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1 Introduction

The last few years have seen great advances in the understanding of/appreciation for
symmetries in quantum field theory and quantum gravity. In quantum field theory in
d spacetime dimensions, symmetries come in two varieties: gauge and global. They are
distinguished by an integer 0 < ¢ < d — 1, which indicates the dimension of the manifolds
on which operators charged under the symmetry are supported. Such a symmetry is re-
ferred to as a g-form symmetry, with ¢ = 0 an ordinary symmetry and ¢ > 0 referred to
as a higher-form symmetry [1].! They are associated with a group G, which may be either
discrete or continuous. For an ordinary symmetry, G may be either abelian or non-abelian,
but for a higher-form symmetry G is necessarily abelian.

A g-form global symmetry is generated by its symmetry operators, which are topo-
logical operators Uy (M (d_q_l)) that have support on manifolds M@=4=1) of dimension

1See also [2-5] for earlier discussions on higher-form symmetries in two spacetime dimensions.



d — q — 1 and are labeled by elements g of the group G. Here, topological means that
correlation functions involving the operator Uy (M (d=9-1) are invariant under continuous
deformations of M(@=2-1) provided that M (421 does not intersect any other operators
in the deformation process. Two such operators supported on the same manifold M (¢—2-1)
may be fused according to the group multiplication law to produce a third operator:

Uy(M@=9D) x Uy (M4=97D) = U (MDY gg’ = ¢, (1.1)

Standard lore holds that global symmetries are not allowed in quantum gravity. Con-
tinuous zero-form global symmetries lead to stable black hole remnants [6, 7], which have
been argued to cause problems for quantum gravity [8]. In string theory, any continuous
zero-form global symmetry of the string worldsheet is gauged in the bulk spacetime [9].
Likewise in AdS;/CFTy4_1, under certain assumptions, it has been argued that g¢-form
global symmetries with ¢ < d —3 (both continuous and discrete) of the boundary CFT are
necessarily gauged in the bulk [10].

A second bit of quantum gravity lore is the completeness hypothesis, which holds that
any gauge theory coupled to quantum gravity must have objects charged under every
finite-dimensional irreducible representation of the gauge group [11]. Such objects may
correspond to individual particles or collections of multiple particles, but in this work we
will abuse terminology slightly and refer to all such objects simply as “particles.” A gauge
theory that satisfies this criterion is said to be complete, whereas a gauge theory that
violates the criterion is incomplete. Arguments for the completeness of zero-form gauge
theories have been given on the basis of black hