of freedom so they can be readily gauged away. Concretely, this oper-
ation is implemented by a unitary operator performing the basis rotation |g, m) — |g+dm, m).
Doing so delivers the dual Hamiltonian

HY :—Jze:og—JxZ]_[o;‘—JkZl_laﬁ [ exp(%(l_afvlvz)))’ (10)

vV edv v edv (VvyVs)

which acts on the physical Hilbert space " spanned by states |g), where g € Z1(Z,Z,). As-
suming for concreteness that 3 5 is the Poincaré dual of the honeycomb lattice, let us explicitly
write the action of the various operators appearing in eq. (10). Firstly,

0% = > (-1)"|g)(gl, (11)
g

which measures the Z, gauge field along the edge e. Secondly,

ith .[vi] 1, ifv=yvy, (12)
, wi vi]= i
wiv 0, otherwise,

which implements a Z, gauge transformation at vertex v. Thirdly, denoting by €, the hexag-
onal sub-complex centred around v and S := i%(l_a Z),

x i P _ . = x x
l_[ae l_[ exp(z(l—o(vlvz))) :Zg:exp(mBock(g)[%\,])lg+dzcv)(g| =éa %a %,

eV (vvyvy) S ¢g¥ o S
\VANAV,
(13)
which implements a Z, gauge transformation twisted by a sign depending on the number of
‘up’ states along 999, . In the above expression, Bock denotes the Bockstein homomorphism, a
map of cohomology classes

Bock : HY(Z A, Z,) = HA(ZA, Z,), (14)

8
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induced from the short exact sequence

1-2,>27,—-2Z,—1. (15)

Similar to the original model (1), the gauged model (7) also has three gapped phases. The case
1 > «k, & corresponds to the confined phase, where the gauge fluctuations are energetically
suppressed [66,67]. Meanwhile, the k > 1,k and & > 1, k cases correspond to two topologi-
cally distinct deconfined phases. More precisely these are the two topological Z, gauge phases
whose renormalisation group fixed points are provided by the toric code and double semion
model, respectively [51,76,95].

2.3 Symmetry operators

Let us now study the topological operators leaving the model H" invariant. We distinguish two
surface operators. These are the trivial operator or identity /" and the non-trivial operator
U?%2 defined as follows:*

1
UB[Ep)i= ) Zu@Eallolel= o= D) exp(mj bv(dn+g))|g><g|,
9€Z1(2p,Z,) 2 ) 9€Z(2p,25) Za
beCl(Zp,Zy)
neC%(Ta,Z,y)

where Z,4(g)[2 4] is the partition function of a (1+1)d pure Z, gauge theory coupled to back-
ground Z, gauge field g and #(X ) := |Z°A| + IZZAI where |ZJA| is the number of j-simplices in
the triangulation X, (see app. A for details). Henceforth, when there is no scope for confu-
sion, we shall often omit specifying which sets the various cochains belong to for conciseness.

The operator /%2[£ 5] commutes with the first term in the Hamiltonian as it acts diagonally
in the 0'2 basis. It also commutes with the second and third terms in (10) by virtue of

Zya(@)[Za] = Z24(g +dr)[Za], and Bock(g+dr,)[®, ] = Bock(g)[&), ]. (18)

Interestingly, this operator has non-invertible fusion rules [106]:

1 f b—(dn+g)+b’—(dn’+g")
Z Z _ _ b3} / /
U= oU=EAl= ey >, ()7 o) {alg") gl

g,b,n
g/,b/,n/
1 f b, —(dn+g)+dn, —b’
= 52 PINC i 9)(al a9
gn
b ,by,n,
(L Sk )L S g
~ 5#E) “ 2#(2A)gnb g/
PSS N0,

= Zy[Zp]- UL[Z],

SHere d is the simplicial or lattice codifferential operator d : C"(Z,,Z,) — C™(X,Z,) such that for
qe Cn(ZAﬁ ZZ)
n+1
dalv; .. Ve ]= D (=1 alvi .95 v ], (16)
=1
where (v;...V;...v,,;) denotes the n-simplex with the vertex v; omitted. Further — denotes the cup product

j j
—:C"(Tp,2Z,y) X C™(Tp,Z,) = C™T™(Tp, Z,) such that

q vp[vl '“Vn-f-m] = q[vl “'Vn] 'p[vn“'vn+m]7 (17)

where p € C™(X A, Z,). Note that these notions can be readily generalised to other finite Abelian groups (see e.g.
app. A of ref. [10]).
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where the partition function Z,4[X ] of the pure Z, gauge theory on X5 explicitly reads
Zog[Bp] =222 where b; is the j™ Betti number of 3.

Let us now attempt to rewrite the action of such a topological surface in terms of spin
operators. To do so, it is instructive to first sum over b in (18). Doing so delivers (see app. A)

Z/{ZZ[ZA 2% (2) Z dn,g |g (20)

where y(X) is the Euler characteristic of X, dn[vyv,] = n[vq] +n[v;], and 84,3 = Odnig,0 18
a Z, Dirac delta function that imposes dn + g = 0 mod 2. This operator can equivalently be
expressed by first introducing ‘virtual’ qubit degrees of freedom at vertices so as to temporarily
enlarge the physical Hilbert space from H" to HY ® H"™ with H""" = ), C[Z,]. Given
In) € HY' with n € C°(Z 4, Z,), we thus require an operator that projects onto the constraint
subspace of states |g,n) satisfying n[v;] = g[v,v,]+ n[v,] at every edge (v;v,) C T A, before
performing a partial trace over A", In symbols,

1

z

UP[ZA] = o7 (Z)trva(l |2(1d+os(e) : t(e))) (21
€

Next, we ask, what are the line operators that commute with HY? In addition to the identity
line, a line operator with support on any 1-cycle £ € Z;(Xx,Z,) labelled by the non-trivial
character in Z} may be defined as

[Toz=> ] Jvlla)al. (22)

ect g ecl

One can readily check that these line operators commute with HY. Moreover, they are topo-
logical by virtue of the kinematical constraints (8), so that the sign [ .. e(—l)g[e] only depends
on the homology class of ¢ and is 1 whenever { is a contractible cycle. More generally, any
network of such lines can be assigned a cohomology class in H!(Xx,Z,). Then the sign ob-
tained by such a network of lines can be equivalently expressed via a representative cocycle f
in H'(Z,Z,) as

() = =17 la) al. 23)
g

Consider for instance the following configuration:

NNLNL N NN

(o)
ANANANANAY
depicting a local patch of the triangular lattice ¥, with a topological line operator (22) wrap-
ping along one of the non-contractible cycles. The blue lines represent the only edges where

the representative 1-cocycle f evaluates to the non-trivial group element in Z,. Then for any
choice of basis state |g) labelled by g € Z'(Zz,Z,),

f f—g= l_[g[e mod 2. (24)

ecl
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For reference, the figure above also depicts a configuration g which is non-trivial on the red
lines and trivial elsewhere. The expressions on the left hand and right hand side of (24)
evaluate to —1 for this choice of g as the 0® operators only cross a single red line, and similarly
a single plaquette (coloured in light grey) contributes to the cup product.

Summing over lines in (23) is equivalent to summing over f € H} (X, Z,):*

1 . 1 feg
- uter. — _ ZA
|H°(zA,zz)|z ® —|H0(2A’ZZ)|%:( 177 |g)(l N
: 25

LS g g ma ),

#
2 g,b,n

where, in going to second line, we have introduced a Lagrange multiplier field n, which when
summed over imposes the cocycle condition on b € C!(2 A, Z,), recovering the first line. Inter-
estingly, performing such a sum yields the surface operator /% defined in eq. (18). As we shall
comment later on, this is no mere coincidence. When gauging an Abelian 0-form symmetry,
one obtains a dual model with topological line operators labelled by elements in the Pontrjagin
dual, and more generally by representations of the group when it is non-Abelian. Additionally,
one obtains topological surface operators, all of which can be understood by inserting networks
(or condensing) suitable sub-algebras of topological lines. Such surface topological defects
have been under scrutiny lately under the name of condensation defects [8,28,57,70,86,106].
It follows immediately from the definition (23) that composition of such (networks of) lines
within a surface operator /""" are given by

utriv.(fl ° fZ) — utriv.(fl + fz) . (26)

Going back to definition (22), this is the statement that these line operators fuse like characters
in Z; . Similarly, fusion rules of surface operators /™" with networks of lines inserted are given
by

utriv.(fl) ® utriv.(fz) — utriv.(fl + fz) . (27)

As suggested by our notation, we shall think of topological lines /"™ ""(f) as living on the trivial
surface operator /""",

Next, we consider the operator 2/%2[%:,] defined with a collection of lines inserted. Going
back to definition (18) and given any 1-cycle £ € Z;(Xx,Z,), such a line operator acts with
the Pauli 0 operator on the virtual qubits, which are traced over, at the vertices v C £. More
generally, any network of such lines is found to be associated with a Z,-valued 1-cycle on the
dual lattice ZX, whose Poincaré dual is a 1-cocycle f € Z1(Z4,Z,) as before. The operator

U%(f)[ £ 2] with a network of such lines inserted has the form

1 1.
UZZ(f)[ZA] = mtr’;{vﬂt.( l_[ E(ld + (_]—)f[e]ai(e)()'zo-f(e)))
€

" ']

#(2
2#(Za) e

(28)

#The choice of normalisation |H°(X 4, Z,)| ™" is inherited from a convention in defining the partition function of
(d+1)-dimensional finite group gauge theories, namely that the theory assigns a one-dimensional Hilbert space to
a d-sphere for d > 1. Note that in eq. (25), we sum over cohomology classes, rather than cocycles, therefore the
normalisation is [H(Z, Z,)| instead of |C°(Z 4, Z,)I.

11
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Consider for instance the following configuration:

LN NN N NN

INONINININ/N
\WAVAVAVAVAVA
NINININIS

/NN /N /NN

depicting such an operator, where as before blue lines represent the only edges where the
corresponding 1-cocycle § evaluates to the non-trivial element in Z,. It readily follows from
the definition that composition rules of networks of lines within a surface operator /%2[ %, ]
are given by

U (f1 0 f)[Za] =UZ(f1 +f2)[ZA] (29)

Similarly, fusion rules of surface operators 1/%2 with networks of lines inserted are given by
@%2(f1) o U (1)) EA] = UP2(F1 + 52)[ZA ] (30)

Finally, we would like to consider the possibility of defining a surface operator /%2 with support
on a sub-region of X 5. This requires the existence of a topological line at the junction of
topological surfaces 2442 and /""", Such a line does exist and is simply obtained by restricting
the definition (18) to an open sub-complex Z5 € X4, i.e.

Un[EAl= Y. Zu(lEallo)al, (31)

gEZl(ZA,Zz)

with Dirichlet boundary conditions, i.e., b[0EA ] = 0 imposed. We shall think of this operator
as describing a line operator from a topological surface /%2 to U""-. Conversely, we shall
think of the operator U/%2[ % \E ] as describing a line operator from /"™ to 1/%2. Let us now
consider the composition of the former line operator with the latter. Specifically, we consider
a setup where X is a two-torus or a cylinder endowed with a triangulation X5, and E4 is an
annular strip of width a single lattice spacing wrapping a non-contractible cycle:

Then the composition of the lines is given by

U%[E,] Zzzd 2x]lo)al = Z( e~ a)(gl=id+] [oz, (32)

ecl
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where £ refers here to the non-contractible cycle wrapped by Z5. In the second equality,
the sum is over f € HY(Ex,08,2Z,) = Z,, i.e., the relative cohomology group with Dirich-
let boundary conditions imposed. Note also that the normalisation was implicitly modified
from 1/|H°(Ex,2Z,)| to 1/|[H°(EA, 92, Z,5)| = 1. The non-trivial class in HY(Ex, d24,Z,)
corresponds to an f-defect wrapping the non-contractible cycle in Z5. For this choice of f,
f 2, f— g evaluates to | [.., g[e] mod 2. As expected, this results in a line operator living on

U™V-, which is labelled by the regular representation of Z,. The fusion rule of topological lines
in (32) is closely related to the fusion rules of Kramers-Wannier duality defects in the (1+1)d
transverse-field Ising model [27,28].

Now let us compute the composition of the topological line between /™" and 1/%2 by consid-
ering a thin annular strip of single lattice spacing width containing the identity operator /""",
while the rest of the lattice £, \E, containing I/%2. Let us specialise to the case where ¥ is a
two-torus such that ¥ 5 \=, is path-connected. Let us denote the left and right boundaries of
Ea as 9 Ex and GRE A, respectively. Then, the composition of lines is given by the operator

1 [, o b—(dntg) 1 S\
z = 1= _ \2 — AN=A
U [EA\EA]= 9#(Za\En) Z( 1)7 5 lo){al = 2X(ZA\EA)Z‘Sdn,9 ’ (33)
g,b,n g,n

where in the first expression b € C!(ZA\Ea,Z,) with the Dirichlet condition
b[8,EA] = b[FrEA] = 0 imposed. Meanwhile n € C°(XA,Z,)° has no constraints imposed
a priori. In the final expression, we sum over b, which imposes the cocycle condition dn = g
everywhere except within 24, denoted by & Ag\ “. Besides, note that the Euler characteristic
2 (ZA\EA) =0, since 2\E is a cylinder. Now pick a preferred edge in =, . Naturally dn = g+s,
where s is valued in Z,, on this edge. It follows from conditions dg = 0 and dn = g on 9=
that fixing s on any chosen edge in 2 pins the configuration to the same value of s for all
other edges in 2. Consider for instance the following configuration:

OLEA  OrEA

§£

As before, the 1-cocycle g is non-trivial only on the red edges. The condition dn = g is satisfied
everywhere in X A \Z, i.e., everywhere apart from the central region in grey. Then we consider
n to be fixed to a certain configuration on d;=,. Fixing the configuration of n on a single
vertex (for instance the one highlighted in green) on 6z= A, pins the configuration on all other
vertices on dzE . The two choices at this vertex correspond to either the presence or absence
of a line in Vecy, traversing . Therefore, defining a Z, cocycle f that evaluates to the non-
trivial element in Z, on every edge in Z, (indicated in blue in the above diagram) and to the
identity element elsewhere, we obtain

UL[ZA\EA] =UL[ZA]+ UL ([T, (34)

which amounts to a line operator living on 2/%2[£ 1 ]. This concludes our analysis of the sym-
metry structure of the gauged transverse-field Ising model.

*n is a 0-cochain on X, since Co(Xp,Z) = Co(TA\EA, Z).

13
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We showed in this section that starting from a (2+1)d lattice model with arguably the simplest
kind of symmetry, namely a 0-form Z, symmetry, gauging the symmetry results in a model with
non-invertible surface operators. It turns out that the surface and line operators, together with
their statistics, are organised into an algebraic structure referred to as the fusion 2-category of
2-representation of Z,. In the next section, we present a framework allowing for the systematic
gauging of arbitrary invertible symmetries and analysis of the resulting symmetry structures
in terms of higher representations of groups, and categorifications thereof.

3 Gauging and dual symmetries

Motivated by the analysis of the (2+1)d transverse-field Ising model carried out above, we intro-
duce in this section a systematic approach to gauging invertible symmetries in (2+1)d quantum
lattice models and studying the resulting higher categorical symmetries.

3.1 G-symmetric Hamiltonians

Throughout this manuscript, our starting point is always a two-dimensional quantum lattice
model with a global O-form G symmetry, where G is a finite (possibly non-Abelian) group.
Concretely, it means that the Hamiltonian commutes with topological operators supported on
the whole two-dimensional space, which are labelled by group elements of G, in such a way
that the fusion of symmetry operators is governed by the multiplication rule of the group. By
definition of a group, these symmetry operators are in particular invertible.

The modern approach to global symmetries in quantum field theories in terms of collec-
tions of topological defects invites us to organise symmetry operators and their properties into
higher categories. More specifically, given a (2+1)d quantum theory we expect (finite semisim-
ple) symmetries to correspond to fusion 2-categories in the sense of Douglas and Reutter [47],
where objects label topological surface operators and (1-)morphisms label topological line
operators at the junctions of surface operators. In this context, a G-symmetric Hamiltonian
commutes with surface operators that form the so-called fusion 2-category of G-graded 2-vector
spaces. Let us present this fusion 2-category in some detail.® First of all, let us define a 2-vector
space as a C-linear, finite, semisimple category. We can then consider the 2-category 2Vec
of 2-vector spaces, linear functors and natural transformations. It is a prototypical example
of fusion 2-category, where the monoidal structure is given by the Deligne tensor product.
Note that 2Vec has a unique equivalence class of simple objects, which is represented by the
category Vec of complex vector spaces. Let us now consider the 2-groupoid’ [G,s,*] with
object-set G, no non-trivial 1-morphisms and no non-trivial 2-morphisms. Consider the cate-
gory 2Fun([G,e,*],2Vec) of pseudofunctors, pseudonatural transformations and modifications
between [G, e, ] and 2Vec. By definition, an object V in 2Fun([G, »,*], 2Vec) assigns to every
g € G a 2-vector space V, in 2Vec, and thus amounts to a G-graded 2-vector space of the form
V =H,eg V- Pseudonatural transformations in 2Fun([G, ¢, ], 2Vec) then correspond to grad-
ing preserving linear functors, and modifications to natural transformations. The convolution
product of pseudofunctors [G,e,*] — 2Vec endows 2Fun([G, », ¢], 2Vec) with the structure of
a fusion 2-category according to

(VoW), =V, &V, (35)

xX€G

%In the vein of sec. 3.6, we shall think of 2Vec,, as a categorification of the fusion (1-)category Vec; of G-graded
vector spaces, the same way we can think of Vec; as a categorification of C[G], whereby the ring C is promoted
to the fusion category Vec.

A 2-groupoid is a 2-category in which every morphism is an equivalence, in the same spirit of a 1-groupoid
being a (small) category in which every morhism is invertible.

14
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with unit 1 satisfying 1, = &,,, Vec. Henceforth, we denote by 2Vec, this fusion 2-
category. There are |G|-many simple objects in 2Vec; provided by the ‘one-dimensional’
2-vector spaces Vec,, for every g € G, such that Vec, © Vec, = Vecg, and
Homoyec, (Vec, , Vec,, ) = 6, ., Vec. At the end of the day, it follows that simple objects can
be safely identified with the corresponding group elements in G, but the higher categorical
perspective will be crucial in the following.

Let us now construct local operators that explicitly commute with symmetry operators
labelled by simple objects in 2Vec; in the spirit of ref. [89] using the tools introduced in
ref. [44]. Let X be a closed oriented two-dimensional surface endowed with a triangulation
YiA- Although our construction applies to arbitrary triangulations Xz, let us assume for con-
creteness that X 5 is isotopic to the Poincaré dual of a honeycomb lattice. We further assume
that X has a total ordering of its O-simplices (vertices), referred to as a choice of branching
structure, such that the branching structure in the neighbourhood of every vertex v=(3) C X
is of the form

5 6

2 4, \ i . (36)

0 1

Notice that a choice of branching structure induces an orientation of each 1-simplex (edge),
which is always chosen to be from the lowest ordered vertex to the higher ordered one. Let m
denote an assignment of group elements in G to vertices of 5. By a slight abuse of notation,
we notate via C°(Z 5, G) the collection of such assignments, which corresponds to a G-valued
0-cochain when G is Abelian. We define the microscopic Hilbert space of the system to be
), C[G] and denote by |m) the assignment m regarded as an element of the microscopic
Hilbert space. The restriction of |m) to a given vertex v C X is denoted by |m[v]) € C[G],
and more generally, we notate via [m[Z4]) := @z, Im[Vv]) the state associated with the
restriction of m to a sub-complex Ep C 2.

We are interested in G-symmetric local operators acting on the Hilbert space &), C[G].
Given a vertex v C 25, we notate via &, € X5 the hexagonal sub-complex centred around v.
Let us now consider the pinched interval cobordism &0, x,, | = ®, x,, [0, 1] defined as &, xI/ ~,
where the equivalence relation ~ is such that (x,i) ~ (x,i’) for all (x,1),(x,i’) € 3R, x|I.

Graphically,
3

%\', =B, x, =2 4, (37)

3
where the branching structure induced from that of eq. (36) is such that 2 < 3’ < 3. Notice that,
by definition, we have 2 %\', = ®, x{0} Uy, &, x{1}. Henceforth, we employ the shorthand
notations @8 =&,x{0} and ®\1/ =&, x{1}. Given an assignment m € CO(%:,, G), we can define
an operator acting on a local neighbourhood of the vertex v as |m[%\1,]><m[@8]{. Notice that
this operator acts as the identity operator at every vertex but v where it acts as ’m[v’])(m[v] |

15
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More general operators can then be constructed by considering linear combinations of the
form

M= o hya((mlvidmlva] ™ e ) [m@L1)(m[@0]], (38)
meCo(®!,6)

where the coefficients h, , are valued in C and the oriented edges (v;v,) are always such
that v; < v,. Note that, in practice, we typically consider models for which the complex
coefficients h,, , are only non-vanishing for specific choices of assignments m € CO(%\',, G).
Any combinations of such operators can finally be used to define a local Hamiltonian

H=>,h, =2, >,
By construction, any Hamiltonian thus defined is G-symmetric, whereby the symmetry is

generated by operators nvczA RY with RY : |m[v]) — |[m[v]x~') for any x € G. This simply

follows from a redefinition of the variable m € C 0(%\',, G) in the summation, together with the
fact that the coefficients h,, , only depend on {m[vl]m[vz]_l}(vlmc%uv and are therefore man-
ifestly symmetric. Identifying every m[v] € G with the corresponding simple object Vec,,,;
in 2Vec, one can equivalently state that any Hamiltonian thus defined is 2Vec;-symmetric.
It is a straightforward exercise—which we carry out below—to show that the transverse-field
Ising model is of this form, and more generally, we can argue that every local G-symmetric
Hamiltonian can be written in terms of combinations of local operators of the form (38).
Note that Hamiltonians defined in this section only account for nearest or next-nearest neigh-
bours interactions. However, we can readily combine such local operators—which geometri-
cally amounts to concatenating complexes of the form (37)—so as to define local operators
simultaneously acting on a larger number of sites, thereby generating the whole algebra of G-
symmetric Hamiltonians on ), C[G]. That being said, a lot of familiar and physically relevant
quantum systems, e.g. Ising-like models, are already included within the present formalism.

In prevision for the following section, let us slightly reformulate the previous construction.
We noticed above that the G symmetry of local operators (38) is guaranteed in particular
by the fact that the unitary coefficients h, , only depend on the assignment m through group
elements m[v; Jm[v,] ™! for every edge (v;v5) C %\'/. This leads us to contemplate the following
alternative description: Consider an assignment g of group elements in G to every edge of @:’
such that g[vyvy]glvovs] = g[vyvs] for every 2-simplex (vivyvs3) C @\'I, which we shall think
about as a flat gauge field on %\'/. By slight abuse of notation, we notate via Z 1(%!,, G) the
collection of such assignments. Let m € CO(@\',, G) be an assignment as before but with the
additional constraint that m[v;] = g[v;Vy m[v,] for every edge (v;v,) C %\'/. In other words,
we require dm = g, where dm[v;v,] = m[v;]m[v,]"!. We can now rewrite the previous
operators as follows:

hon= D, hya(e) . |m[®)m{®0]]. (39)
gez1(®),6) meC®(®!,6)
dm=g

Notice that given g, the condition dm = g does not fully constrain m. In the following section,
we consider generalizations of these operators yielding dual Hamiltonian models.

Back to the transverse-field Ising model: Let us illustrate our construction by recasting the
transverse-field Ising model in terms of local operators (39). We also discuss a finite group
generalisation of this model in sec. 3.8. Consider the Hamiltonian H = ZVCZA 22:1 hy . For

any vertex v C XA and gauge field g € Z 1(%\',, G), the defining complex coefficients h,, ,(g) are
chosen to be

hy,1(9) 1= =T 81 0(—1DV Ry 5(8) 1= =T Sgpungo(—1) VT,

glvv+w] (40)
hv,S(g) = _J5g[v’v],0(_1) > hv,4(g) =—JK 5g[v’v],1 >
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where the branching structure of %\', is that given in eq. (37). We can readily confirm that h, 4
X Z Z Z ~2Z Z ~2
acts as '—J Koy, whereas local‘ operators h,, ,_; 5 3 actas —J OYOta —J O'VO'! p,and—Jojoy .,
respectively. Putting everything together, we recover Hamiltonian (1) for & = 0. By construc-
tion, this model has a 2Vecz, symmetry such that the two simple objects Vec, and Vec; in
2Vecz,, where 0,1 € Z,, are identified with the surface operators O° and O! defined in
sec. 2, respectively. The fact that the deformation class of models generated by (40) does not
host any non-trivial line operators then follows from Homz\/ECZZ (Vecy,,Vec,,) = 6, 4, Vec.
Note that more complicated models hosting the same 2Vecz, (sub-)symmetry can be read-

ily defined in a similar fashion. For instance, we can write the spin-1/2 XY model as
2
H= Z(vm)cEA D1 hy, nhy, o such that

hv,l(g) = _J5g[v’v],1 P hv,Z(g) = _‘](Sg[v’v],li(_l)g[\/] . (41)

3.2 Dual Hamiltonians

Given a Hamiltonian H =), > h, , with local operators h, , as defined in eq. (39), we shall
now construct dual models. In sec. 3.4, we shall relate these various dual models to twisted
gauging of the G symmetry or sub-symmetries thereof. Our strategy goes as follows: Any finite
group G gives rise to an (abstract) algebra of local operators, in such a way that products of
local operators only make use of the multiplication in G. A duality class of models is then deter-
mined by choosing certain linear combinations of local operators in the algebra. This choice is
made through the set of coefficients {h,, ,(g)}, over g€ Z 1(%\',, G) in our context. This means
that the group G together with the collection h, , of coefficients fully determine the physical
characteristics of the duality class of models as encoded into their common spectrum. Notice
that we have not yet specified explicit matrix/lattice representations of these local operators
on a chosen Hilbert space. As a matter of fact, picking a representative of a duality class of
models precisely corresponds to choosing such a matrix representation. Loosely speaking, this
boils down to identifying a collection of degrees of freedom providing a particular physical
realisation of the properties encoded into the spectrum. In other words, maintaining the same
linear combination of symmetric operators, while choosing another matrix realisation, yields
a dual model. We explain below how such choices are made, thereby defining duality classes
of (24+1)d Hamiltonian models.

We begin our construction by noticing that picking a gauge field g € Z 1(%\',, G) amounts
to assigning a simple object g[v,v,] = Vecy,,\,7 in 2Vecg to every edge (vqv,) C %\', such
that Vecg,,,,] @ Vecy = Vec

vovs] = for every 2-simplex (vivyv3) C %{/. In this context,

glvivs]
picking an assignment m € C 0(@\',,G) such that dm = g amounts to assigning simple ob-
jects m[v;] = Vecyy,] in 2Vecg such that Vec,,,,] © Vecyy,] = Vecy,] for every edge
(vyvy) C %\'/. We think of this latter assignment as making a choice of degrees of freedom,
and thus a choice of microscopic Hilbert space. As will become clear in the following, this
choice amounts to considering 2Vec; as a module 2-category over itself, inviting us to replace
2Vec; by another module 2-category. In that spirit, let us first review the notion of module
2-category over 2Vec as considered in ref. [44,53].

Succinctly, a module 2-category over 2Vec is a 2-category with a G-action. More precisely,
we define a (left) 2Vecs;-module 2-category as a quadruple (M, >, a”, ”) consisting of a (C-
linear finite semisimple) 2-category M, a binary action 2-functor » : 2Vec; x M — M and an

adjoint natural 2-equivalence a” : (—® —) > — Sob (=) satisfying a ‘pentagon axiom’ up
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>

Vecgl ,Vecg2 ,Vecg3 M

to an invertible modification > whose components 7 are defined via

ab
Vecg1 ,Vecgzg3 M

(Vec,, ® (Vec,, ® Vec, ) > M - > Vecg, »((Vec,, ® Vec,, ) > M)
1Vecg1g2g3 DlMT TC:/ngl ,Vech,Vecg3 M 1V€Cg1 [>al\>/ecg2 ,Vecg3 ,MJ/
((Vec,, ® Vec,,) ® Vec,, ) > M Vec, > (Vec,, > (Vecg, » M))

(Vec,, ® Vecg, ) > (Vec,, » M)

(42)
for every g, 82,83 € G and M € M. The invertible modification 7*, which shall be referred
to as the left module pentagonator, is required to satisfy an ‘associahedron axiom’. For con-
venience, we shall spell out this axiom employing an alternative to commutative diagrams in
terms of string diagrams, whereby regions represent objects, strings 1-morphisms, and blobs
2-morphisms. In practice, we shall omit labelling regions but the corresponding objects can
be recovered from the string labels. On these diagrams, compositions of 1-morphisms is read
from left to right, whereas the (vertical) composition of 2-morphisms is read from top to bot-
tom. For instance, the left module pentagonator 7" can be equivalently defined via the string
diagram:

11 o 1a”
(43)
a” a”

where we omitted the ® and > symbols. The associahedron axiom satisfied by ” can then be
conveniently expressed as the following equality of string diagrams:

anl 11 QD1 o 1o 1(1a”) an1 11 A1 o 1¢® 1(1a°)

(44)

We are particularly interested in indecomposable 2Vec;-module 2-categories constructed as
follows [44]:® Given a subgroup A € G and a normalised 3-cocycle A in H3(A4,U(1)), let

®Note that this construction does not give all 2Vec;-module 2-categories. Physically, it only gives those module
2-categories that correspond to either spontaneously breaking the global symmetry down to a subgroup and/or
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M(A, 1) be a 2-category with object-set the set G/A of left cosets. A left 2Vec;-module struc-
ture can be defined on M(A, A) via Vec, > M := (gr(M))A for any g € G and M € G /A, where
r: G/A — G assigns to every left coset its representative in G. Notice that in general we have
gr(M) # r(Vec, > M) and we denote by a, ), the group element in A satisfying

gr(M) =r(Vec, > M)ag y - (45)
Associativity of the multiplication in G imposes
g g, = g, Vec, »M Qg M » Vg1,8,€G, and M € G/A. (46)

Endowing the Abelian group Hom(G/A, U(1)) with a left G-module structure, we consider the
3-cochain n” € C3(G,Hom(G/A, U(1))) defined as

7T[>(81: 82> gS)(M) = 2'(agl,VecgngbM ) agz,Vecgsz ) ag3,M): v 81,82,83 €0, and M € G/A-
47)
In virtue of the 3-cocycle condition dA =1 and eq. (46), we have

7" (82, &3, 84)(M) 0 (81, 8283, 84)(M) " (g1, &2, &3)(Vecg, > M)

(48)
=1"(8182, 83, 84) (M) °(g1,82,8384) (M), VY g1,82,83.84€G, and M € G/A,

so that 7t” is a Hom(G /A, U(1))-valued 3-cocycle of G. Defining the invertible modification 7
with components

>

Mec,, Veey, Vecg M = T (81,82, 83)(M) (g gyprama> ¥ 81,82,83 € G, and M € G/A,

(49)
we finally obtain that the quadruple M(A,A) = (M(A, 1),>,1,7") does define a left 2Vec-
module 2-category. For any group G, we can always choose the subgroup A to be either the
trivial subgroup {14} or the whole group G, and the 3-cocycle to be trivial. The corresponding
module 2-categories are M({1,},1) = 2Vecg and M(G,1) = 2Vec with action 2-functors
given by the monoidal product in 2Vec and the forgetful functor 2Vec; — 2Vec, respectively.
Let us now put these module 2-categories to use in order to construct dual Hamiltonians. Given
avertex v C X, a gauge field g € Zl(%\',, G) and a 2Vecg-module 2-category M = M(A, 1)
as defined above, let us consider an assignment m of simple objects m[v; ] € M to every vertex
v, C %\', such that

!

m[Vl] = Vecg[vlvz] > m[V2] , v (V1V2) C %l/ . (50)
We notate via Cg(%\'l,./\/l) the set of assignments m fulfilling conditions (50). Given such a
pair (g,m) € Z 1(%\',, G) x CS(%\',, M), let us introduce the following phase factor:

wilgm)i= [ ] 7(lvival, olvavs], alvsval)(mv,])<1v2evs), (51)

(v1v2v3v4)c%\',

where 7©” is the Hom(G/A,U(1))-valued 3-cocycle of G defined in eq. (47), and
€(vqvav3v,) = £1 depends on the orientation of the 3-simplex (v;vyv3v,). Borrowing the
notations of sec. 3.1, we finally define new local operators as follows:

M= ST k@ > wem)|em)@L) (e m]]. (52)

geZ1(®),6) meCO(®],M)

pasting a symmetry-protected topological phase labelled by a 3-cocycle of the preserved subgroup. Notably, we do
not discuss those module 2-categories that correspond to coupling to a inherently two-dimensional non-anomalous
topological order. It is expected that these topological orders would be contained in the completion of the 3-
category of 2Vec;-module 2-categories [23].
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Notice immediately that choosing M to be 2Vec; itself, we recover local operators h,, , defined
in eq. (39). We are now ready to state one of the main results of this manuscript: Hamilto-
nian models that only differ in a choice of 2Vec;-module 2-category are dual to one another via
definition (52) of the local operators. In other words, Hamiltonians HM = DI M and

n-'v,n
HM = >3 hM o " for any two indecomposable 2Vec;-module 2-categories M = M(A, A)
and M’ = M4, A ) are dual to one another.

As motivated above, duality between H™ and HM' follows from the fact 2Vec;-module 2-
categories M and M’ merely encode distinct matrix realisations of the same local operators.
More concretely, regardless of the choice of 2Vec;-module 2-category M, the set of local
operators h\/,"/rll generate the same algebra of operators characteristic of the duality class of
models. In the same vein as the lower-dimensional study carried out in ref. [89], we can readily
confirm that products of local operators indeed only involve the group G and coefficients h, ,,.
Concretely, computing products of local operators (52) involve algebraic manipulations that
geometrically translate into three-dimensional Pachner moves, which are encoded into the
associahedron axiom given in eq. (44). The associahedron axiom dictates that products of
operators only depend on the monoidal structure of 2Vec, via the monoidal pentagonator T,
which happens to be trivial, and is a fortiori independent of M. An alternative justification
consists in showing that the Hamiltonian HM with M = M(A, 1) is the result of the A-twisted
gauging of the A sub-symmetry of H. This will be the purpose of sec. 3.4.

Importantly, dualities as considered in this manuscript systematically map symmetric local
operators to dual symmetric local operators—this almost tautologically follows from our defi-
nition of a duality as a change of matrix realisation of the local operator encoded into a choice
of 2Vec;-module 2-category—whereas non-symmetric local operators are mapped to dual non-
local non-symmetric operators. These various mappings are realised via (typically non-local)
lattice duality operators that transmute in particular local operators into one another. Below,
we explicitly construct these lattice operators.

Back to the transverse-field Ising model: We explained in the previous section how to re-
cast the transverse-field Ising model within our framework. The input fusion 2-category being
2Vecz,, we distinguish three choices of module 2-categories, namely 2Vec, itself, 2Vec and
2Vec?, respectively, where A corresponds to the non-identity element in H 3(Z2,,U(1)) ~ Z,.
Given the coefficients (40) it readily follows from definition (52) of the local operators that

2Vec 2Vec z
hZYee acts as —Jk [ [, 0¥, whereas local operators h 12,3 acts as —J o, o, —J O Lo
and —Jo? respectlvely. Putting everything together, we recover the Hamiltonian (10)

(v +iv)’
with & = 0 resulting from gauging the Z, symmetry of (1). Choosing instead the 2Vecz -

module 2-category 2Vec” amounts to the A-twisted gauging of the Z, symmetry and results
in Hamiltonian (10) with k = 0.

3.3 Duality operators

We are interested in dualities between Hamiltonians H™ and H™’ whose local operators hM

and h/\/l only differ in the choice of 2Vec;-module 2-category. Therefore, a duality operator
should have the interpretation of a map between the module 2-categories that is compatible
with the action of 2Vec;. More concretely, given a pair of (left) 2Vec;-module 2-categories
(M,>,a”, %) and (M’,p,a”, "), we define a 2Vec;-module 2-functor between them as a
triple (F, w,) consisting of a 2-functor F : M — M’ and an adjoint natural 2-equivalence
w : F(—>—) = —» F(—), with components WVec, M for g € G and M € M, satisfying a ‘pen-
tagon axiom’ up to an invertible modification Q2 whose components Qvecg1 Vec,,,M are defined
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via

(‘)Vecgl ,Vecg2 >M

F(Vecy, > (Vec,, > M)) > Vec,, »F(Vecg, » M)

F(aVecg Vecg, .M )T Q\/e(:gl,\/ecgz,M 1Vecgl B’wVecgz,Ml

F((Vecg, ® Vec, ) > M) Vec,, »(Vec,, » F(M)) (53)

s
q ecg)

é’]gg,/lf | ety
(Vec,, @ Vec,,)» F(M)
for every g, g, € G and M € M. As before, we shall prefer the equivalent definition in terms

of the string diagram
F@) o 1lw

. (54)

This invertible modification €2 is required to satisfy an ‘associahedron axiom’ encoded into the
following equality of string diagrams:

F(11) F@) F(1e") @ 1l 1(1w) F(11) F(@) F(1&") 0 1o 1(1w)

(55)

Let us now use the data of a module 2-functor M — M’ to construct lattice operators that
transmute local operators hM into hM Since module 2-functors can be composed—and by
extension so do the correspondlng duahtly operators—we can focus without loss of generality
on 2Vecg-module 2-functors between 2Vec itself and M’ = M(A’, ). Every such module
2-functor is of the form (—>M’,1, 7 a)» With M "€ M’, in which case the associahedron
axiom (55) boils down to (44) In the sp1r1t of our definition of the local operators, let us
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consider the complex’

5’ 6’
3/

o - 1

B, x1= , (56)

centred around v = (3). The branching structure agrees with that of eq. (37), and in partic-
ular we have v| < v; for every v; C &,. Given a simple object M’ € M’ interpreted as a
2Vec-module 2-functor 2Vec; — M’, we consider the following assignment of degrees of
freedom: First, let g € Z 1(@8,G) and g’ € Z 1(@\1,, G) such that g[vyv,] = g'[v]v,] for every
Vi,Vy C Q,. We then consider an assignment m of simple objects m[v;] € 2Vec; to every
vertex v; C ®° and an assignment m’ of simple objects m’[V/] € M’ to every vertex v C &)
such that m[v;] = Vec, y,1 © m[v,] for every (vyv,) € @8, m'[v] = Vecy vy » m’[v,] for
every (v{vs) € @\1,, and m[v;]> M’ = m’[v|] for every (v{v;) C &, x|. As before, we notate
via CS(@S, G) the collection of assignments m fulfilling the conditions spelt out above. Notice
that assignment m € CS(%S, G) together with M’ € M’ uniquely specifies an assignment m’
via the constraints m[v; ]> M’ = m'[v]] for every (v{v;) C &, x|, and we denote by m>M’ this
assignemnt.
. . 10 00 . .
Given assignments (g,m) € Z(®¥,,G) x C o (®,,G), let us introduce the following phase
factor:
wlgmM) =[] w(alvivalalvavsl mlvs DY), 57)

(v V2V3)C@3

where 7” is the Hom(G/A’, U(1))-valued 3-cocycle of G defined previously, and e(v;v,v3) = 1
depends on the orientation of the 2-simplex (v;vyv3). We finally define the duality operator
labelled by M’ € M’ acting at vertex v C 5 as follows:

= > w2 (gmM)|gm>M)(g,ml. (58)
geZl(@e,G)
meC(),6)

What is the action of these operators? On the one hand, the operator turns degrees of free-
dom provided by simple objects in 2Vec;—thought as a module 2-category over itself—into
simple objects in M’ via the module 2-functor — > M’. On the other hand, it acts by scalar
multiplication by the phase factors 7 (g, m, M’). It follows that acting with dVM "on h, . yields
h{l\’,‘l,, ie.,

d¥ oh,, =h}"od!" (59)

The only non-trivial aspect to confirm is the compatibility of the various phase factors. It is
convenient to do so using the geometrical interpretations of the operators. Geometrically, the

°Alternative operators more suited to the more general case of an arbitrary fusion 2-category can be found in
ref. [44].
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commutation relation (59) can be represented as follows:

= , (60)

where we think of the complex %\', on the Lh.s. as supporting the local operator h,, , and that
on the r.h.s. as supporting hVMn/. Recall that the phase factors entering the definition of h, ,

. . . . ., . / . . .
are trivial, whereas those entering the definition of h{l\/fl are given by n”. Similarly, the phase

factors entering the definition of dVM " evaluates to 7. It follows from the associahedron axiom
satisfied by the module pentagonator t°—or rather the cocycle condition of the 3-cocycle it
evaluates to—as well as the fact that every pair of neighbouring 3-simplices share a 2-simplex,
that the commutation relation is satisfied. Indeed, eq. (55) graphically translates as

/

V3

/ /
Vi Va
/
A V3 V3
V3
v/
/ — /! 2
vy Vi Va. = Vi V2, (61)
V/
/ v, 4 Vg
Vy 4
Vi Vo
\z

where vertices carrying the same label are identified. Applying the assignment rules of degrees
of freedom presented above, we find that the phase factors associated with the 3-simplices on
the Lh.s. and rh.s. are 1 and n”(g[vlvz],g[v2v3],g[v3v4])(m'[vﬁ,r]), respectively. Similarly,
we associate to the prisms on the Lh.s. the phase factors 7”(g[v;vy], glvavs], m{vs (M)
and 7" (g[vvs], glvavs], m{v,])(M’), whereas we associate to the prisms on the rh.s. the
phase factors 7" (g[vyvs ], glvaval, m{vs])(M’) and 7°(g[viVs], g[vava], m[v4])(M’). Choosing
glviva] = g1, 9lvavs] = g9, g[vavs] = g3 and mv,] = g4 € G, it follows from the various
assignment rules—e.g. m'[v,] = m[v4]> M’ = Vec,, » M'—that eq. (61) exactly encodes
eq. (48). Applying eq. (61) for every 3-simplex in %\',, we find that all the phase factors of the
form 7*(g[vyvs], glvsva], m{v,])(M’) and 7 (glvavs], alvavs], m{v4])(M’) cancel two-by-two
resulting in eq. (60). More generally, given local operators hﬁ and hﬁ/, the analogue of
eq. (61) will be guaranteed by the associahedron axiom (55) fulfilled by the 2Vec;-module
structure of the 2-functor M — M’ (see sec. 3.5 for the case of module 2-endofunctors).
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So we have found duality operators performing the transmutation of local operators h,, ,

into hM In order to perform this operation to the whole Hamiltonian, it suffices to extend the
deﬁmtlon of our duality operator to the whole > 5 following exactly the same construction:

S TT vl atvaslmvs Do) g, mo M) gl (62
g€z (£%,G)" (v1vav3)CEy
mecg(zg,(;)

Let us conclude with a couple of important remarks: Firstly, duality operators are oblivious
to the details of the definition of the local operators. In particular they act in the same way
regardless of the coefficients h, ,,, and as such are valid for infinitely many lattice models. This
is because duality operators only care about matrix/lattice realisations of a given symmetry and
not specific choices of algebra of local operators. In other words, a given duality operator will
systematically transmute every symmetric operator with respect to a given lattice realisation
of a symmetry into a symmetric operator with respect to another realisation, regardless of the
precise definition of these operators. These symmetries will be analysed in detail in sec. 3.5.
Secondly, the knowledge of such a duality operator is not sufficient to rigorously write down
an isometry mapping the corresponding Hamiltonians to one another. As detailed in ref. [90]
for the lower-dimensional setting, defining such an isometry would require analysing all the
topological sectors of the models. We comment on this aspect in sec. 6 but a detailed analysis
will be carried out elsewhere.

Back to the transverse-field Ising model: We established in the previous section how,
given the coefficients (40), choosing the 2Vecy -module 2-categories 2Vecz , 2Vec or 2Vec’
yields the transverse-field Ising model, its Z,-gauged dual or its A-twisted Z,-gauged dual.
The results obtained above now allow us to construct the lattice operators performing
the transmutations of the corresponding local symmetric operators. Succinctly, there is a
unique 2Vecz, -module functor from 2Vecy, to 2Vec, namely the forgetful functor, identi-
fied with the unique simple object Vec € 2Vec. The corresponding duality operator acts as
dVee : |g,m) — |g, m> Vec) for any (g, m) € Z (T, Z,) X CS(ZA,VecZZ). But m > Vec = Vec
and g is fully constrained by m according to m[v; ] = Vec,,,,;®@m[v,] for any (viv,) C Ta. It
follows that the duality operator effectively acts as dVe° : |m) — |dm) in the notation of (39).

It readily follows that dV*¢ : o OO f( )~ 0gand dvee: o¥ = T , as expected. The treat-

ment of the duality 2Vecz, — 2Vec? follows the same steps. Note that these duality operators
were already obtained in [44] exploiting the graphical calculus of monoidal 2-categories.

eDv

3.4 Duality as twisted gauging

Let us now clarify in which sense the dual Hamiltonians described above are the results of
applying some (twisted) gauging to the original G-symmetric Hamiltonian. We begin by pro-
viding an alternative expression for local operators (52). By definition of our notations, local
operators h/\/:l act on degrees of freedom located at vertices and edges labelled by simple
objects in M(A, 1) and 2Vecg, respectively. However, these degrees of freedom must sat-
isfy (50), which we shall think of as kinematical constraints. Resolving these kinematical
constraints allow us to consider a smaller effective microscopic Hilbert space. Consider for
instance the 2Vec;-module 2-category M({1;},1) = 2Vec;. A choice m of assignments of
objects in M to every vertex v; C @L fully constraints g € Z 1(@\',, G) in virtue of eq. (50),
so that we should consider the effective Hilbert space (), C[G], at which point the operators
(52) boil down to (39) as expected. More generally, given M(A, A) and a pair (m[v;],m[v,])
of simple objects in M(A, A), there are exactly |A|-many distinct group elements g € G such
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that m[v,] = Vec, » m[v,].1® Consequently, local operators (52) effectively act on a micro-
scopic Hilbert space constituted of degrees of freedom at vertices labelled by simple objects
in M(A, 1) and degrees of freedom at edges labelled by group elements in A—or rather sim-
ple objects in 2Vec,. Given a pair (g,m) € Z 1(%\',, G) x Cg(%\',,/\/l), we denote by a4, the
assignment of group elements a, ,[v;v,] to every edge (vyv,) C &' where

agmlvava] = r(m[va 7 glvyva ] r(mlva]) = gy, gmivy]» (63)

where we used in the last identification the notation introduced in eq. (45) when defining
M(A, 1). Note that in virtue of eq. (50), we have a ,,[vivy]ag n[Vavs] = ag n[vyv3] for every
(v1V,v3) C€ &', Recalling the definition of the module pentagonator 7°, we introduce

7Tf,(ag,m) = l_[ A’(ag,m[vlvz:l: ag,m[V2V3]3 ag’m[vgv4])6(V1V2V3V4) . (64)

I
(V1vav3va)C®,

Putting everything together, we find that local operators (52) act on the effective Hilbert space

as
AR S S hp@ D e [y m[®L ] (g m[@0]] . (65)
gez1(®,G) meCY(®),M)

In practice, this is the expression we shall employ when discussing explicit models.

Let now employ this expression to clarify why hM(A ) is the result of a A-twisted gauging
of the A sub-symmetry of the G-symmetric Hamﬂtoman defined in terms of local operators
(39). Consider the (untwisted) gauging of the whole G symmetry. Typically, this operation
goes as follows: The macroscopic Hilbert space is enlarged by the introduction of a G-gauge
field and a (local) Gauf3 constraint is imposed at every vertex in such a way that they commute
with one another. We then require the Hamiltonian to commute with such Gauld constraints,
which is accomplished by minimally coupling the Hamiltonian with the gauge field. Finally,
the Gaul® constraints are imposed kinematically allowing for the initial (matter) degrees of
freedom to be gauged away. Within our framework, these operations are simply accomplished
by considering the 2Vec;-module 2-category M = M(G, 1) = 2Vec. In particular, it follows
form the definition that we have a  , = g.

More generally, let us consider the gauging of the A sub-symmetry of a G-symmetric Hamil-
tonian. As above, we begin by introducing an A-gauge field a € Z!(Z,A) and impose the
following Gaul? constraints at every vertex:

6, =y S ([Tres([22) 1 <66>
XEA e—v e—v

where
RY :|afe]) — [a[elx™"), LY :la[e]) — |xale]), (67)

so that the physical Hilbert space does not have a tensor product structure anymore. In order
to kinematically enforce these Gaul$ constraints, it is convenient to disentangle degrees of
freedom by applying the following unitary:

U= T(TTerve] Tere) (68)

eV eV

0Given a pair (m[v; ], m[v,]) of simple objects in M(A, 1), there must exist g € G such that Vec,pm[v,] = m[v,].
Let g’ € G such that m[v,] = Vec,, > m[v,] = Vec,, >m[v,]. This requires Vec,, to be in the stabiliser of m[v, ],
which in turn requires g’ € r(m[v;])Ar(m[v;])"?. Our statement finally follows from |r(m[v, DAr(m[v,])7| = |A]|.
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where we introduced the controlled group actions

Rye:lg1)y ®182)e = 181)y ® 18287 e

(69)
CLye: 1810y ®1g2)e = 181)v ® 18182 -

In particular, we have
n 1 |
UG U'=— » R¥=id, (70)
P

so that imposing the Gaul$ constraints amounts to considering an effective microscopic Hilbert
space whereby degrees of freedom at vertices are labelled by elements in G /A, or rather simple
objects m[v] in M(A, 1). Notice finally that

cL7!

v,(vvy) (L\),C ®L" )CLV,(VVI) : |m[V]) a[VV1]> = |Cx Dm["]; ax,m[v]a[vvl])

(vv1)

=|C,»m[v],alv'v;]),

cR;ivlv) (L ®RJ(CV1V))CRV,(V1V) s |m[v],alvyv]) = |C, > m[v], a[V1V]ax—1’VeCX>m[V]>

=[C,pm[v],a[vyV']),

where we identified x = g[vv], at which point we recover the image of the operator L} un-
der the duality map, as encoded into local operators of the form (65) with M = M(A, 1).
Given this understanding of choosing the 2Vec;-module 2-category M(A, 1) as gauging the A
sub-symmetry, we interpret choosing M (A, 1) with A a non-trivial 3-cocycle in H3(A, U(1)) as
performing a A-twisted gauging of the A sub-symmetry. More details on this gauging perspec-
tive are provided in sec. 3.8 for the case of the finite group generalisation of the transverse-field
Ising model.

3.5 Dual symmetries

We commented earlier that dualities considered in this manuscript map local symmetric opera-
tors to dual local symmetric operators. However, we have not yet revealed what the symmetry
of a given Hamiltonian H™ is. Notice that we are still not choosing any specific Hamiltonian,
it is enough to know that it is defined in terms of local operators of the form (52).

Recall that we introduced in sec. 3.3 the notion of 2Vec;-module 2-functors and explained
how these provide duality operators between local operators that only differ in a choice of
2Vecg-module category. Given a Hamiltonian HM = 7 > hﬁ, a module 2-functor from
M to itself should thus correspond to a symmetry operator of the model. Indeed, we shall
demonstrate that 2Vec;-module 2-endofunctors of M label surface symmetry operators. Fur-
thermore, these surface operators can host topological line operators. More generally, surface
operators are not necessarily closed, in which case topological lines living at the junctions of
distinct topological surfaces are required so the Hamiltonian is left invariant. Mathematically,
these topological lines are captured by the notion of module natural 2-transformation between
module 2-functors: Given a pair of left 2Vecg-module 2-functors (F, w,$2) and (F, &, 2), we
define a 2Vec;-module natural 2-transformation between them as a tuple (6,©) consisting
of a natural 2-transformation 6 : F = F satisfying a coherence axiom up to an invertible
modification © with components @Vecg, u defined according to the string diagram

w 160

O] . (71)
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This invertible modification is required to satisfy a coherence axiom encoded into the following
equality of string diagrams:

F(o") o lo  1(10) Fla®) lo  1(10)

(72)

B

6 (5] o

Furthermore, given a pair of 2Vec;-module natural 2-tran§formations (6,0) and (6,6), we
can define a 2Vec;-module modification from (6,0) to (8,8) as a modification ¥ : 6 = 6
such that

éVecg,M ° (11Vecg by ) = 'ﬁVecng ° ®Vecg,M 5 (73)

forall g € G and M € M.

Given a pair (M, M) of 2Vecg-module 2-categories, we shall refer to 2Fun,yec, (M, M”)
as the 2-category whose objects are 2Vecg-module 2-functors M — M’, 1-morphisms
are 2Vecs-module 2-natural transformations, and 2-morphisms are 2Vec;-module modifi-
cations. In the present context, we are specifically interested in 2-categories of the form
(2VecG);V‘( an = 2Funjyec (M(A, 1), M(A, 1)) that shall be referred to as ‘Morita duals’ of
2Vec; with respect to M(A,A). Crucially, these inherit a fusion structure from the compo-
sition of module 2-functors. We shall now demonstrate that for any 2Vec;-module category
M = M(A, A), the Hamiltonian HM is left invariant by topological operators organised into
the Morita dual 2-category (2Vecg)’,.

Let us begin by constructing topological surface operators labelled by simple objects in
the fusion 2-category (2Vecg)’, (. Given the complex &, x | depicted in eq. (56) and a simple
object (F, w,Q) in (2Vecs)), we consider the following assignment of degrees of freedom:
First, we assign as before the same gauge field g € Z'(®,, G) to @8 and %\1/. We then consider
an assignment m of simple objects m[v;],m[v]] € M to every vertex v; C %8 and v{ C %\1,
such that m[v, ] = Vecy,,,1>m[v, ] for every (vqvy) € ®°, mlv|]= Vecyry/v,] >m[v, ] for every
(vivy) € @\1/. We notate via Cg()(%\, x 1, M) the collection of assignments m fulfilling these
conditions. Every edge of the form (v}v;) C &, x| is further allocated a simple 1-morphism
flvivi] in the (possibly terminal) hom-category Hom y(F(m[v;]),m[v]]). Given any prism
(vivav3) x| C B, x|, every plaquette (vqvy) x| = (vivovyVy) is labelled by a basis vector
fvivoV1V,] in the vector space Ve("ll"é"l"z)((g, m, )[V|V4v1v,]) given by

V+((g, m, f)[VllVéVle])
= Hom/\/l(lm[v’l] ° (Vng[Vl\,Z] > f[V;VZD ° wVecg[leZJ,m[vz] P ﬂ:V/1V1] 0 F(lm[vl])) 5

V(g m. IV, vV vo])

= Hom/\/[ (f[vivl] ° F(lm[vl]) ) 1m[v’1] o (Vecg[vlvz] > f[V;VZ]) o C‘)Vecg[vlvz],m[vz]) 5

(74)

where e(v]voviV,) = £1 depends on the orientation of (v;v,) relative to that of (viv,v3). For
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convenience, we summarise these various notations below:

m[vy]CF(mlvy])

F(m[v;1)>m[v}] m[v;]CF(mlvs])

A, : (75)

[vivavava] T8/ | flvavs]

fivive] [

m[v;] vrva] m[v;]

Given assignments (g, m, f) described above, we finally associate to the prism (v;v,v3) x| the
symbol QE(V1V2V3)((9, m, [ (v1vovsg)XI ]) defined as the matrix entry corresponding to the vectors
flvivaviVa], flvovavavs] and fvivivyvs] of the map

V+((g) m, f)[VgV/zvlvz]) ® V+((g9 m, f)[V;V{gVZVB]) :) V+((g: m, f)[vllv:/gvl\/B]) s (76)

that is determined by the component QVecg[vlvz],Vecg[v2V3],m[vB] of the invertible modification €.
By convention, we set the symbols of this map to vanish whenever assignment f of 1-morphisms
and basis vectors in M is such that one of hom-categories associated with edges of the form
(vivq) is the terminal category or one of the vector spaces associated with plaquettes of the
form (v,v,) % is the zero vector space.

Applying the rules described above, we find that the associahedron axiom (55) yields an
equation in terms of the symbols defined above that graphically translates as eq. (61). Sum-
ming over all possible labels associated with simplices shared by several prisms €, x| that fulfil
all the rules described above, as well as tracing over basis vectors associated with plaquettes
shared by two prisms via the canonical pairing

V_((g5 m, f)[vllvévl\/Z]) ® V+((g5 m, f)[vll\/;VlVZ]) —-C > (77)

yields an operator that commutes with thn' In order to construct the surface operator com-

muting with the whole Hamiltonian HM, it suffices to extend the previous construction to the
whole X o, thereby summing over all simple objects and simple 1-morphisms, and tracing over
all basis basis vectors associated with plaquettes:

>, ( 1 deﬂ((g,m,f)[(v1v2v3)xl]))|(g,m)[zg]><(g,m)[z‘g]|. (78)

g€z (®0,6) ~ (V1vav3)CZa
meC2(@, x1,M)
f

It follows from the construction that fusion of surface operators is provided by the composition
of the corresponding module 2-endofunctors.

Given the above, let us now consider line operators at the junction of two sur-
face operators. In many ways, the derivation is merely a lower-dimensional analogue
of that above. Given a pair of simple objects F = (F,w,Q) and F = (F,®,Q) in
(2Vecg)' > let (6,0) be a simple 1-morphism in (2Vecg)), between them. As pre-
viously, we shall define the line operators by means of a labelled complex. Given a
cube (V;Vyviv,) X |, we consider an assignment of degrees of freedom that resembles
that of the prisms: We assign the same group variable g[viv,] to edges (vivs), (V}v5),
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(V195) and (V7V)), as well as simple objects m[v;],m[v]],m[¥;],m[¥]] € M to vertices
of the cube such that m[¥;] = mlv;], m[¥]] = m[v]], m[v;] = Vecy,,,] > m[v,],
m[v]]= Vecg[yl\,z]»m[v’z]. We further allocate to the corresponding edges simple 1-morphisms
flviv1] and f[\7’1~\71] in the (possibly terminal) hom-categories Hom y((F(m[v;]), m[v]])
and € Homp (F(m[V;]),m[V]]), respectively. Plaquettes (v;vovivy) and (V]V,0;¥,) are
labelled by basis vectors f[V}vjvivy] and J[¥¥,¥,7,] in (possibly zero) vector spaces
VE("Il"/zvl"Z)((g, m, f)[v’lv’zvlvz]) and Ve(‘71‘7/2‘71‘72)((g,m, })[\73\7’2\71\72]) as defined in eq. (74), re-
spectively, whereas plaquettes (V;V;v]v;) are labelled by basis vectors s[V;V;v]v;] in vector
spaces VE(‘7/1‘71"/1"1)((m, f, f,s)[\”/g\”/lv’lvl]) given by

V+((m, f, %,5)[\7’1\71v’1v1]) = HomM(f[\N/g\?l] o Qm[vl] ) f[v;vl]) , 79)
V_((m, f: f; 5)[\7/1\71\/1\/1]) = HomM(f[ngl] ) f[\7/1\71] o Qm[vl]) .
As before, let us summarise our notations via the following diagram:
mlv; ] glviva] m[v,]CF(m[vy])
alviva] .
m[vy] m[vy]CF(m[vy])
IO v WA B A
S g . (80)
Ly o 00,91~ 2/ | 0,1
99 1727172 272
m[v;] | m[v,]
glvival
m[v;] alviva] mlv,]

We finally associate to the cube (V;V,v;Vv4) x| the symbol @E(VIVZV1V2)((g,m, f, f,s)[(vlvzvg)xl])
corresponding to the vectors f{V4vivivy ], fIV, 05019, ], s(¥ 91V, v1) and s(V5¥,v5vs,) of the map

V+((g: m, f)[vllvlzvlvz:l) ® V+((m) f: i 5)[\7/1\71\//1\/1 ])
S VI, 1,§,9) [ %v4v,1) © V((g, m, DIV 75919, 1), (81)

that is determined by the component ©y,. m[v,] Of the invertible modification ©. By con-
glvival> 2

vention, we set matrix entries of this map to vanish whenever one of the hom-categories associ-

ated with edges of the form (v{v;) or (V}¥,) is the terminal category, or one of the hom-spaces

associated with plaquettes (V] V;v]vy) is the zero vector space. Applying all the rules intro-

duced above to the following complexes

v o= ; (82)

Vo Vo

<@
[SEN

V2 21 A V3

Vi V3 v v

Vi V3

yields an equation in terms of symbols of Qy/ec @Vecg[VIVS],m[vS] on the Lh.s.

g[V1V2]9vecg[V2V3]9m[v3]’
and Vecyy,uy1VeCtup 1 mIvsls OVecyyruy 1 Vecsumn,] vyvgmlvs] OT1 the r.h.s., where as be-
fore we trace over basis vectors associated with plaquettes shared by complexes. This equation

>m[v3]> ®Vecg[
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is guaranteed by the coherence axiom (72). Concretely, this equation means that a simple ob-
ject in HomQVeCG);M (F,F) defines a topological line operator at the interface of two surface

operators labelled by simple objects (F, w,) and (¥, &, ) in (2Vecg))y - Vertical composi-
tion of 2Vecg-module natural 2-transformations in (2Vecg)), , finally provides the fusion of
topological lines.

3.6 Higher representation theory

We demonstrated above that symmetry operators of Hamiltonians HM with M = M(A, 1)
form the fusion 2-category (2Vecg)’, - Concretely, this means that starting from a G-symmetric
Hamiltonian that has been rewritten in terms of local operators (38), simply replacing the im-
plicit choice of 2Vec;-module 2-category 2Vec by any other indecomposable 2Vec;-module
2-category M(A, A) yields a dual model with a fusion 2-categorical (2Vecg), symmetry in
virtue of the demonstration above. Within this context, identifying the symmetry of a dual
model thus boils down to computing the Morita dual fusion 2-category (2Vecg)), ; of 2Vecg
with respect to M. Interestingly—and to some extent this is the purpose of the following
sections—knowing from the general demonstration that a given model possesses a (2Vecg)y
symmetry does not mean it is easily verifiable in terms of explicit lattice operators.'’ We shall
explicitly compute Morita duals in sec. 3.7 but, in order to understand the resulting fusion
2-categories, we first need to discuss higher representation theory.

We set the stage with a review of the category theoretic viewpoint on (ordinary) represen-
tation theory. Given a finite group G, we denote by [G, «] the 1-groupoid with object-set G and
no non-trivial morphisms. Let us consider the category Fun([G, «], Vec) of functors from [G, ]
to the category Vec. By definition, an object V in Fun([G,*], Vec) assigns to every g € G a
vector space V, in Vec, and thus amounts to a G-graded vector space of the form V = Py V-
Natural transformations in Fun([ G, ¢], Vec) then correspond to grading preserving linear maps.
The convolution product of functors [G, «] — Vec, which descends from the multiplication rule
of G, further endows Fun([G, ¢], Vec) with the structure of a fusion (1-)category according to

Vow), =PV, eW,,, (83)
x€G
with unit 1 satisfying 1, = 6, 1 . C. Henceforth, we denote this fusion category by Vecg. There

are |G|-many simple objects in Vecg provided by the one-dimensional vector spaces Cg, for
every g € G, such that C, ® Cy ~ Cgp, and Homy.,(C,,Cp) =~ 6,5 C. Notice that Vecg can
be equivalently defined as the fusion category Mod(C®) of modules over the algebra C¢ of
functions on G. Fusion category Vec is merely the lower categorical analogue of the fusion
2-category 2Vec; we have been considering. More specifically, we shall think of 2Vec; as a
categorification of Vecg.

Another way to treat a finite group G as a 1-category is to consider the delooping of G
defined as the 1-groupoid [+, G] with a single object « and Homys ;1(*,*) = G such that the
composition of morphisms is given by the multiplication rule of G. As before, we can con-
sider the category Fun([e, G],Vec) of functors [»,G] — Vec. By definition, an object p in
Fun([e, G], Vec) assigns to the unique object » a vector space V := p(¢), and to every morphism
g :*—ealinear map p(g): V — V fulfilling p(g) o p(h) = p(gh) for every g,h € G. In other
words, p is a representation of G. It follows that natural transformations in Fun([e, G], Vec)
correspond to intertwiners. The symmetric monoidal structure of Vec endows Fun([e, G], Vec)

HAlready in (1+1)d systems, it is easy to construct models with Rep(G)-symmetries for instance, which are very
tedious to confirm without a systematic approach analogous to the one employed in this manuscript [90].
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with the structure of a fusion 1-category according to

(pop)() ==p()®p(s) =VOW,

84
(pop)(g):=p(g)®p(g) €End(Ve W), &

where the tensor products on the r.h.s. are that in Vec. Henceforth, we denote by Rep(G) this
fusion category. Note that the simple objects are provided by the irreducible representations of
G. Given the equivalence between representations of G and modules over the group algebra
C[G], we also have Rep(G) = Mod(C[G]).

In the following, we shall find that Morita duals of 2Vec are often related to ‘higher’ notions
of group representation obtained by following the ethos categorification. We remarked above
that a group representation is equivalent to a module over the group algebra. Let us adopt
this viewpoint and categorify it. Recall that C[G] is the associative algebra whose elements are
given by formal linear combinations of group elements over C and multiplication rule descends
from that of the group. Loosely speaking, categorifying the notion of group algebra requires in
particular to loosen the associativity condition so that it only holds up to isomorphisms [11].
But this would be inconsistent with having coefficients valued in C. One solution is to consider
instead coefficients valued in Vec, where we should think of Vec as being a categorification of
C. The result is the fusion category Vec, whose definition was reviewed above, thought as
a group ‘2-algebra’. This incites us to consider a notion of ‘2-representation’ of a group G as
a module category over Vec;. We shall refine this notion of 2-representation later, but let us
accept it for the moment and proceed.

The notion of Vec;-module category is defined in close analogy with that of 2Vec;-module
2-category reviewed in sec. 3.1. Concretely, a (left) Vec;-module category can be defined as
a triple (NV,>,a”) consisting of a (C-linear finite semisimple) category A/, a binary action
functor > : Vec; x N'— N and a natural isomorphism a” : (—® —) > — 5 —b (—b—) referred
to as the left module associator, which is required to satisfy a ‘pentagon axiom’ akin to (42).12
Indecomposable module categories over Vec are obtained following the same recipe as in the
2Vec,; case: Given a subgroup B C G and a normalised 2-cocycle +) in H2(B, U(1)), let N'(B, )
be a category with object-set the set G/B of left cosets. A left Vec;-module structure can be
defined on N(B, ) via C, » N := (gr(N))B for any g € G and N € G/B, where r : G/B — G
assigns to every left coset its representative element in G. As before, we notate via b, y the
group element in B satisfying gr(N) = r(C, » N)b, y. Associativity of the multiplication in G
imposes bg o N = bgl,cgsz b,, n, for every g;,85 € G and N € G/B, in exact analogy with
eq. (46). Thinking of the Abelian group Hom(G/B,U(1)) as a left G-module, let us consider
the 2-cochain a” € C2(G,Hom(G/A, U(1))) defined as a”(g;, g,)(N) := zl)(bgl,cgsz, by, n) for
any g;,82 € G and N € G/B. In virtue of the cocycle condition dy» = 1 and the equation
above, we have

a”(g2,83)(N) a”(g1,8283)(N) = a"(g182,83)(N) @”(g1,82)(Cq, > N), (85)

for every g1, 24,83 € G and N € G/B, so that a” is a Hom(G/B, U(1))-valued 2-cocycle of G.
Defining the natural isomorphism a” with components

aEgl,ng,N = a"(gl: gZ)(N) . 1(g1g2r(N))B : (Cgl © ng) >N — Cg1 > (ng DN),

for every g;,8, € G and N € G/B, we find that the triple (NV(B,v),>, @”) does define a left
Vec;-module category. It is a result of Ostrik that all indecomposable module categories over
Vec are of this form [102,103].

125ince we shall encounter both Vec,-module categories and 2Vec;-module 2-categories at the same time in
the following, we notate them via N and M, respectively, to facilitate the distinction.

31


https://scipost.org
https://scipost.org/SciPostPhys.16.4.110

Scil SciPost Phys. 16, 110 (2024)

If Vec;-module categories admit an interpretation as 2-representations of the group G,
then Vec;-module functors should be understood as 1-intertwiners between them. As previ-
ously, the notion of Vec;-module functor is defined in immediate analogy with that of 2Vec-
module 2-functor. Concretely, given a pair of (left) Vec;-module categories (NV,>,a”) and
(N’,p,a”), we define a module functor between them as a pair (F, w) consisting of a functor
F : N = N’ and a natural isomorphism w : F(—»—) = —»F (=), which is required to sat-
isfy a pentagon axiom involving both a” and &> akin to (53). There is also a notion of map
between module functors, which within our context shall be interpreted as ‘2-intertwiners’.
More precisely, given a pair of left Vecg-module functors (F, w) and (F, &), we define a mod-
ule natural transformation between them as a natural transformation 0 : F = F satisfying
(1(;g »0y)o we, M = @c, M ° 90g>M forall g € G and M € M.

It follows from the definitions that, given a pair (N, N”) of Vecsz-module categories, 1-
and 2-intertwiners form a category that we denote by Funy, (N, N’ "). Special attention is
paid to Morita dual fusion categories (VecG);v(B, 0 = Funyec, (N(B,¥), N(B,)) of Vecg
with respect to N (B, ) [55,98]. In particular, these categories inherit a fusion structure from
the composition of module functors [58], so that considering module endofunctors of inde-
composable module categories is a way to construct new fusion categories. Treating Vec; as
a module category over itself, we have for instance (VecG){/ecG = Vec. Since the composi-
tion of module functors is a well-defined operation, we can further consider the 2-category
Mod(Vecg;) consisting of (left) Vecs-module categories and hom-categories of Vecg-module
functors. This is another example of a fusion 2-category, still in the sense of Douglas and Reut-
ter [47], where the fusion structure is obtained by defining a Vec;-module structure on N RN
via C; > (NRN') := (C, »N)R (C, > N’) for every g € G, N € N and N’ € N’ [73]. Explicit
formulae for the fusion of indecomposable Vec;-module categories N'(B, 1)) can be found in
ref. [59] for the Abelian case and in ref. [73] for the non-Abelian one.

» We are now ready to refine the notion of 2-representation alluded to above. Firstly, we
require a categorification of the notion of vector space, a natural candidate being the no-
tion of 2-vector space introduced in sec. 3.1. Secondly, let [, G,*] be the 2-groupoid with
unique simple object ¢, 1-morphisms labelled by group elements in G, and no non-trivial 2-
morphisms. Mimicking the definition of Rep(G), we would like to consider the 2-category
2Rep(G) :=2Fun([e, G, *], 2Vec) of pseudofunctors, pseudonatural transformations and mod-
ifications between [e, G,] and 2Vec. Unpacking the definition, one finds that an object p in
2Rep(G) is a map

p :[+G,*] = 2Vec,
. — p(o) =V, (86)

C oS o Vv cEnd(y),

assigning to the unique object ¢ a 2-vector space V := p(¢) and to every 1-morphism g : e —ea
linear functor p(g) : V — V, in sush a way that composition of 1-morphisms is only preserved
up to natural 2-isomorphisms, i.e. p further assigns to every pair of 1-morphisms labelled by
g1, 8> € G a natural 2-isomorphism

Peig, - P(&1) o p(g2) = p(g1£2), (87)

which is required to fulfill'®

Pergags [1p(e1) © Pegs] = Pargogs  [Pgogs © Lp(gs]5 (88)

13As customary, we notate via o and - the horizontal and vertical compositions of 2-morphisms, respectively.
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forany g1, g5, g3 € G. Introducing the notations > : VecgxV — V, whereby C,>M := p(g)(M)
for every M € V, and aEgI,ng,M :=(Pg,.g,)m> it follows from the 2-cocycle condition (88) that

]o o

1c b o> o’ ol =a’ a’ 89
[Cg1 Cgy CoyoM Cay,Cay®CyyuM © 1Cyy 03" M Cg;.Cay:CayoM © ¥Cy 0C,, ,Cpy M 2 (89)

holds for any g7, g2,83 € G and M € V. Consequently, the triple (V,>,a”) thus constructed
defines a left Vec;-module category. Similarly, we can readily check that pseudonatural trans-
formations and modifications in 2Rep(G) corresponds to Vecg-module functors and Vecg-
module natural transformations, respectively. Putting everything together, we have an equiv-
alence 2Rep(G) = Mod(Vecg), thereby justifying referring to Vecs;-module categories as
2-representations of the group [3,71]. The symmetric monoidal structure of 2Vec endows
2Rep(G) with the expected fusion structure according to

(pee)e) =p)Ro() =VRV,

. (90)
(p@p)g):=p(g)Rpo(g) €End(VRYV).

The main reason to define 2-representations of G as pseudofunctors [, G,*] — 2Vec is that it
is readily generalisable to other scenarios relevant to our study. We present two such scenarios
below.

e Let G be a 2-group with homotopy groups Q and L in degree one and two, respectively
[18]. Succinctly, a 2-group is a monoidal groupoid such that every object has a weak inverse.
Concretely, the 2-group G has object-set Q, hom-sets Homg(q,q) = L with composition rule'*

1 l 1+l
@=>9o@>9=>G@—q, (91)
and monoidal structure
ll 12 ll+¢q1 (12)
(1= 31) 0@ ) =(q10 ——— q193), (92)

for any q;,q; € Q and 1,1, € L, where ¢_ : Q — Aut(L). As for a group, we distinguish two
ways to treat a 2-group as a 2-groupoid, namely [Q, L,+] and [»,Q, L]. Let us focus for now on
the former. We are interested in pseudofunctors between [Q, L, ] and 2Vec. Unpacking the
definition, one finds that such a pseudofunctor is a map

p:[Q,L,s]— 2Vec,

qg +~ pl@=:V, (93)
l l
qbq - v, 22V, eEnd(v)),
assigning to every group element g € Q a 2-vector space V, := p(q) and to every 1-morphism
l : ¢ — q alinear functor p(I) : V, — V, in such a way that composition of the 1-morphisms
is only preserved up to natural 2-isomorphisms, i.e. p further assigns to every pair of 1-
morphisms labelled by [;, [, € L a natural 2-isomorphism

i, P o p(y) = p(ly +1y), (94)

which is required to fulfil eq. (88). In close analogy with the constructions presented so far, we
deduce that p amounts to a Q-graded 2-vector space V := H¢q V, such that every homoge-
neous component V, has the structure of a (left) Vec;-module category, or alternatively of a 2-
representation of L. Pseudonatural transformations between pseudofunctors [Q, L,*] — 2Vec

4Notice that we write the product rule in L as an addition to emphasise the fact that it is an Abelian group.
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provide the corresponding 1-morphisms, which amount to Q-grading preserving Vec; -module
functors. More concretely, every group element q € Q together with an indecomposable Vec; -
module category V furnishes a simple object V, in 2Fun([Q, L, *], 2Vec). The hom-category be-
tween two such simple objects V, and \N/q2 is then provided by 64, 4, Fu NVec, (Vq,» \7q2), ie., it
is terminal unless q; = q,. Finally, the convolution product of pseudofunctors [Q, L,*] — 2Vec
endows 2Fun([Q, L, ], 2Vec) with a fusion structure, whereby V, © \~/q2 is the L-graded 2-
vector space with homogeneous components

Vg, © qu)q = E(Vql)x X (qu)rlq = 04,010, Vo, ® \7qz g (95)

X€Q

equipped with a Vec;-module structure defined by

C,p(NRN'):=(C;pN)R (C¢q71(1) >N’), (96)
1

foranyN eV, ,N'e V; , and [ € L. Henceforth, we denote by 2Vecg this fusion 2-category
and refer to it as the 2-category of G-graded 2-vector spaces [47]. For our applications, the
monoidal product of simple objects will not play a crucial role. We shall rather be interested in
the monoidal product of simple 1-morphisms, which is of the same form as (96). Consider for
instance the monoidal product of the identity 1-endomorphism 1Vq of a 1-simple object V, with
any simple 1-endomorphism of Veclq. By virtue of (Vec, ){,,. = Rep(L), which establishes the
Morita equivalence between Vec; and Rep(L) [55], a simple 1-endomorphism of the simple
object Vele in 2Vecg is labelled by a character p(—) of L. It follows in particular from eq. (96)

that 1y, © p(=) = p(¢g1(=)) @ 1y,.

e In the notation of the above paragraph, let us finally consider the 2-category
2Fun([e,Q, L],2Vec), where we recall that [+,Q, L] is the 2-groupoid with single object » and
hom-category Hompe ;; 1 1(¢, *) = G such that horizontal and vertical compositions are provided
by the monoidal product and the composition in G, respectively. This 2-category was inves-
tigated in detail in ref. [7, 19, 56], or more recently in ref. [5]. As such, we shall keep our
exposition brief and merely review the salient features of this 2-category following the de-
scription in terms of module categories and module functors proposed in ref. [45]. Unpacking
the definition we find that an object in 2Fun([e,Q, L], 2Vec) is a map

p: [+QL] — 2Vec,
. —> p(o) =:V’

e VYV eEndy),
p(q) 97)
q
TN Tk
P Ul ¢ - VP(”H V' € Endgnqgv)(p(q)),
NS o~
4 p(q)

assigning to the unique simple object » a 2-vector space V, to every morphism q : ¢ — e
a linear functor p(q) : V — V, and to every 2-morphism [ : ¢ = ¢ a natural transformation.
Moreover, vertical and horizontal compositions of 2-morphisms are strictly preserved, whereas
the composition of 1-morphisms is only preserved up to natural 2-isomorphisms, i.e. p further
assigns to every pair of 1-morphisms labelled by ¢q;, g, € Q a natural 2-isomorphism

Paras * P(@1) 0 P(22) = p(q102), (98)

which is required to fulfil eq. (88). Given two objects p and p, a 1-morphism 6 : p — p be-
tween them is a pseudonatural transformation that assigns to ¢ an object 0, in Fun(p(), o(*))
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and to every morphism q : ¢ — ¢ a natural 2-isomorphism defined by

0, :0.0p(q) = o(q)°¥., (99)

such that 6, o = la.- Compatibility with the composition of 1-morphisms in G requires the
following coherence relation to be satisfied:

[Q‘h,fh © 19-] ) [19((11) ° 0‘12] ) [efh ° 19(‘12)] = 9Q1Q2 ) [19- © pfh,‘h]’ (100)

for every q;,q, € Q, whereas naturality stipulates that
Qq'[19.op(l)]:[g(l)ol&]‘@q’ (101)

for every 2-morphism [ : ¢ = q. In the same vein as the previous derivations, we find that
a 2-vector space V together with endofunctors p(q) : V — V and natural 2-isomorphisms
Pq,.q, Satisfying (88) amounts to a (left) Vecy-module category. As a natural transformation,
p(1) : p(q)= p(q) assigns to every simple object N € V an endomorphism p(q)(N)— p(q)(N),
which, together with p(1;) - p(ly) = p(l; - l5), implies that p further assigns to every simple
object N € V arepresentation p(—)y : L — Endy(p(q)(IN)). Crucially, p(I;)op(ly) = p(l;0l,)
requires the following condition:

P(Pq(Nn =pP(p@vy> Y4EQ, andN €V. (102)

Given the above, a 1-morphism p — p in 2Fun([+,Q,L],2Vec) amounts to a Vec,-module
functor (6.,(6_)_) between the corresponding Vec,-module categories, which, in virtue of
the naturality condition (101), must satisfy the additional requirement

(0g)n 0 0.(p(Dn) = (Do, © (Og)w » (103)

for every 2-morphism [ : ¢ = q and N € V. Finally, the symmetric monoidal structure of 2Vec
endows 2Fun([e,Q, L],2Vec) with a fusion structure. Henceforth, we denote by 2Rep(G) this
fusion 2-category and refer to it as the 2-category of 2-representations of the 2-group G.

3.7 Morita duals

Guided by the derivations above, we shall now compute Morita duals of 2Vec; with respect to
various choices of 2Vec;-module 2-categories. In the context of this manuscript, this will es-
tablish that given a generic two-dimensional G-symmetric Hamiltonian, the models obtained
by gauging the G symmetry, or sub-symmetries thereof, are left invariant by symmetry oper-
ators organised into fusion 2-categories of some higher representations. Combined with the
results of sec. 3.5, this provides an answer to the question, what does it mean for a lattice
model to commute with symmetry operators labelled by higher representations?

« Choosing G as a subgroup of itself and the trivial cocycle in H*(G,U(1)) yields the module
2-category 2Vec via the forgetful functor 2Vec; — 2Vec. The Morita dual (2Vecg)y,. was
found in in ref. [42,44] to be equivalent as a monoidal 2-category to 2Rep(G), whose definition
was given in sec. 3.6. Let us briefly review this derivation for completeness, we encourage the
reader to consult ref. [44] for detail. By definition, an object in 2Funyy..(2Vec, 2Vec) consists
of a 2-functor F : 2Vec — 2Vec, which is fully determined by a 2-vector space V := F(2Vec),
an adjoint natural 2-equivalence w prescribed by

wg : Vecg > F(Vec) 5 F(Vecg > Vec) € Fun(V,V), Vgeag, (104)
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as well as an invertible modification Q defined as per eq. (54) with components

le’gz < HomFU”(V,V)(wgl °© wgz’ o')glgz)’ v 81,82 € G. (105)

Isomorphisms w, provide an action 2-functor > : Vecg x V. — V via C; > M := w, (M) for
any M € V, whereas maps Q, . yields natural isomorphisms a'(’:gl’cg y= (g, ¢, m- It fol-

lows from the associahedron axiom (55) that the triple (V,>,a”) defines a left Vecg;-module
category. Given a pair (F,w,Q) and (F,®,) of 2Vec;-module 2-endofunctors of 2Vec, a
2Vec-module natural transformation between them is given by a choice of natural transfor-
mation 6 : F = F specified by a choice of functor £ € Fun(V, V) between the corresponding
Vecg-module categories. The invertible modification © defined as per eq. (71) is prescribed
by a collection of natural transformations

0, € HomFun(V,\y)(ﬁ °wW,, D,y 0 F), Vgea, (106)

endowing £ with a Vecg-module structure C‘A)Cg,M := (©4)y, so that 1-morphisms are given

by Vec-module functors (F, ¢>) between the corresponding Vec;-module categories, as ex-
pected. Similarly, we can show that 2Vec;-module natural 2-transformations are identified
with Vecg-module natural transformations. Finally, it follows from the composition of 2Vec-
module functors (F, w, ) and (F, &, ) that the monoidal structure is obtained by defining a
Vec¢-module structure on (Fof)(Vec) = VRV via W RO, : VRV — VRV. Putting everything
together, this shows the monoidal equivalence (2Vecg)3, .. = Mod(Vecs) = 2Rep(G).

In the context of our work, this computation together with the results of sec. 3.5 shows
that gauging the G symmetry of (24+1)d quantum theory results in a theory with a 2Rep(G)
symmetry. This result appeared in ref. [44] and was recovered in ref. [5, 24] in terms of
separable algebras in fusion 2-categories [42]. Concretely, this means that a theory with a
gauged G symmetry host non-trivial topological surface operators labelled by indecomposable
Vec;-module categories as well as topological line operators labelled by Vec;-module func-
tors. Our construction further teaches us how these operators explicitly act on a lattice model.
We have already seen an example in sec. 2, and we shall see further examples below, but in
general the surface operator associated with the indecomposable left Vec;-module category
(N = N(B,),>,a”) is proportional to'®

D ( I1 a”(g[vlvz],g[vag])(n[vl])6<V1V2V3>)|g><g|, (107)
g€z (Zp,G) (V1Vvav3)CTp
n€CI(Zp.N)

such that a, v = a"(81,82)(N) * 14 ¢,y and CS(EA,N') refers to the collection of
81°782°

assignments n of simple objects in A" at every vertex of X5 such that n[v,] = Cpy,,7%> n[vs]
for every (viv,) C ZA. Let us emphasise that the conditions n[v;] = Cgy,y,1 > nlvy] are
with respect to the module structure of the Vecs;-module 1-category N. The same operators
appeared in ref. [44] in the context of the (34+1)d gauge models of topological phases of mat-
ter. In the case where B = {1}, it is convenient to think of assignments n € CS(ZI AN
as (virtual) matter fields n € CO(ZA,G) fulfilling dn = g, as we did in sec. 2. Note fi-
nally that we recover through Homogep(g)(Vec, Vec) = Funyec (Vec,Vec) = Rep(G) that
Wilson lines generate a 1-form symmetry for the G-gauged theory (see sec. 3.8 for more de-
tails). More generally, given a surface operator labelled by a Vec;-module category N (B, ),
we can insert topological lines on it that organise into the Morita dual fusion 1-category

5In the notations of sec. 3.5, we are using the fact that simple morphisms f[viv,] are given by simple objects in
hom-categories that are equivalent V.
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(VecG)jv(B’ = Funyec,(V(B, %), N(B,)). Combining the construction of sec. 3.5 and the
computations above, these line operators can be implemented on the lattice in terms of matrix
product operators whose building blocks evaluate to the module structure of the functors in
(VeCG);\/(B,w) [89-91].

We commented above that (Vecg)y,,. = Rep(G) signifies that the fusion 1-categories
Vec; and Rep(G) are Morita equivalent, which implies in particular the equivalence
Mod(Veci;) = Mod(Rep(G)) [55]. Interestingly, the fusion 2-category Mod(Rep(G)) can be
thought of as the idempotent completion of the delooping of the braided fusion 1-category
Rep(G), which encodes the line operators of the trivial surface operator. Physically, this idem-
potent completion amounts to including surface operators obtained by condensing suitable
algebras of line operators in Rep(G), and as such these surface operators are often referred
to as condensation defects. In this context, the surface operators in 2Rep(G) are labelled by
algebra objects in Rep(G). By definition, such an algebra object in Rep(G) is a G-algebra, i.e.
an associative unital algebra equipped with a G-action by algebra automorphisms. We know
from the Morita equivalence between Rep(G) and Vec that Morita classes of indecomposable
algebra objects in Rep(G) are labelled by pairs (B, ). Davydov then provided in ref. [41] a
recipe to explicitly construct the corresponding G-algebras. We already showed in eq. (25) for
the case of G = Z, how to construct the non-trivial surface operator from this condensation
perspective, and we shall provide additional comments along these lines in sec. 5.

Note finally that, more generally, picking a representative of a non-trivial cohomology class
in H3(G,U(1)) yields a 2Vec;-module 2-category M(G, 1) = 2Vec” that only differ from 2Vec

. . b orsas > _
in the choice of module pentagonator n”, which is such that MVecy, Vecy, Vecg, C = Mg1,89,83)

for any g1, g5, 83 € G. Importantly, it follows immediately from the definitions that we still
have (2VecG);Vecl = 2Rep(G).

» The subsequent examples require the group G to be isomorphic to a semi-direct product
Q x4 L with L Abelian, in which the multiplication is given by

(91, 11)(q1, 1) = (@192, [y + ¢4, (12)), (108)

for any q;,q9, € Q and [;,l, € L, where we are using the notation of sec. 3.6. Introducing
projection maps @, : G » Q and @ : G — L, every group element in G admits a decom-
position of the form g = (@q(g), @ (g)) € Q X L. Consider the 2Vecs-module 2-category
M(L,1)= 2VecQ.16 We find that the Morita dual (2VecG)5VeCQ is equivalent as a monoidal 2-

category to the fusion 2-category 2Vecg := 2Fun([Q, L, ¢],2Vec) of G-graded 2-vector spaces
defined in the previous section. We sketch below the main steps of this derivation.

Any 2Vecg-module 2-endofunctor of 2Vec, is in particular an object in
(2VecQ)5Vecq = 2Vec,, so that an object V,, € 2Vec, determines a 2Vecs-module endofunctor

of 2Vec,, of the form F(—) = —@V,, . The 2Vecs-module structure on F is then prescribed by
a collection of functors

oV, ,Vec

wg,q € Homavyec, (Vec, » F(Vecy), F(Vec, > Vec,)) = Homayec, (Veca (g @ Vq,» VeCay(g)g

oV,,),

(109)
satisfying a coherence relation up to an invertible modification 2 defined as per eq. (54) with
components

le,gz,q € HoszeCQ(a)gth(gz)q 0 Wy, q> “)glgz,q) , Vg,8€G,andqeqG. (110)

16By definition, L C G is a normal subgroup so that G/L isomorphic to Q with the isomorphism being provided
by the composition of the natural embedding L — G and the natural projection G — G/L. It follows that we can
identify M(L, 1) with 2Vec, with the 2Vec;-module structure being provided by Vec, »Vec, := Vec for all
ge€Gandqgeq.

w@q(g)g>

37


https://scipost.org
https://scipost.org/SciPostPhys.16.4.110

Scil SciPost Phys. 16, 110 (2024)

As before, 1-morphisms between such objects correspond to 2Vec;-module natural transfor-

mations between the corresponding 2-endofunctors of 2Vec,,. Before analysing more carefully

this 2-category (2Vecs)3, .. » let us immediately consider its fusion structure. Recall that the
ecQ

monoidal product of objects in (2VecG)§VeCQ is provided by the composition of the correspond-

ing module 2-endofunctors. Let (F, w, ) and (F, o, ) be two 2Vecs-module 2-endofunctors
of 2Vec, such that F(—) = —@V,, and F(—)= —oV,,, respectively. Composition yields a new

module 2-endofunctor of 2Vec,, given by (FoF) (=) =—0 Vg, © \7q2), whose 2Vec;-module
structure is provided by

- g, - Flogg) .
(Do w)gq:Vecg > (FoF)(Vec,) BN F(Vecy » F(Vecy)) — % (Fo F)(Vec, > Vecy)

= F(wgq) 0 @y, © (Vy, ®V,,), Vec O (Vg ®V,,).

ag; € Homavec, (Vecq () @q(8)q
(111)
Let us now consider the monoidal equivalence given by'”
(Vgy» 0g.05Rg1.8,,0) = Voo 01 1= 010,010 Uty = Q1. (10:02).20) »
v v - - (112)
( q1° C()l, QllyZZ) - ( q1° C()g’q T wag,q’ le:gZ’q T Qagl,wQ(gz)qaagz,q)’

where a, , € L was defined in eq. (45). Invoking this equivalence, we find that the Q-graded
2-vector space V. has the structure of a Vec;-module category with the module action and
the module associator being provided by the collection of maps w; and € ; , respectively.
Furthermore, the fusion structure is now obtained by endowing V, © \N/q2 with the Vec;-
module structure

(ON) o a))l = ((Z) o w)(lQ,l),lQ = w(lQ,l),lQ O] (D(lQ,l),fh =w; O 0345[1]_1(1) B (113)

where we used the fact that 140, = ¢ ¢! (), which agrees with eq. (96). We can now check
that 1-morphisms in (2VecG);VecQ amounts to Q-grading preserving Vec;-module functors.
Putting everything together, this motivates the equivalence (2VecG)§VecQ = 2Vecg, where G is

the 2-group defined in sec. 3.6.

Together with previous results, this computation shows that gauging the L sub-symmetry
of a (Q X4 L)-symmetric (2+1)d quantum theory results in a theory with a 2Vecg symme-
try. Although it is a little bit tedious to explicitly write down the lattice realisations of the
corresponding topological surfaces and lines in general—but these can be obtained from the
construction in sec. 3.5—we shall consider specific examples in sec. 5.

o Still assuming G =~ Q X4 L, let us now consider the 2Vecg-module 2-category
M(Q,1) = 2VecG/Q.18 Even though G/Q is not isomorphic to L as a group, we have
|G/Q| = |L| and thus we label simple objects in M(Q, 1) by group elements in L. We thus
write the 2Vecg-structure of M(Q,1) as Vec, > Vec; := Vech(g)+¢wQ(g)(1) for every g € G
and | € L. Analogously to the previous computation, objects in (2VecG);VECG/Q are functors

F(=)=—0oVwithV =H ¢V, € 2Vecg/, equipped with a 2Vecs-module structure pro-
vided by

wg,1 € Homoye, , (Vecg > (Ve @ V), Vech(g)+¢wQ(l) © V) =Homyye,(V,V), (114)

7This equivalence essentially follows the isomorphism H"(G,Hom(G/L,U(1))) ~ H"(L,U(1)) provided by
Shapiro’s lemma.

8Note the slight abuse of notation. Since Q is not a normal subgroup, the quotient G/Q is not equipped with a
group structure and thus the 2-category 2Vec;/, is not monoidal.
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satisfying a coherence relation to up an invertible modification 2 defined as per eq. (54) with
components

le,gz,l € H0m2VecG/Q(wgl,wL(gl)-prQ(gl)(l) ° wgz,l: wglgz,l): Y 81,82 € G, andl€L. (115)

Still in the same vein as the previous computation, let us consider the equivalence provided
by
v, W15 le,gz,l) = (V’ Wq = @(q,0,),0, Qﬁh,‘h = Q(QI’OL)a(QZ:OL):OL) >

(V, 0q, 94, 4,) (V, We =W, ,Q

Ag 12 °4g1,82,!

(116)
=Q, a ) ,
gl,wL(g1)+¢wQ(g1)(l)’ g2l
where a,; € Q was defined in eq. (45). In particular, invoking this equivalence, we find
that the L-graded 2-vector space V has the structure of a Vecy-module category with the
module action > and the module associator a” being provided by the collections of maps w,
and g, 4, respectively. Moreover, going back to eq. (114), we find that w, = P ¢, Welv,,
where wgly,, V¢q(11) — V. Associating to every object N € V a group element [;(N) in
such a way that N € V| (y), we must have C, > N := Wqlv,, (N) € V,, for every N € quq(ll)
and thus [;(C, > N) = ¢4-1(1;(N)). Finally, invoking the isomorphism L ~~ LY =Hom(L,U(1))
and defining a Q-action on LY via ¢ > p(—) = p(¢4-1(—)), we can equivalently state that an
object in (2VecG)5VecQ/G corresponds to a Vec,-module category V such that for every object

N €V, we assign a character p(—)y such that p(¢(—))y = P(—)qu, for every q € Q. This is
precisely the defining condition given in eq. (102). Analysing 1- and 2-morphisms under the
same scope, it is then fairly immediate to obtain (2VecG)§VecG/Q = 2Rep(G), where G is the
2-group defined in sec. 3.6.
We summarise in the diagram below the Morita equivalences evoked in this section for a finite
group G ~Q Xy L:
2Vec \

2Vecg 2Rep(G) 2Vec; := 2Fun([G, e, *],2Vec),
2Rep(G) :=2Fun([e, G,*], 2Vec),
2Rep(Q) with 117

2Vecg :=2Fun([Q, L,*],2Vec),

2Rep(G) :=2Fun([-,Q, L],2Vec),

2Vec,

2Vecg T) 2Rep(G)

where fusion 2-categories connected by a double arrow are Morita equivalent with respect to
the module 2-category labelling the arrow. Note that the equivalence (2Vecs)3, .. = 2Rep(G)
holds for arbitrary G as demonstrated at the beginning of this section. Although we have not
explicitly constructed all the Morita equivalences displayed above, we included them in this
diagram for completeness.!® We leave to future work a more systematic and general treatment
of such Morita equivalences.

3.8 Gauging the transverse-field G-Ising model

Let us now illustrate some of the concepts presented in this section with a series of exam-
ples. Starting from a finite group generalisation of the transverse-field Ising model, we shall
construct various dual models obtained by gauging sub-symmetries. Within our approach, this
amounts to writing the initial model in terms of local operators (52), and then simply replacing
the initial module 2-category by another one. By virtue of our construction, we already know

YEquivalence (2Vecg)s,.. = 2Rep(G) was established in ref. [42].
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that the resulting Hamiltonians will commute with symmetry operators encoded into Morita
duals with respect to the corresponding module 2-categories. For now, the focus will be on
deriving the various dual models using effective local operators (65) obtained after resolving
kinematical constraints of the form (50). In the following sections, we shall choose specific
groups and analyse in detail the dual symmetries by translating the symmetry operators de-
fined in sec. 3.5 into explicit spin operators.

Given a finite group G, let M = M(A, A) be an indecomposable 2Vec;-module 2-category.
We are interested in Hamiltonians of the form

HM =" ih/"’ (118)

vCXan=1

For any vertex v C %o and gauge field g € Z 1(@\'/, G), the defining complex coefficients h,, ,(g)
are chosen to be

hv,l(g) = _Jég[v’v],ISg[vvﬂ?],l s hv,2(g) = _J5g[v’v],l5g[vv+\"/],1 >

JK (119)
hv,S(g) = _J5g[v’v],15g[vv+v?/],l 5 hv,4(g) = _E 5
where the branching structure of %:, is that given in eq. (37). This is all the data required to
define a Morita class of Hamiltonian models. Specific matrix realisations of this Hamiltonian,
i.e. representatives of the Morita class, are obtained by choosing specific 2Vec;-module 2-
categories M. We consider below four different choices.

* Let us begin with the choice M(A = {15}, 1) = 2Vecg, i.e. the module 2-category 2Vec; over
itself. Recall that local operators (65) act on the effective Hilbert space obtained after resolving
the kinematical constraints (50). Since the kinematical constraints are such that degrees of
freedom assigned to edges are fully determined by those assigned to vertices, we are left with
a tensor product Hilbert space of the form @, C[G] > |m), where m € C°(ZA,G). In the
notation of sec. 3.4, this is the statement that the assignment a, ,,, is such that a, ,[v;v,] = 15

for every edge (vyv,) C @\'/. It immediately follows from the definition of the effective local

operators and the choice of coefficients (119) that hs\fCG acts as
2Vec —Jk
hv’4 ¢ = E L\Jf, (120)
x€G
where we recall that LY : [m[v]) — |xm[v]). Similarly, we find that local operators hf\f:f 9.3 act
as—J 3(\*/ o= \%GV Lo and —J \%GV 4> Tespectively, where the vectors (4, ¥, w) were introduced
in (36) and 35,\,2 = D Oumlv, Fimlv, ] 1 /M) (m]. Putting everything together, we obtain
2Vecg _ 1 _ ‘]_K x
R = Jg @~ G| ZZG:LW (121)
vV xe

which we recognise as the finite group generalisation of the transverse-field Ising model.
We can readily check that this Hamiltonian possesses a G symmetry, which is consistent
with (2V.eCG);VecG = 2Vec;. Let us now construct dual models resulting from gauging sub-
symmetries.

o Within our framework, gauging the whole G symmetry—or rather 2Vec; symmetry—

amounts to choosing the 2Vec;-module 2-category M(G, 1) = Vec. Clearly, with this choice,
there are no degrees of freedom left at vertices so the effective microscopic Hilbert space is
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spanned by states |g) € ®.C[G], where g € Z1(Z A, G). The condition dg = 1, imposes kine-
matical constraints g[v;Vv, ]g[V,ovs] = g[v; V3] for every triangle (v;v,v3) C LA so that g defines
a G-gauge field. In the notation of sec. 3.4, we have a,,, = g. Going back to the definition of
the local operators (65), it readily follows from the flatness condition of g that

h2Vee = — |G| (HRX)(HLX)E—EZAXI—JKAV, (122)

xeG e—v

where e — v and e « v refer to edges e C ZI A such that t(e) = v and s(e) = v, respectively.

Similarly, we find that the local operators h _1 53 read —J (1va way (1V i) and —J (1va iy
respectively, where ;% =5’ o Odlel 1o lg) (gl Puttmg everything together, we obtain
HVee= 5> Lo—Jk Y A, (123)
e \%

which we recognise as the pure Ising G-gauge theory. We know from the general construction
that this model has a (2Vecg)3, /.. = 2Rep(G) symmetry and we provided in eq. (107) a for-
mula for constructing the corresponding surface and operators. In the following section, we
shall study these symmetry operators on the lattice in more detail for specific choices of input
group G, but let us make a few general comments in the meantime. Straightforward examples
of surface operators are those associated with simple objects of the form Vec? € 2Rep(G),
where VecV is the Vec;-module category that only differs from Vec in the choice of mod-
ule associator a”, which is such that aEgl’ng’C =Y(g;,g,) for every g,, g, € G. Going back

to the general definition provided in sec. 3.5 we find these surface operators act diagonally
by multiplication by the evaluation of the 3-cocycle characterising the corresponding module
associator. In symbols, these are proportional to

D (TT walvaval alvavs 012 g) (gl (124)

9€Z1(2p,G) (vivavs)

In particular, the commutation relation with operators A, introduced in eq. (123) follows from
the 2-cocycle condition diy = 1. Topological lines living on such a surface operator were shown
in sec. 3.5 to be labelled by 1-endomorphisms of Vec? in 2Rep(G), which correspond by def-
inition to Vecg-module endofunctors of Vec¥ in Funyec, (Vec?, Vec?) = Rep(G). Therefore,
these amount to ordinary Wilson lines labelled by representations of G. Explicitly, the closed
Wilson line operator labelled by p € Rep(G) with support the closed path £ reads

> tr(f[p(g[e16<e’“))|g><g|. (125)

gEZ(ZA,G) ect

The fact that these commute with the Hamiltonian eq. (121), and in particular with operators
A, follows from the gauge invariance of Wilson loop operators. These generate the 1-form
Rep(G) symmetry of the model. We could also consider an open version of the surface op-
erator (124) labelled by Vec?, together with topological lines living at the interface of this
surface operator and the trivial one labelled by Vec € 2Rep(G). Mimicking the derivation
of (Vecg )y = Rep(G) [55], we immediately find that such topological lines are labelled by
simple objects in Funy,,(Vec, Vec?) = Rep¥(G), i.e. projective representations of the group
G with Schur’s multiplier v. Explicit examples of such symmetry operators are presented in
the next section.

Note finally that instead of considering the 2Vec;-module 2-category 2Vec, we could have
considered instead M(G, 1) = 2Vec” where A is a non-trivial 3-cocycle in H3(G,U(1)). Re-
call from sec. 3.7 that 2Vec” only differs from 2Vec in the choice of module pentagonator
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7”. Physically, this amounts to the A-twisted gauging of the G symmetry. In the case of Z,,
and given the only non-trivial 3-cocycle in H3(Z,,U(1)) =~ Z,, the resulting model would
precisely correspond to that considered in sec. 2. We already commented on the fact that
(2VecG);VEC,1 = 2Rep(G) so the resulting twisted G-gauge theory would have the symmetry

operators as H2Vec,

« In order to proceed with the next two cases, we further assume that the group G is a semi-
direct product of the form G >~ Q x, L with L Abelian. Recall that we write group elements as
g = (@q(g), @ (g)) €Q X,y L and the multiplication is given by (108). Let us now consider
the gauging of the L sub-symmetry, which amounts to choosing the 2Vec;-module 2-category
M(A=L,1) = 2Vec,. We know from sec. 3.4 that the effective microscopic Hilbert space is
spanned by states |[,m) € ®.C[L]®), C[Q], where [ € Z!(Z, L). Let us now work out how
the local operators hﬁ(“) act on this Hilbert space. Going back to the definition, we have

WD =I5 S gm0 (a0 (126)

Gl =
9z (®,,G)
meC(®),M)

We shall first consider the operator associated with a fixed pair (g,m)eZ 1(%\',, G)x Cg (%{,, M).
Up to the scalar prefactor =2 Tar GI this operator acts on the state |[m[v]) as

m[v]) = |[m[v']) = [Vecyg b m[v]) = [@o(g[v'v]) mlv]), (127)
while it acts on a state [I[[vv;]) = |agw[vv1]) = lagrwy, jmv,]) 3

|[[VV1]> = |ag[v’v]g[vv1],m[v1]) = |[[VV1] + ag,m[V/VD 5 (128)

where we made use of (the Abelian version of) eq. (45). Similarly, it acts on a state
|[[V1V]> = |ag,m[vlv]> = |ag[v1v],m[v]> as

|[[V1V]> = |ag[vlv]g[v’v]fl,g[v’v]l>m[v]) = |[[V1V] + ag,m[VV/D . (129)
Invoking eq. (63), we have ay,[vivy] = @y, 12 (wL (g[vlvz])) so that

ug,m[V/V] = ¢m[v’]—1(wL (Q[V/V])) )
ag,m[vvl] = _¢)m [v]1 (wL (g[V/V])) P

where we used the fact that g[vww/] = g[Vv/v]™ (wQ(g [v'v])~! qbwq(g[vlv])fl(wL(g[v'v]))).
These expressions in turn allow us to rewrite the actions (128) and (129) more explicitly.

Keeping in mind that m[v'] = @q(g[v'v]) m[v], we obtain the following expression for the
hM(L,l):
V

(130)

local operator

hﬁ(u): |G|Z(l—[¢R )(l‘[¢L )’EQ(")_ |G|Z¢Ax=—JK A, (131)

X€EG e—v e—v x€G
where
¢>L:’V 2| 1e]) = el + ¢upu1 (@ (X)), (132)
PR, : e]) = Iile] = fupyy-+ (@1 ().
Moreover, it immediately follows from the definitions that that local operators hjvrll( 1 3 5 actas
16,0, 10,0, 16,0, .
= vty T v and —J (vi)’ respectively, where
14,0
(avy) = Z Sy, T mlvy]1q O1fvyvp10, [Hm) (Lml. (133)
m,l[
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Putting everything together, we obtain®°

HM(L,l) — —J Z :Q:OL —JK Z ¢AV . (134)
e \%

We know from the general construction of sec. 3.5 that this Hamiltonian must commute with
symmetry operators encoded into the Morita dual (2VecG);Vt(L’1), which was shown in sec. 3.7
to be equivalent to the fusion 2-category 2Vecg of G-graded 2-vector spaces. In particular, the
model possesses a 1-form Rep(L) symmetry, which is acted upon by a 0-form 2Vec, symmetry
that is not on-site. Instead of explaining the lattice implementations of these symmetry oper-
ators in the general case, we shall provide explicit parametrisations in terms of spin operators
in sec. 5 for the case of the symmetric group S; of degree 3.

» Finally, we consider gauging the Q sub-symmetry, which amounts to choosing the 2Vec;-
module 2-category M(A = Q,1) = 2Vecg/p. The effective microscopic Hilbert space is
spanned by states |q,m) € ®. C[Q]&), C[L] where q € Z}(ZA,Q).?! Mimicking the previous
derivation, given a fixed pair (g,m) € Z 1(%:,, G) x Cg(%\',,/\/l) and up to the scalar prefactor

%, we have an operator that acts on the state |m[v]) as

[mv]) = [m[v']) = [Vecyr > mlv]) = |@ (00vV]) + @ oy orvvp (mIVD)) (135)
while it acts on states [q[vv;]) = |ag n[vv1]) and |q[viv] = [lag ,[vv;]) as

lalvv1]) — |wQ(9[V/V])C|[VV1]>, and

(136)
lalvav]) = |alviviwg(elvv) ™),

respectively. In the latter equations, we used the fact ay ,[v1Vo] = agpy,v,1miv,] = @o(8lviva])-

We thus obtain the following expression for the local operators h\/,v‘l‘(Q’l)'

J J ~ ~
h\J,\,/Al,(Q’l) _ _é Z ( l_[Rewq(X))d)L\J/c( l_[ L?Q(x)) — _é;qb = _JKd)Av; (137)

X€EG eV e—v
where
PLY : [m[v]) = @, (6) + @iy (VD). (138)
Similarly, we find that local operators h\%(fl’lz) 5 acts as —J ?\f;l&), —J ?\f;l&/) and —J ?\f;lfw),
respectively, where
01 | _
(vivy) Z 5m[v1],m[v2] 6‘1[V1V2],1Q |CI, m) (CI, ml . (139)
m,q
Putting everything together, we obtain
HM@D = 0 2rla— i S A, (140)
e \"

20An alternative Hamiltonian resulting from the gauging of a normal subgroup sub-symmetry of H?V*% is often
found in the literature, see e.g. ref. [115,117,119]. The Hamiltonian found in these references is related to ours
via unitary transformation |, (1), m){l,m|, where ¢, (0)[e] = ¢ se);({[e]). The point of this additional unitary is
for the remaining 0-form 2Vec, to be on-site so it can be subsequently gauged following the canonical approach.
However, the resulting model then possesses a twisted 1-form Rep(L) symmetry.

21Recall that even though G/Q is not isomorphic to L as a group, we can still identify objects M in M(Q, 1) with
group elements in [ € L such that M = Q.
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We know from the general construction of sec. 3.5 that this Hamiltonian must commute with
symmetry operators encoded into the Morita dual (2VecG)jM(Q’1), which was shown in sec. 3.7
to be equivalent to the fusion 2-category 2Rep(G) of 2-representations of the 2-group G. As
for the previous example, we shall refrain from describing the lattice implementations of the
corresponding topological surfaces and topological lines in the general case, and shall rather
focus in sec. 5 on the specific case of the symmetric group S;.

Back to the transverse-field Ising model: We conclude this section by specialising once
more to the case of the transverse-field (Z,-)Ising model. Let us focus on Hamiltonian (10)
obtained by choosing the 2Vecy -module category 2Vec. We established that by construction
this model has a 2Rep(Z,) symmetry. There are two simple objects in 2Rep(Z,) provided by
the two indecomposable Vecy -module categories, namely Vec and Vecz,. The corresponding
surface operators were notated via /™" and /%2 in sec. 2, respectively. It follows from the
alternative definition provided in eq. (21) and the preceding paragraph that /%2 indeed corre-
sponds to surface operator (107) for V' = Vecz, . Line operators living on the surface operator
U™ are now identified with simple 1-morphisms in Homygrep(z,)(Vec, Vec) = Rep(Z,). Line
operators labelled by the non-trivial representation of Z, as defined in eq. (125) readily cor-
respond to (22). Similarly, we recover line operators on the surface operator /2 as simple
1-morphisms in Homogep(z,)(Vecz,, Vecz,) = Vecz,. What about line operators at the junc-
tions of surface operators /%> and U/™-? We established in sec. 2 that such lines are unique
up to isomorphisms. Within the framework of this section, these correspond to the unique
simple objects in the hom-categories Homogrep(z,)(Vecz,, Vec) = Fu NVecy, (Vecz,, Vec) = Vec
and FunveCZZ (Vec,Vecz,) = Vec. Moreover, composition of Vecz, -module functors
Fu NVecy, (Vecz,, Vec)x Fu NVecy, (Vec, Vecz,) — Rep(Z,) informs us that composing the corre-

sponding line operators yields a line operator living on /™" labelled by the regular represen-
tation in Rep(Z,), which is compatible with eq. (32). Similarly, composition of Vecz, -module
functors Fu NVecy, (Vec, Vecz, ) x Fu NVec,, (Vecz,, Vec) — Vecy, informs us that composing the
corresponding line operators yields a line operator living on /%2 labelled by the object C,&C;
in Vecz,, which is compatible with eq. (34). Finally, the monoidal structure of 2Rep(Z,) is
such that Vecz, ® Vecz, = Vecz, B Vecz , which amounts to (19) when ¥ is the two-torus.

4 Example: Doubled transverse-field Ising model

In this section, we study in detail the symmetry structure of the model obtained by gauging the Zg
symmetry of the doubled transverse-field Ising model.

4.1 Symmetric Hamiltonian and gauging

The starting point is the doubled transverse-field Ising model on a triangulation X o of a closed
oriented surface X. Pairs of qubit degrees of freedom are assigned to vertices v C X A. We
identify such an assignment with a choice of 0-cochain m € C°(% A,Z%) so the microscopic
Hilbert space is provided by the tensor product ), C[ZZ] ~ C*, on which two sets of Pauli
operators denoted as o}, ! with I = 1,2 act. The doubled transverse-field Ising model is then
defined via the Hamiltonian

2
2Vec N
Z(MZGS@ t(e)+JIZZUx ) (141)

I=1
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The model has a (0-form) global Z% symmetry implemented by surface operators

0t =[ Jorhs (o), (142)

for every g = (g4, 82) € Z%. Fusion rules of these surface operators are dictated by the multi-
plication rule in Z%.

In the language of the previous section, the symmetry structure of this model is encap-
sulated in the fusion 2-category 2Vecz§, whose four simple objects correspond to the surface

operators 00 OO 1.0 and OV respectively. Moreover, recall that for any simple
object Vec, in 2Vecz§, its endo-category is equivalent to Vec, whose unique simple object cor-
responds to the identity line operator living on O¢. Finally, since there are no 1-morphisms in
2Vecz§ between distinct simple objects, there are no topological lines between distinct surface
operators.

Note that for conciseness we only consider a minimal Z%-symmetric transverse-field Ising
model, which realises the symmetric paramagnetic and symmetry-broken gapped phases. In
particular, this Hamiltonian does not realise any SPT phase.?? However, as was explained in
the previous section, details of the Hamiltonian are irrelevant to the ensuing analysis of the
gauging procedure and the symmetry structure of the gauged model, so that the following
derivations hold for any model with the same Z% symmetry.

Given the input fusion 2-category 2VecZ§, Hamiltonian (141) is implicitly defined with re-
spect to the module 2-category 2Vecz§ over itself. In this case, gauging the Z2 symmetry simply
amounts to choosing instead the 2Veczz -module 2-category 2Vec. That bemg said, since this
Hamiltonian is merely a doubled version 1 of that considered in sec. 2, we can immediately infer
from the procedure outlined there the resulting dual Hamiltonian:

H2Vec__z(J,1za Y e (144)
vV edv

which acts on the physical Hilbert space spanned by states |g), where g = (g4, 95) € Z}(Z A, Z%).
Recall that we chose the basis such that

oella) = (1)) (145)

In this basis, the first term in the Hamiltonian (144) acts diagonally, while an arbitrary com-
bination of operators [ | I indexed by a 0-cochain r = (1,15) € C%(ZA, Z%) acts as

=1111 ®(ox Tyll = Z lg+dz) (g (146)

vCXp edv I=1

eDv

We know from the results of sec. 3.2 that Hamiltonian (144) must commute with vari-
ous surface and line operators that are organised into the Morita dual fusion 2-category

22The classification of SPT phases with O-form global Z% symmetry is given by the cohomology group
H3(Z§,U(1)) ™~ Zg. Therefore, there are eight distinct topological phases which can be labelled by
p = (p1,P3,Ps) € Z3. The corresponding fixed-point Hamiltonians, which we denote as H,, have the form

in
H(l,o,o):_zoj’l l_[ exp(z(l—ai’llai’zl)), H(O,Lo):—z:o\’/"2 l_[ exp(—(l 32 ""2))

(vviva) v (vviva)

in 21 % in 29 %
Hoo1) = —Z ot l_[ exp (Z(l — crv’llcrv’;)) — Z or? l_[ exp (Z(l - Uv’lzav’zz)) .
v

(vviva) v (vviva)

(143)
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(2Vecz§ Wee = 2Rep(Z§). Recall from sec. 3.6 that simple objects in 2Rep(Z§) are provided
by indecomposable Veczg-module categories N (B, 1), which are conveniently labelled by tu-

ples (B, ) consisting of a subgroup B C Z% and a 2-cocycle v in H2(B,U(1)). Therefore, we
count six simple objects in 2Rep(Z3) labelled by the tuples (Z3,1), (Z3,), (Zg), 1), (Z(zz), 1),
(Z(Zdlag'), 1) and (Z;,1), respectively, where 1 refers here to a normalised representative of
the non-trivial cohomology class in H2(Z2,U(1)) ~ Z,. Each such simple object provides a
surface operator commuting with (144). Furthermore, there are various line operators within
each surface operator as well as at interfaces between surface operators associated with dis-
tinct simple objects in 2Rep(Z§).23 The remainder of this section is dedicated to explicitly
constructing these various operators.

4.2 2Rep(Z§) symmetry: invertible surface operators

We begin our detailed analysis of the symmetry structure of Hamiltonian (144) by enumerating
the invertible surface operators. Firstly, there is of course the identity operator®*

u™ =] Jide. (147)

e

which corresponds to the identity object A'(Z2,1) = Vec in 2Rep(Z§). As explained in sec. 3.8,
line operators living on this trivial operator form the hom-category

Homarep(z2)(Vec, Vec) = Funye , (Vec, Vec) = Rep(Z3) . (148)
2

We provided in eq. (125) a general formula for such line operators but we can make it more
explicit by specialising to G = Z%. Given a 1-cycle £ on X5 and an irreducible representation

(p1,p2) € Rep (Z%), we may define such a line operator as

S (T Terterted)iaal, (149)

g ect I

which readily commutes with (144). For instance, choosing both p; and p, to be the non-
trivial irreducible representation of Z,, the operator above can be equivalently defined as
[ lece 02’102’2. More generally, an operator corresponding to a network of lines in Rep (Z%)
can be defined as

(F1—g1+f2—92)

U™-(f) = (-1)7% la)al (150)
g

where § = (f1,§,) € Z}(ZA, Z%). It follows directly from the definition that the composition
such lines satisfies . .
UT (1o f2) =UT (1 +2), (151)

which does amount to the monoidal structure in Rep (Z%) Similarly, the fusion of lines read
U™ (1) O U™ () =U™ (1 +2), (152)

as predicted by the monoidal structure in 2Rep(Z§). The second and final invertible surface
corresponds to the simple object N'(Z2, ) = Vec¥ in 2Rep(Z§), which as a Vec,2-module cat-
egory only differs from Vec in the choice of module associator. We provided in eq? (124) a gen-
eral expression for the corresponding type of surface operator. Writing v)(g, g’) := (—1)182,

ZNote that two objects that have a non-trivial 1-morphism between them are said to belong to the same Schur
component. Physically, this means that there is a condensation process relating both objects [47,70, 105].

Z4Notice that, in a way that is reminiscent of the construction of the corresponding module categories, we notate
the surface operator associated with the tuple (B, ) via Y/5¥ .
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we find it is a non-trivial operator that acts diagonally on basis states as

9192
UEAT= D (=17 lg)al. (153)
g
This operator can be shown to commute with the Hamiltonian. On the one hand, it is diagonal
in the chosen computational basis, thus it clearly commutes with the first term in (144). On
the other hand, the SPT being non-anomalous is gauge invariant, and thus commutes with the

second term. The operator can also be defined with non-trivial line insertions which are also
labelled by § € Z!(£,Z3) as

91— g2 +f1—g1+Hf2—02

U HIZA]= D (-1)7% lo){al, (154)
g

which satisfy composition rules analogous to (151). It follows that such lines also encoded into
Rep(Z2). Asevoked in sec. 3.8, this is explained by the fact that Funyec,(Vec?, Vec?)=Rep (Z3).
2

The operators Y[ ] and " satisfy Z,, fusion rules of the form
(U oUV)ZpAl=UT", (UY oU™)[ZpA]l=UY[ZA]=(UY 0 U™ )[EA],  (155)

which readily follows from eq. (153). Similarly, composition rules for surface operators with
line operators inserted take the form

(U (F) oUY (1)) [ZAl = U™ (5, +5)[ZA],
(UY () U™ (1)) Zal= UV (] +F)[ZA], (156)
(U™ (4,) @Uw(fz))[ZA] = UY(f, +})[ZA]

Interestingly, one may also define the operator /¥ on an open sub-complex E C X . Equiv-
alently, this is the statement that there is a topological line operator between the operators
U™ and YV Naively, the operator U¥[E ] simply defined by restricting definition (153) to
the open sub-complex E, does not commute with the Hamiltonian (144) since

AUP[EQ] = ZeXp (iNJ 01 vgz)lg +dr)(al,
Ea

! (157)

uw[EA]N:ZEXP(iﬁf g1 — gy +im C(g,zc))lg+dzc><g|,
EA aEA

g

where d(g,x) = (g7 +dr)— (g5 +dr) — g7 — g,. Such a lack of commutation is remedied by
appending a line operator on the boundary d =, which has the form

UNM[IZAT = Zonom (D)0 TI0Mal, (158)
g

where the amplitude Z,,,,, (g)[dZ A ] can be understood as the partition function of a quantum
mechanical (i.e., (0 + 1)-dimensional) system with an anomalous Z% symmetry encoded into
the (unique) irreducible projective representation with Schur multiplier . Concretely, this
operator can be constructed by considering auxiliary Z%-valued vertex degrees of freedom p, q
on dZ 4 such that

Zanom.(g)[aEA] = Z €xp (lTC

b,n 7N

(6I’Jblv(dnJ +gJ)+dn1Vdn2)), (159)
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which has the required property

Zapom 0+ 40102a] =exp (17§ £(0.0) ) Zunom (D021 (160)
EIEI
It follows that the combined operator
U EL] = UNEA] - UYIT9E,], (161)

commutes with the Hamiltonian and is therefore a symmetry operator. Graphically, we depict

such a configuration as

where the gray area depicts E4 and the blue coloured edges the support of the line operator.

From a category theoretic standpoint, recall that line operators at the interface of /¥ and
U™ are organised into the fusion category Fu nVeczg (Vec, Vec?) = Rep? (Z%) of -projective

representations of Z%, which is compatible with the above construction. Similarly, we define
an operator "™V Y[EL].

Finally, the composition of the topological line L/¥!™-[8E 1 ] follows from the tensor prod-
uct of representations. Since the line /¥!"V-[ 8= 4 ] carries a 1)-projective representation of Z2,
composing it with itself must yield an object labelled by the trivial representation in Rep (Z%)
We can compose this line between the trivial surface operators /™" and the non-trivial op-
erator ¥ in two ways so as to recover the trivial representation line either within the trivial
surface or within the non-trivial surface operator, i.e.

uw_)triv'[EA] o utriv.—ﬂlJ[ZA/EA] = Uw[ZA] 5

Utriv.—np[EA] ° ulp—wriv.[ZA/EA] — utriv. (163)

which is mathematically encoded into the composition of the corresponding Veczg-module
functors. This concludes our analysis of the invertible surface operators.

4.3 2Rep(Z§) symmetry: non-invertible surface operators

We continue our analysis of the symmetry structure of Hamiltonian (144) with the study of
surface operators that have non-invertible fusion rules. In terms of simple objects in 2Rep(Z§),

these are the ones labelled by the tuples (Z(Zl), 1), (Zgz), 1), (Zgiag', 1) and (Z;,1). Let us focus

for now on the first three surface operators. Mimicking the definition of the non-invertible
surface operator described in sec. 2, one finds:

&) 1 b—(dn+g;) 1
U %Al = s Z(—l)f% o) {al = > Bang 0 gl
g,n,b an

2x(Za)
@ 1 f b—(dn+g;) 1
U%'[Sp]= pETEN) Z(—l) A lg)(al = WZ‘Sd“’ﬂzlg) (al, (164)
g,n,b g,n
(diag.) 1 f b—(dn+g;+g2) 1
UBTIEN) = oy DD 901 = 55 2By vaal )0l
g,n,b g,n
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where the summation variables are n € C°(Z 4, Z,) and b € C}(Zr,Z,). As in sec. 2, we have

0 2
defined #(XA) = 2l EalZAl ang ¥ (X A) is the Euler characteristic of 5. Summing over b,
imposes a constraint that pins dn on each edge of the triangulation to be g, g, and g; + g, for

the three operators /<2 z; UZ(Z) and L{ngiag'), respectively. These operators should be thought of
as an explicit version of the general operator (107). There, n refers to an assignment of simple
objects in the Veczg -module categories N (Z(l) 1), N (Z(z) 1) and N (Z(Zdiag‘)), which are all
equivalent to Vecy, as categories, satisfying n[v;] = Cyy,,,1>n[v,] for every edge (viv,) C Za.
In particular, the Veczg-module structure on N\ (ngiag'), 1) is given by C, > N :=(g; + g2) + N
mod 2, for any g = (g1, 82) € Z% and N € Vecz,. This amounts to the condition dn = g; + g,
in the equation above.

Summing over n instead of b in eq. (164) imposes db = 0. Summing over equivalence
classes of 1-cocycles, i.e., f € HY (X, Z5), one finds

zM _ 1 Y SR
U [EAJ——WO(ZA,ZZ)'Z’( 7= lo)al.,
Z(z) _ 5,792
2 [2,] = —IHO(ZA,ZZ)IZ( D7 la)al, (165)
UZ(ZdiagA)[ZA]_ Z( 1)f (g1 92) )( I

IHO(ZA,Zz)I

From these expressions, it is clear that these operators are condensation defects of the Rep (Z%)
lines described previously. It turns out that this alternative form of the operators is particularly
convenient to demonstrate the commutativity of these operators with the Hamiltonian. It
follows from the operators being diagonal in the chosen basis and invariance under the action
of Al

Still in analogy with the non-invertible surface operator considered in sec. 2, the surfaces
(164) can be defined with topological lines inserted. Recall that these must be encoded into
Morita duals of Veczg with respect to the corresponding module categories. For instance, lines

living on Z/{ZS) form the fusion 1-category
Funye._, (Vec,w, Vec,a)) = Vec,a) K Rep (Z(z)) . (166)
ecy2 z(D> VERZS paS 2

The corresponding surface operator with a network of lines inserted can be constructed by

choosing 1-cocycles §;,f, € Z1(ZA,Z,) as
b—(dn+gy+f1)+2—02
SXCRANE #(2 e 1yl l9) (ol
. onb [ (167)
f2Uga
= 7 2 e, G2 o) al
g,n

5

where §;, which twists the cocycle condition on n, corresponds to the Vec, ) lines, whereas f,
2
corresponds to the usual Wilson lines. By analogy, the topological lines living on the surface

(diag)
operators L{ZZ [ZA] and U% " [~ A] form the fusion 1-categories Vecz(zz) X Rep(Zgl)) and

Vec, 1) K Rep(Z(Z(j11 g')), respectively, where a networks of lines within these two operators take
2
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the form

1—g1+b—(dn+gy+,)
U (1, 72 #@)Z( e

(168)
b—(dn+(g; +a2)+D+f—(01+92)

uzgdiag.)(f’ %)[ZA] _ 2#(2A) Z(_l)fZA lg)(al.

g,n,b

Let us now describe the final symmetry surface operator in the fusion 2-category 2Rep(Z§). It
is that labelled by the Veczg -module category N (Z;,1) = Veczgz

2
2 8" by —(dn;+ay) 1
ZIHONE | |§ > (-1 = [ D¢
Z/{ [ A] 2#(2 ) ( ) |g><g| ZX(ZA) 4 dn1,91|9><g

I=1 g n;b;
(169)
Similarly, uzﬁ[g A ] can be defined with line operator insertions:
8" by —(dny+gs+f;)
ZEIGRBIPINE 2#(2 T DNG o) {al - (170)

I gnpby

. 2 .~ = . . .
The commutation of 2/%2(f;, f,)[ % ] with the Hamiltonian can be demonstrated as before.
Having described all the surface operators associated with simple objects in 2Rep(Z%), let now
compute their fusion rules. For instance, we have

1 b—(dn+gq)+b'—(dn'+g)
P2H(EN) > (_1)IZA Y1) (alg’) (o]
b,n

U% ouZ )z, =

g/:b/”r"/
1 b’ —dn b, —(dn+g,)
=(—2#(ZA)Z(—1)LA +)2#(2A) > g
b/,
(1)
= Zpa[Zal-U% [ZA], (171)

where in the second line, we have defined b, = b+b’ and n, = n+n’. The pre-factor Z,4[ %]
in the fusion rule outcome is the partition function of the pure two-dimensional Z, gauge
theory on X5 as in sec. 2 and app. A. In the case where ¥ is a two-torus, we recover exactly
the fusion structure of 2Rep(Z%) according to which

VeCZ(21) ® VeCZS) = Vecz<21) 22| Vecz(21> . (172)

The remaining fusion rules can be computed analogously:

(UZU)(D Z/{Zm)[ 2= {ZZd[ZA] -U? 3 [ZA] ifI1=J (173)

Uz 2[¥A], otherwise,

where I,J € {1,2,diag.}. Finally, the fusion rules between the symmetry operator Z/IZ%[ZI N
and the three other non-invertible surfaces are given by

UZ% o U?)[Bp] = (UZ OUD) ] = Zog[E] x U [TA]. (174)
Finally, fusing UZ% with itself yields

(UZ oUB)Bp] = (Zo[Ba])? - UB[ZA]L, 175)
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where the coefficient (Z,4[Zx])?> amounts to the partition function of the pure two-
dimensional Z% topological gauge theory on XA.

In order to conclude our analysis of the symmetry structure of (144) as encoded into
2Rep(Z§), we are left to consider topological lines between distinct surfaces as well as the
corresponding composition rules. It largely mimics the case presented in sec. 2. A topological
surface operator can be defined on a triangulation of the form X5 = (ZA\Za)Usz, E, which

locally looks like Z/{Z(zl) and 4% in the regions X A \Ex and E, respectively. Such an operator
has the form

2070 a1 Jyo, o—tdnra+ [ B—(dig,)
U272 [EA\EA, Bp] = BT Z(—l) A a o) (gl (176)
g,n,b
i,
where I,J € {1,2,diag.} and g4;,g. := g1 + g2. Moreover, we imposed in the previous equa-
tion Dirichlet boundary conditions b[dZx] = b[8E] = 0 along the interface. Similarly, one

may define a topological surface operator that interpolates between U% and Z/{Z(zl) by defining
U% on ¥ A\EA, Z/{Z(zl) on Ex, and imposing suitable Dirichlet boundary conditions along the
interface 92 .

Let us now compute the composition rules between topological interfaces separating re-
gions with locally distinct symmetry operators. To do so, we consider a setup closely resem-
bling that of sec. 2. Let =, be a thin annular strip of single lattice spacing width supporting a

) . . )

surface operator /%2, while the rest of the lattice ¥ 5 \Z supports /%2 . We denote the left
and right boundaries of 25 by 8,2 and Jz=E A, respectively. The corresponding composition
of lines is then given by the operator

Puz (HIEal, (77)
f

M

where the sum is over the four simple topological lines of uz [X ] traversing the (relative)
homology cycle of 25 with Dirichlet conditions b[J; 2] = b[REA] = 0 imposed. These
fusion rules are reminiscent of the Z% Tambara-Yamagami fusion category.

5 Example: transverse-field S3-Ising model

In this section, we consider the higher-categorical symmetry structures of the models obtained by
gauging various sub-symmetries of the transverse-field Ss-Ising model. We shall focus on features
specific to dealing with a non-Abelian group.

5.1 Symmetric Hamiltonian

For our final series of examples, we consider a transverse-field Ising model with a non-Abelian
symmetry group, namely the symmetric group S5 of degree 3. In sec. 3.8, we explained how to
perform the gauging of various sub-symmetries of this model for an arbitrary group. Moreover,
we elucidated there the symmetry structures of the resulting models in terms of fusion 2-
categories of higher representations of groups, and categorifications thereof. Although the
construction of sec. 3.5 provides a general recipe to realise on the lattice operators commuting
with dual Hamiltonians, it remains somewhat formal. The goal of this section is to describe
these symmetry operators more explicitly in the spirit of sec. 4.
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Let us begin by reviewing the group structure of S;. The permutation group S5 is the group
with presentation

S;=(rs|r2=s3=(rs)?=1). (178)

Both the cyclic groups Z, = (r|r? = 1) and Z; = (s |s®> = 1) are subgroups of S;. Due to the
action of Z, on Z5 given by ¢_ : Z, — Aut(Z3) such that ¢,.(s) = s2, we have an isomorphism
S3 >~ Zy Xy Z3. Therefore, it is a group of the form considered in sec. 3.8.

The microscopic Hilbert space of the transverse-field S;-model is given by the tensor prod-
uct @, C[S3] 2 |m), where m is an assignment of group elements in S to every vertex of Zx.
Due to the semi-direct product structure of Ss, the local Hilbert space can be rather spanned by
states |m[v]) = |loz,(mv]), @2, (m[v])), that is a pair of qubit and qutrit degrees of freedom
at every vertex. Given the above, it is useful to define the following operators

0 01
01 1 0
0"2(1 O)’ ozz(o _1), >»=(1 0 0],
010
179
1 0 O 1 00
=0 w 0|, T=|0 0 1
0 0 w? 010
The o matrices satisfy the Pauli algebra 0*0* = —0*0™* as before, while the 3 matrices rep-

resent the Z5 clock and shift operators, which satisfy 2*5* = 0% *%? and (2¥)° = (%)% =id
with w = exp(ZTm). Additionally, the operator I' implements the action of Z, on Z; by auto-
morphisms. This operator satisfies the relations I'S*T = =*" and I'S*T = £*7. We work in the
basis such that

(id ® =) mlv]) = w2 D]m[v]),

(O‘i ®id)|m[v]) = (—1)%2 (m[v])|m[v]> ’ (180)

effectively identifying group elements in Z, with {0,1} and those in Z; with {0,1,2}. The
LE operators which act by left multiplication (see e.g. below eq. (120)) have the following
explicit form in this basis:

L) :|m[v]) = (c* ®T),Jm[v]) = [r - m[v]),

L - m[v]) > (id @ =), Im[v]) = |s - m[v]).. (181

The qubit and qutrit degrees of freedom are subject to the 2Vecg, -symmetric Hamiltonian
whose expression we reproduce below:

WNec. 1s JK
HVeo =y > & - o DIDLE. (182)
e

Vv geG

Both terms appearing in this Hamiltonian can be rewritten more explicitly in terms of the
matrices introduced above. On the one hand, we have

153

1,. , . .
oo = g4+ 05m07,)® (id+ 32, (5 ) + (2, )) =2 ) (183)

s(e) t(e) s(e)

which implicitly makes use of the fact that 1+ «w + @ = 0. Such a term is analogous to the
ferromagnetic term in the Z,-symmetric transverse field Ising model. It energetically favors
homogenous configurations in the computational basis. In the limit x — 0, the ground state
spontaneously breaks the S; global symmetry with m[v] = m,, for all v, and there are |S;|
ground states associated with different choices of my € S;. On the other hand, the term
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proportional to k is a combination of operators LS which act on the basis by left multiplication.
The linear combination of LS operators has the following explicit form:

1 1
- Z L§ — g Z(o'x®F)w22(g)(id®2x)w23(g), (184)
gES3 8ES3

which acts as a projector onto the one-dimensional subspace of C[S5] (at the vertex v) trans-
forming in the trivial representation of S;. This term is analogous to the paramagnetic term
in the Z,-symmetric transverse field Ising model and favours a unique ground state that pre-
serves the full S; symmetry. One can readily check that this model has a global 0-form S5
symmetry implemented by surface operators

of =] [re, (185)

where RY acts on the basis state at vertex v by right multiplication. These operators satisfy
the fusion rules provided by the multiplication rules in S3, i.e., O%1 © O%2 = %182, In order
to rewrite operators RS more explicitly, it is convenient to introduce the following controlled
gate:

X C?20C% - C29C3,
lg,1) — (id®(ZX)*)|q,1),

where the qubit plays the role of the control. These controlled gates satisfy in particular the
following commutation relation

(186)

(0T =(c*®I)cx”, (187)
and adaptations thereof. The explicit action of right multiplication operators RS now reads:

R : [m[v]) = (o™ ®id),|m[v]) = [m[v]-T),

. 188
R, : [m[v]) = (cZ*)]Im[v]) = [m[v]-s%). (e

Given this action, commutation of O¢ with the Hamiltonian is ensured by the various commu-
tation relations listed above.

5.2 Gauging sub-symmetries

Given a finite group isomorphic to a semi-direct product, we explained in sec. 3.8 how to
obtain three dual Hamiltonians. In the present context, these are obtained by gauging the
S3, Z3 and Z, sub-symmetries of the S;-symmetric Hamiltonian, respectively. In the lan-
guage of sec. 3.8, these amount to choosing the 2Vecg, -module 2-categories M(S3,1) = 2Vec,
M(Z3,1) = 2Vecz, and M(Z,,1) = 2Vecg, 7, , respectively. In preparation for the analysis of
the symmetry structures, we provide below more explicit expressions for the terms appearing
in the definitions of these Hamiltonians.

* Let us first consider gauging the full S5 symmetry. The resulting Hamiltonian was found in
eq. (123) to be of the form

HVee =57 o= —u > A, (189)
e v
The edge term explicitly reads
1 1
e = 6(id+ag)®(id+zg+(z§)'), (190)

53


https://scipost.org
https://scipost.org/SciPostPhys.16.4.110

Scil SciPost Phys. 16, 110 (2024)

whereas the contribution of the generators of S; to the vertex term A, = %Z
depicted as

ges, AV can be

A = , (191)

where we omitted ® symbols for convenience. The operators A for the remaining g € S; can
be obtained by suitably composing A|, and A. The model (189) describes an S; lattice gauge
theory. The first term suppresses the S; fluctuations. In the limit x — 0, the model is in the
confined phase, which is the dual analogue of the symmetry-broken phase in the pre-gauged
model. Instead, the second term is responsible for gauge fluctuations. In the k — oo limit, the
model is in the deconfined phase whose renormalisation group fixed point is provided by the
Hamiltonian realisation of S5 Dijkgraaf-Witten theory with trivial cohomological twist [51,52].

« In the same vein, let us now consider gauging the Z; sub-symmetry. The resulting Hamilto-
nian was found in eq. (134) to be of the form

02,.,0
H2Vecz2 ——J Z eZz Z3 _JKZ ¢Av . (192)
€ v
The edge term explicitly reads
02,0z, 1. . +
X = 6(1d+0§(e)af(e))®(1d+2‘z+(22) ). (193)

In order to rewrite the vertex term more explicitly, we require the controlled gates introduced
previously. We shall apply here these gates between a qutrit assigned to an edge and a qubit
assigned to a vertex. It is convenient to graphically depict such controlled gates by means of
a dotted line connecting a control qubit identified by ‘c’ and a target qutrit. The contribution
of the generators of S; to the vertex term ?A, = %Z €S, ¢A¢ can now be depicted as

¢A\r/

o , ¢Af, = l_[ ey l_[ (CZE)T =

e«—v e—-v

where all the gates on the r.h.s. are controlled by the qubit living at the vertex v the operator
acts on. The model (192) describes a Z5 lattice gauge theory coupled to a Z,-Ising matter
model. In the limit k — 0, the Z; gauge sector is in the confined phase while the Z, matter
sector is in the ferromagnetic phase. Conversely, in the k — o0 limit, the gauge sector is in
the deconfined phase while the matter sector is in the paramagnetic phase. In this limit the
model describes up to a unitary (see footnote 20) a Z5 topological gauge theory enriched by
a global Z, symmetry [115,117,119].

» Finally, let us consider gauging the Z, sub-symmetry. The resulting Hamiltonian was found
in eq. (140) to be of the form

H2Veessizo = g 1 %% g > R, (195)
e v
The edge term explicitly reads

02,0 1. : 4
&7 = 2(id+of) @ (id + 2 (55, + ()5, ). (196)
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whereas the contribution of the generators of S5 to the vertex term 4’3\\, = % > €8, $AE can be
depicted as

(197)

The two phases of this Hamiltonian can be interpreted in the same vein as for the other models.
Having described the models (189), (192) and (195), which are obtained by gauging the
different subgroups of S5, we detail below the symmetry structures corresponding to each of
these (partially) gauged models.

5.3 2Rep(S;) symmetry

Let us study the symmetry structure of Hamiltonian (189) acting on a Hilbert space spanned
by states |g) € ®.C[G], where g € Z!(Z,G). Following the general discussions in sec. 3.2
and 3.8, we know that Hamiltonian (189) must have a symmetry structure embodying the
fusion 2-category 2Rep(S3) of 2-representations of S;. In particular, this means that (189)
hosts topological surfaces associated with simple objects in 2Rep(S;). Recall from sec. 3.6
that simple objects in 2Rep(S3) are provided by indecomposable Vecgs,-module categories
N (B,), which are conveniently labelled by tuples (B, ) consisting of a subgroup B C Ss
and a 2-cocycle 1 in H2(B,U(1)). Since H%(B,U(1)) is trivial for any B C S;, we count four
simple objects in 2Rep(S;) associated with each subgroup of S;, namely N(S3,1) = Vec,
N(Z3,1) = Vecz,, N(Z;,1) = Vecg, 7, and N(Z;,1) = Vecg,. We provided in (107) a
general formula to construct the corresponding surface operators, but let us unpack it further
here in the spirit of sec. 2.

Generally speaking, defining topological surfaces associated with simple objects in
2Rep(S;) requires introducing virtual degrees of freedom n[v] at every vertex v C 35, whose
configuration space is given by the set of isomorphism classes of simple objects in the corre-
sponding Vecs,-module category. Concretely, given the topological surface associated with
N(B, 1), virtual degrees of freedom are valued in the collection G/B of left cosets. These
virtual degrees of freedom are then coupled to the physical degrees of freedom via the condi-
tions spelt out below (107) involving the Vec S -module structure of N'(B, 1), which we recall
is given by the natural action of S; on the left cosets.

Suppose for instance that the subgroup B is the whole group S;. There is a single left coset
in S3/83 ~ Z;, namely S itself, on which S; acts invariantly. It follows that the resulting
operator acts as the identity. We denote it by /™" in accordance with sec. 2 and 4:

ut =T Jide. (198)

e

This topological surface, which is associated with the Vecg,-module category Ve, is the only
invertible one for this model.

Let us now consider non-invertible topological surfaces. We first focus on that associ-
ated with the Vecg,-module category N'(Z;,1) = Vecz,. By definition, simple objects in
N(Z3,1) are left cosets in S3/Z5 =~ {{1,3,32},{r,sr,52r}} ~ Z,. The corresponding sur-
face operator amounts to summing over configurations n € C%(XA,Z,) of virtual degrees
of freedom, which are coupled to the physical degrees of freedom by imposing conditions
n[vi] = Cypuyv,1 P nlval = @z, (glvqvo]) + nlv,] at every edge (vivy) € Ta. These conditions
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can be enforced explicitly by introducing Lagrange multiplier b € C!(Z 4, Z,) as follows:

UL[2p] = ﬁ Z eXP(ﬂi LA bV(dn—wZz(g)))lg) (al

ZX(EA) Z l_[ g[v1v2]>" Vz] n V1] |g>( |

81 (v1va)CEp

(199)

where (dn)[vivy] =n[v;]—nlvsy].

The topological surface associated with the Vecg, -module category N'(Z,,1) = Vecg, 7,
is constructed similarly. By definition, simple objects in N'(Z,,1) are provided by left cosets
in S3/Z, ~ {{l,r},{r,sr},{sz,szr}}. The non-normal subgroup Z, C S; acts trivially on
S3/Z5, while the remaining elements permute the elements in S3/Z,. The corresponding
surface operator amounts to summing over configurations n € C%(X 4, Z3) of virtual degrees
of freedom, which are coupled to the physical degrees of freedom by imposing conditions
1'll:vl:l = Cg[vlvz] > l’l[Vz] = wZ3(g[V1V2]) + ¢wzz(g[v1v2])(n[v2]) at every edge (VIVZ) c ZA:
where we are using that S3/Z, ~ Z5 as a set. These conditions can be enforced explicitly by
introducing Lagrange multiplier b € C'(Z 4, Z3) as follows:

ST 5] 3#(2)2 (2 Jbv(dgn—wzg(g)))lgﬂgl

(200)
BX(ZA) Z l_[ g[vlvzjbn[vz]’n[vl] |g) <g| ’
on (viva)CZp
where we have used the twisted differential
(dgm)viva] := 0[vi 1= B (qrupvap(LVa]). (201)

Finally, the remaining topological surface associated with the Vecg,-module category
N(Z;,1) = Vecg, can be simply expressed as

S.
U 3[ |S |Z(ZA) Z l_[ o glvivaIn[vyln[vy ] |9)< | (202)
3

0 (viva)CZa

Let us now briefly confirm that all these surface operators do commute with (189), and are

1
thus part of the symmetry structure of the model. Firstly, edge terms . straightforwardly

commute with all the topological surfaces since all the operators are diagonal in the chosen
computational basis. Vertex operators A, perform averagings over the group of gauge trans-
formations. An arbitrary combination of gauge transformations indexed by an assignment
r € C°(ZA,S;) acts as |g) — [*g), where fg[e] = [s(e)] - g[e] - r[t(e)]™}. Commutation with
the surface operators is simply obtained by absorbing the gauge transformation of g into a
redefinition of n, which is summed over.

To summarise, we have thus far obtained symmetry surface operators associated with each
simple of object of 2Rep(S;). Let us now compute the corresponding fusion rules. We now
by construction that these must correspond to the monoidal structure of 2Rep(S;). Briefly,
fusion rules follow from the fact that acting consecutively with two surface operators amounts
to taking a Cartesian product of the local configuration space assigned to each vertex. This
Cartesian product can be subsequently decomposed into disjoint unions of isomorphism classes
of S;-sets according to the Burnside ring multiplication rule [73]. Concretely, let N'(B,1) and
N(B’,1) be two indecomposable Vec s,-module categories, the fusion of the corresponding
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topological surfaces read

(uG/B @Z/{G/B/)[ZA]

B X B/ X(ZA)
/ /
=lexa l_[ GC g1V 1] OC gy vy o v Ly, 1 19) {879
g’g/’n’n/ (VIVZ)CZA
BxB 2(Za)
= ‘ CxC l_[ BC iy puy (o2 b [v 1 18 (81 (203)

g,n,n/ (V1V2)CZA

which is a topological surface with virtual degrees of freedom valued in the Cartesian product
S5/B x S3/B’ that is acted upon diagonally by S;. Decomposing this Cartesian product into a
disjoint union of S3-sets then yields the decomposition of the topological surface into simple
ones. For instance, when taking the fusion of topological surfaces 1/5/%2 ® 14%2/%2, one has

83/22 X SS/ZZ > {{11 r}: {str}: {SZ’SZT.}} X {{]—’ r}z {str}z {SZ’SZT.}}
~{({L 1AL 1Y), ({5,573, (s,573), (153,52, f5%,52r) )}
u{({1,r}, {s,sr}), ({1, 7}, {52, 52r}), ({5,517}, {1, 1}),
({s,s7},{s%,5%r}), ({2 s2rh {1, r}), ({s%, 5%}, {s,s7}) )
which decomposes into a three dimensional (diagonal) orbit and a six-dimensional off-
diagonal orbit under S;. Then it follows from (203) that

1
3x2(Za)

(204)

214 (Za)
(Z/{SB/ZZ ®Z/{S3/ZZ)[ZA] = ’USS/ZZ[ZA]EH(E) 'US3[2A]. (205)

Similarly, the fusion rules for all the remaining operators on a general (path-connected) X read

(ué‘s @US3)[2A] =61 . yS [z, (uss/Zz @Z/{53)[2A] =3171Ca) Sz,
(UP oU?)[Ea] =220 y2m0], (U2 0U)[ZA]l =UD B,

(U% oUS)[Tp] =217 . S5, ].

(206)
Note that p!~#(*2) is the partition function for the Z, gauge theory on a general path connected
manifold 3 with 2. Choosing X to be a two-torus, we recover the monoidal structure of
2Rep(S;3) [73].
Let us finally describe the topological lines living on the various surface operators constructed
above. We established in sec. 3.7 that give a surface operator associated with a Vecg,-module
category N(B, 1), we can insert topological lines that form the Morita dual fusion 1-category
(Vecg, ).7\/'(B,1) = FunVec53 (N(B,1),N(B,1)). Concretely, we have

(Vecs, e = Rep(S;),  (Vecs, ):/ecZz = Vecg, ,

~ . ~ (207)
= Rep(Ss), (Vec53)\/eCS3 = Vecg, -

(Vec33 )</ec53 /Z5
Generally speaking, the topological line associated with a simple object of such a Morita dual
fusion 1-category can be realised on the lattice in terms of matrix product operators whose
building blocks evaluate to the matrix elements of the module structure of the correspond-
ing Vecg,-module functors [44,89]. In particular, we have Funy,. s (Vec, Vec) = Rep(Ss),
which indicates topological lines of the identity surface operator are labelled by irreducible
representations of S; and amount to ordinary Wilson lines. Recall that Rep(S;) has three sim-
ple objects, namely the trivial O, the sign 1 and the standard representation 2. We provided
in eq. (125) the corresponding lattice operators. These implement a non-invertible 1-form
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symmetry of the model. Indeed, commutation with edge terms 253 follows from the fact
that both operators act diagonally on basis states |g), while commutation with vertex terms
A, amounts to the gauge invariance of Wilson lines. Finally, it follows straightforwardly from
(125) that composition of lines amounts to the monoidal structure of Rep(S3) with 0 the unit
and1®1~0,1®2~2and2®2~00162.

Finally, we mentioned in sec. 3.5 that we could recover the topological surfaces consid-
ered above as condensation defects obtained by condensing suitable algebras of topological
lines in Rep(S3). Specifically, topological surfaces in 2Rep(S3) can be identified with (separa-
ble) algebra objects in Rep(S;3). We further commented in sec. 3.5 that these algebra objects
are given by Ssz-algebras, i.e., associative unital algebras equipped with an Ss-action. Since
none of the subgroups of S5 has a non-trivial second cohomology group, these admit a simple
definition: Given a subgroup B C S3, the corresponding Ss-algebra is provided by the permu-
tation representation C[G/B] with pointwise multiplication. Besides, we have C[S;/S;3] ~ 0,
C[S;3/Z5] ~081,C[S;5/Z,] ~ 02 and C[S;] ~ 0818 2. Concretely, this means for instance
that we can reconstruct the topological surface &/53/%2 by inserting a network of topological
lines labelled by 0 ® 2 € Rep(Ss).

5.4 2Vecg symmetry

We now turn to the symmetry structure of Hamiltonian (192) acting on a Hilbert space spanned
by states |[I,m) € ®.C[Z3]&), C[Z,], where [ € Z}(Zp,Z3) and m € C°(Z,Z,). Following
the general discussions in sec. 3.2 and 3.8, we know that Hamiltonian (189) must have a
symmetry structure embodying the fusion 2-category 2Vecg of 2-vector spaces graded by the
2-group G with homotopy groups Z, and Z; in degree one and two, respectively, as defined
in sec. 3.6. In particular, Hamiltonian (192) must commute with topological surfaces labelled
by Z,-graded vector spaces of the form V,, where g € Z, and V, has the structure of a Vecz, -
module category. We thus count four topological surfaces identified with Vec,, Vec,, (Vecz, ),
and (Vecgz,);. Firstly, as always, there is the identity operator

ut =1 Tide, (208)

[

which is here identified with Vec,. Next, there is a non-invertible surface operator defined as
UBEp] = — > exp 2T (dne0) It m) (1 m] (209)
A 3#(2A) [ . 3 . g > s
,M,n, A

where b € Z}(XA,Z3) and n € C%(XA,Z,). This is the surface operator identified with
(Vecz,)o. Summing over n, one obtains the presentation of this operator as a condensation
defect of Rep(Z3) lines. The third operator, which is identified with Vec,, implements the 0-
form Z, symmetry that is left over from the initial S5 0-form symmetry after gauging of the Z,
sub-symmetry. This Z, operator is somewhat unconventional owing to the fact that Z, acted
non-trivially on Z5 via the outer automorphism ¢ in S;. Concretely, the 0-form Z, symmetry

operator is
ot=[]o] It (210)
\% €

Commutation with Hamiltonian (192), and more specifically with the vertex terms, then fol-
lows from eq. (187). This operator was obtained by applying the general recipe of sec. 3.5:
Recall that 2Vecg arises as the Morita dual (2Vecg, )3, ... of 2Vecg, with respect to 2Vecz, .

Zs 3 2

In this context, the operator O! is associated with the module 2-endofunctor — ® Vec;. As
such, it acts on degrees of freedom at vertices valued in the set of isomorphism classes of sim-
ple objects of 2Vecz, by mulitplication by the non-trivial element in Z, (hence o7), whereas
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the action on edge degrees of freedom simply follows from the identification of the effective
degrees of freedom according to the formula ay ,,[viVvy] = Ppy, 12 (w L(g[vlvz])). The fourth
and final operator denoted by 2/%3'}[ 1 ], which is identified with the simple object (Vecz, )1,
can be simply defined as the fusion (O ®U/%2)[£ A ]. The fusion rules of these various topolog-
ical surfaces can be computed using the explicit formulas above following methods employed
for the other examples. We write below the non-trivial fusion rules:

(UD oUS)[zp]=3"2E0)  y?[n,],  (UP 0 OY)[ZpA]l =UT[TA],
(U? ou? )[npAl =370y [z, (O' U )Bpl=U?[2a], (11
(u23,r @uzs,r)[ZA] — 31—X(EA) 'UZS[ZA] , O e 01 — utriv. ,

which matches the monoidal structure of 2Vecg as defined in sec. 3.6.

Let us now analyse the topological lines living on the four topological surfaces described
above. We know that these are labelled by simple objects in the endo-categories of 2Vecg,
and we explained in sec. 3.6 that these amount to Z,-grading preserving Vecz,-module func-
tors. In particular, this means that the operator O must act on the whole space and cannot
have support on an (open) sub-region of X, while the topological lines on /" are labelled
by simple objects (Vecz, ). = Rep(Z3). The characterisation in terms of module functors
also indicates that topological lines living on /%3 and 1/%*! are labelled by simple objects in
(Veczs)(/ecZS = Vecz, and can be constructed mimicking previous constructions.

Let us focus on the topological (Wilson) lines of /™. Given a 1-cycle £ on X, and an
irreducible representation p € Rep(Z;3), we may define such a line operator as

D] Tetted)iLmim. (212)

[m ecl

For instance, given the non-trivial irreducible representation such that p(s) = w, this opera-
tor can be equivalently defined as [ [, £Z. It is then straightforward to confirm that these
commute with (192). Furthermore, composition of these lines is provided by the monoidal
structure of Rep(Z5). Interestingly, the O-form operator O acts non-trivially on these topo-
logical lines via the action of Z, on Z\B/, mapping a topological line labelled by p to one labelled
by the dual representation p*. Indeed, due to the presence of the I' matrices in eq. (210), we

have for instance
o[ T=)=(] =)o (213)

ecl ecl

and vice versa. We explained this feature below eq. (96) in terms of the monoidal structure
of 2Vecg. Similarly, the operator O acts non-trivially on the topological lines living on the
topological surfaces 144 and &/%*!, which can for instance be traced back to the fact that these
surfaces results from condensing topological lines in Rep(Z3). This concludes our analysis of
the symmetry structure of Hamiltonian (192) as encoded into 2Vecg.

5.5 2Rep(G)-symmetry

We finally describe the symmetry structure of Hamiltonian (195), obtained by gauging the
non-normal Z, subgroup of S; in the transverse field S3-Ising model (182). This model acts
on a Hilbert space spanned by states |q,m) € &.C[Z,]®), C[Z;], where q € Z}(Zx,Z,)
and m € C°(X,,Z3). Following the general discussions in sec. 3.2 and 3.8, we know that
Hamiltonian (189) must have a symmetry structure embodying the fusion 2-category 2Rep(G)
of 2-representations of the same 2-group G considered above. Invoking the results of sec. 3.7,
Hamiltonian (195) must commute in particular with topological surfaces labelled by tuples
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(V,{l(N)}nev) consisting of an indecomposable Vecz -module category V and a collection
{l(N)}ney of group elements in Z; for each simple object in V such that [(C,>N) = ¢ -1 (I(N))
for every g € Z,. Concretely, we count three simple topological surfaces identified with tuples
(Vec,{0}), (Vecz,,(0,0)) and (Vecz,, (1,—1)).%° Note that by exchanging the roles of 1 and
2 in Z3, we find a simple object (Vecz,,(—1,1)) that is equivalent to (Vecz,, (1,—1)).

As usual, we begin with the identity operator

ut =1 Tide, (214)

[

which is now identified with (Vec, {0}). Next, there is a non-invertible surface operator defined
as

1
Z/IZz,O[ZA]:W Z (inj bv(dn+q))|q,m)(q,m|, (215)
Za

q,m,b,n

where n € C%(Xp,Z,) and b € C(Z,Z,). This is the surface operator identified with
(Vecz,,(0,0)), which is an ordinary condensation defect as we described for the transverse
field Z,-Ising model in sec. 2. The third and fourth operators, which are identified with
(Vecz,,(1,—1)) and (Vecz,,(—1,1)), respectively, implement the 0-form Z; symmetry that
is left over from the initial S5 O-form symmetry after gauging the Z, sub-symmetry. Con-
ventionally, a Z; 0-form symmetry generator would take the form [ [, =¥, but this operator
clearly does not commute vertex terms depicted eq. (197) due to the presence of the T matrix.
Instead, one may define the following topological surface operators

1 .
UPH [T A] = W Z exp (lTEJ
q,m,b,n

PN

bv(dn+q))|q,mi¢n(1)><q,m|, 216)

where ¢, (1)[v] := ¢y,1(1) for all v C 5, which is identified with (Vecz,,(+1,¥1)). In
contrast, the conventional 0-form Z5 operators would be given by O*! =’ m |q,m=£1)(q, m|.
It follows that 2/%2%! locally acts like O*! or OF! depending on the configuration n of virtual
degrees of freedom. More precisely, /%! is a Z, condensation defect that additionally acts as
%) at a vertex v C X if n[v] = 0 and Z]\’f"h if n[v] = 1. Commutation of this surface operator
with Hamiltonian (195) can be demonstrated as follows: The only non-trivial commutation
to check is that with vertex terms ¢K\C as depicted in eq. (197). This operator acts on the
computational basis as _

PA, g, m) = g+ dr, by, (), (217)

where ¢, € C%(ZA,Z,) is trivial everywhere except at the vertex v. Let us now separately

evaluate ?A” © U?>*1[£,4] and U?>*[£5] @ ?AT. On the one hand, we have

_ 1 b—(dn+q)
UzH5,]0 PR = > e [ AR
m

#(Z
2 (o) q,m,b,n
q’,m’
1
2#(Za)

ST el T 6 £ D)

q,m,b,n

1
2#(Za)

fz b—(dn+q)
> =1y g+ dr,, by, (M) £ ¢y, (D) (g, ml,  (218)

q,m,b,n

Z5Recall that we write group elements in Z, as {0, 1,2} so that the mutliplication is given by the addition mod-
ulo 3.
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where in the last line we performed the change of variable n — n—g,. On the other hand, we
have

~ 1 b—(dn+q)
PR U= Ea]= Sy Zﬁ -l 4+ dy, s, () (0, |, m & 6, (1)) (g, m]
q,m,o,n
q/’m/
1 fz b—(dn+q)
= % Zb (—1)7% [0+ dry, ¢, (m) = ¢y, (1)) (a,m]. (219)
q,m,o,n

Since ¢, (1) = ¢, $,(1), (218) equals (219), establishing that U%>*! is indeed a symmetry
operator of the model (195).

Guided by the presentation of 2Rep(G) provided in sec. 3.6, topological lines living on the
surfaces described above can be constructed mimicking previous examples. Let us rather focus
on the fusion rules of these surface operators. The surface operator {%2° being identical to
that encountered in the study of the transverse-field Z,-Ising model, we already know that it
satisfies fusion rules (19). However, here we present an alternative derivation, which is more
suitable to compute fusion rules of the remaining operators:

1 [, 86, —(dn,+q)
(UZZ’OGMZZ’O)[ZA]: 2#(ZA) Z (_1) A |q11ml)(q17m1|q2)m2><q25m2|
2 q1,2,M1 2
n1,2,[’1,2
1 by —(dn;+q)+by—(dny+q)
= ) Z (—1)fZA |q, m)(q, m|
2 am
b1,2:“1,2
1
e Z S dny,q0dny,qld> m) (g, m|.
q,m,nq o

(220)

At this point, notice that the configuration space of virtual degrees of freedom at each vertex
is given by the Cartesian product Z, x Z,, which can be decomposed into the disjoint union
of two Z,-sets, namely Z(zl) = {(0,0),(1,1)} and Z(22) = {(0,1),(1,0)}. Therefore, we can
decompose the summation over n; , into

= > 8 > . (221)

M2 ec0(2,,2)  wec(£,,28)

Using (221) in (220), we immediately obtain

1
U [zplm Y UL [Dp] =210 23, ] (222)

1
Z5,0 Z5,0 —
% ou? )[EA]_2 =

1(Ea)

Note that the prefactor 2172(*4) is precisely the partition function Z,4[Z] of the pure Z,
gauge theory for a path-connected manifold . Whenever X is a torus so that y(X) =0, the
fusion rules reproduce the monoidal product of Vecz -module categories, namely

Vecz, ® Vecz, = Vecy, B Vecz,, (223)

where the first copy of Vecz, on the rh.s. has simple objects C; ® Cy and C; ® C;, whereas
the second copy has simple objects Co ® C; and C; X C,,.

Guided by the derivation above, we can compute the fusion of two surface operators /%21
and Y% with 1,1, € {0,£1}:
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1
(Z,tzz,ll @uzz,zz)[zA] = YT Z S dnyq0dny,qldsm + @y (17) + ¢y, (1)) (g, m|

q,m,nq 5
1
= o 2 Oandldmet 6, () + 6y, () aml
q,m
neC®(z,,2M)

1
D1 Bawalamt b (1) + G (1)) a,ml.
q,m

& 22%(Za)

(224)

Wec'(2x,28)
Let us describe various choices of 1,1, in some detail: First of all, choosing [; = I, = 0, we

recover the fusion rules (222). Similarly, choosing I, = 0, we find

1
2x(Za)

(U ou?O)[z,] = (U [ZalBUP[A]). (225)

Let us now suppose that [; =1, = 1. Givenn € CO(Z}A,ZS)) so that n; = n,, we find that the
first operator appearing in the decomposition of the fusion product is a Z, condensation defect
that additionally acts as E\’fT = (25)2 at a vertex v C X if n[v] = (0,0) and X} = (Zi\’fJ")2 if
n[v] = (1,1). Conversely, given n’ € CO(ZA,Z(ZZ)) so that n} # n, we find that the second
operator appearing in the decomposition is a plain Z, condensation defect since it acts as

»X3X" = id at a vertex v € T, if n[v] = (0,1) and Z¥'%X = id if n’[v] = (1,0). Putting
everything together, we find

1
2%(Za)

(UP'ou? ) [za]= (U [Za]BUO[2,A]). (226)

More generally, fusion rules of arbitrary topological surfaces read

1
2%(Za)

(UAh o u?)[zp]= N (ZER PN 7 e DN (227)
Choosing X to be the two-torus, we recover the fusion rules provided by the monoidal structure
of 2Rep(G). These can be immediately inferred from the treatment of eq. (223) [45].

6 Discussion

We conclude with a discussion of extensions and generalisations of the results presented in this
manuscript.

6.1 Further examples

The focus of this manuscript was on developing a general framework for gauging invertible
symmetries of two-dimensional quantum models and studying the resulting higher categorical
symmetries. In order to illustrate our constructions, we considered finite group generalisations
of the transverse-field Ising model. It will be very interesting to employ the present formal-
ism in order to tackle more challenging as well as physically more relevant models. Indeed,
using the framework presented in this manuscript, the entire parameter space of symmetric
Hamiltonians generated by the local operators described in sec. 3.1 can be investigated.
Symmetries strongly constrain various aspects of the low-energy or infra-red phase dia-
grams of symmetric quantum systems. For instance, the kinds of phases realised, the spectrum
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of excitations within each phase, universality classes of phase transitions and dualities acting
on the parameter space of symmetric models, can all be studied from the lens of the symmetry
structure. Therefore it is natural to study the phase diagrams of the quantum spin models
introduced in this work from the perspective of their higher categorical symmetries.

It is also possible to extend the current framework so as to consider more general models
as well as more general higher categorical symmetries. For instance, given a group G ~ Qx4 L,
our framework readily accommodates models with 2Vecg-symmetry where 7 is a (non-trivial)
4-cocycle in H*(G,U(1)) characterising the monoidal pentagonator of the fusion 2-category.2
Such a monoidal pentagonator encapsulates an anomaly revealing an obstruction to gauging
the whole symmetry. For certain choices of 4-cocycle 7, gauging the L-sub-symmetry would
result in a model with a 2Vecg-symmetry, where G is a 2-group with a non-trivial Postnikov
class [114], thereby going beyond the examples considered in the current manuscript.

More generally, the framework employed in this manuscript can be extended so as to ac-
commodate arbitrary fusion 2-categories generalising further the one-dimensional framework
presented in [89]. For instance, given an input fusion 2-category and a choice of module 2-
category over it, local operators can be defined of the form (52) evaluating to matrix entries
of the corresponding module pentagonator. In particular, it would be interesting to consider
models built from the data of fusion 2-categories obtained by idempotent completions of de-
loopings of braided fusion 1-categories [47,70]. The corresponding module 2-categories were
discussed in ref. [53].

6.2 Self-dual models

A celebrated result in low-dimensional condensed matter physics is the exact localisation of
the critical point of the (1+1)d transverse-field Ising model by invoking its self-duality [85].
The relevant duality in this case is the Kramers-Wannier duality, which, up to a local unitary,
is obtained by gauging its Z,-symmetry. As we reviewed in this manuscript, this phenomenon
is specific to (1+1)d since the (2+1)d transverse-field Ising model that possesses an ordinary
Z,-symmetry is dual to a model that possesses in particular a 1-form Z\z/-symmetry. This begs
the question, how to construct (non-trivially) self-dual symmetric spin systems in two spatial
dimensions?

It turns out that the mathematical framework developed in this manuscript allows us to
rule out many possibilities. Indeed, a necessary condition for self-duality is that the fusion 2-
categories of symmetry operators associated with a model and its dual are monoidally equiva-
lent, in addition to being Morita equivalent. This is the case of the (1+1)d Ising model, where
the initial Vecz,-symmetry is monoidally equivalent to the dual Rep(Z,)-symmetry. In con-
trast, 2Vecz, and 2Rep(Z,) are clearly not monoidally equivalent. As a matter of fact, starting
from a G-symmetric theory, any duality involving the gauging of a non-trivial subgroup of G
would result in a model whose symmetry is not monoidally equivalent to 2Vec., making it
impossible for the model to be self-dual. Recent computations of the Brauer-Picard group of
2Rep(G), which informs us about auto-equivalences of the algebraic structure encoding the
super-selection sectors of a G-symmetric model, suggests that the only candidate dualities may
be of the form 2Vec — 2Vec*, which only involve a change of module pentagonator amount-
ing to the pasting of a (2+1)d symmetry-protected topological phase [54,79]. This special type
of duality, and the possibility of defining self-dual models with respect to it, will be investigated
elsewhere.

26Within our framework, this is simply accomplished by choosing 2Vecg, as a module 2-category over itself when
defining the local operators (52), so that the module pentagonator coincides with the monoidal pentagonator.
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6.3 Symmetry-twisted boundary conditions

Throughout this manuscript, we have purposefully been somewhat vague regarding the role
of boundary conditions. For instance, given a two-dimensional surface with the topology of a
torus, our results would implicitly assume periodic boundary conditions. But our framework
can be extended so as to accommodate symmetry-twisted boundary conditions. In the case
of a G-symmetric model, we expect symmetry-twisted boundary conditions along the pair of
non-contractible cycles of the torus to be labelled by commuting group elements in G. Com-
mutativity in G should be required so as to preserve translation invariance of the model up
to local unitary transformations. Importantly, the original G-symmetry interacts with these
boundary conditions in such a way that one is typically left with a smaller symmetry in the
presence of non-trivial symmetry twists. Concretely, given symmetry twists (g1, 8,) € G2
such that g,g, = g,g;, the leftover symmetry group is given by the stabiliser subgroup of
group elements x € G satisfying (xg;x ™}, xg,x~ 1) = (g1, 8). It follows in particular that
every pair of commuting twists (g, g») and (g7, g,) for which there exists x € G such that
(87,85) = (xg1x71, xgox™ 1) possess the same stabiliser subgroup, thereby defining equiva-
lence classes of boundary conditions. Given such an equivalence class and one of its represen-
tatives, the resulting Hamiltonian would decompose into symmetry charge sectors labelled by
irreducible representations of the stabiliser subgroup of the representative.

Interestingly, the same data labelling the super-selection sectors described above, i.e.
symmetry-twisted boundary conditions together with twisted symmetry charge sectors, ap-
peared before in a different context. Indeed, these correspond to the simple modules of tube
algebras, which were first considered in ref. [43] and generalised in ref. [12,13], that classify
and characterise loop-like excitations in (3+1)d Hamiltonian realisations of Dijkgraaf-Witten
theory [51]. More specifically, such a simple module labels a loop-like flux, to which a point-
like charge may be attached, while being threaded by an auxiliary string-like flux.

A complimentary field-theoretic approach was developed in ref. [38,39,111,112] to extract
topological line and surface operators and the braiding phases of (34+1)d topological finite
group gauge theories from their gapless surface theories.

A similar interplay between super-selection sectors of symmetric models and topological
excitations of a higher-dimensional topological model exist in (1+1)d. Indeed, super-selection
sectors of a symmetric model are known to be labelled by simple objects in the monoidal centre
of the symmetry fusion 1-category [1,87,90,93,97], and the interplay between dualities and
super-selection sectors was recently studied in detail for arbitrary one-dimensional quantum
lattice models in ref. [90,97]. But the monoidal center of a fusion 1-category encodes the
anyonic excitations of the corresponding Hamiltonian realisation of the Turaev-Viro-Barrett-
Westbury state-sum invariant [26,96,116]. Interestingly, the notion of monoidal centre of a
fusion 2-category also exists [21,36] and was computed explicitly in a few cases [84]. Per-
haps surprisingly, given a topological model with input datum a certain (spherical) fusion
2-category, the excitation content encoded into its monoidal centre differs from that described
by the tube algebras mentioned above [14]. The precise relation between both algebraic struc-
tures together with the corresponding physical implications were clarified in ref. [15]. Con-
cretely, this means that in contrast to the one-dimensional scenario, super-selection sectors of
a G-symmetric model on a torus are not labelled by simple objects in the monoidal centre of
2Vec. In light of the results obtained in ref. [14,15], we rather conjecture that the monoidal
centre in the higher dimensional case would encode super-selection sectors of a model defined
on a cylinder hosting a combination of open and closed boundary conditions.
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A Two-dimensional Z, gauge theory

In this appendix, we collect some basic facts about different presentations of the two-
dimensional Z, topological gauge theory, which appear in the definition of condensation de-
fects. In particular, the case p = 2 appears throughout the manuscript. Given a closed oriented
surface © endowed with a triangulation X5, the partition function of the theory reads?’

Z(p)[ZA #(Z )Zexp TJ b—dn |, (A.1)

ZA

where #(Xp) := |Z} |+ |Zl2 | and |ZIJ | is the number of j-simplices in the triangulation ¥ 5. In

the above partition sum, b € C}(Z4, Z,)andn€ CO(ZA, Z,). As in the main text, the symbols
d and — denote the simplicial codifferential and the cup product, respectively.

Let us begin by listing a couple of important identities that are used in several occurences
in the main text

. (
27l 2
Zexp — | n—(db—gy) =P|ZA|5db,q2’
: P ),
(A.2)
27 i =L |
ZeXp — | b—(dn—a1) | =p " bdng,>
b P Js,

where q; € CI(Zp, Z,). We can now evaluate the partition function by summing over n. First
we perform an integration by parts such that the codifferential acts on b. Then summing over

2
n imposes a Z,, delta function on each 2-simplex, giving an overall factor of p|2A|. Putting
everything together, one obtains

p'zal |z! (ZA,Z ) |H1(ZA>Z )| x |BY(Za, Z,)
Z(p)[ZA #(Z )Z de,0 = | |Z | £
P P (A.3)
- (2, 2Z,)l — pbi(®)Dbe(T)
IHO(ZA,Z))I

?In the main text, we denote the partition function of the two dimensional Z, gauge theory
Zy[Ea]i= ZP[24].
2dl 2A N
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Notice that the sum over b gives a factor of |Z!(Z a»Zp)| due to the Z, cocycle constraint.
Moreover, we used H'(S4,Z,) = Z' (£, Z,)/B (Za, Z,), where Z1(Zp,Z,) and B} (4, Z,)
are the set of 1-cocycles and 1-coboundaries, respectively. Finally we employed the expression

B (Za,Z,) ~ CU(Bp, Z,)/Z°(2p, Z,) = CO(Ep, Z,)[HY(EA, Z,) - (A.4)

Notice that the final expression in eq. (A.3), which is a topological invariant, can equivalently
be expressed in terms of the 1st and 2nd Betti numbers b; ,(X) of X.
It is also instructive to compute (A.1) by summing over b instead of summing over n:

ZZd - #(ZA)Z dn,0 = X(Z)Z dn,0 = X(Z) =p! 25 =pt ot=)  (A.5)

We first used eq. (A.2), as well as the expression
2(2) =[S0 =S5+ 2] = bo(2) — by (2) +by(2), (A.6)

defining the Euler characteristic y (2) of the surface . Then, we evaluated the sum over n,
producing a factor |Z°(Zp,Z,)| = [H(Ea,Z,)| = pP()_ Lastly, in going to the final expres-
sion, we used that for any 2-manifold b,(X) = by(Z). As expected, the two ways of computing
the partition function give the same topological invariant.
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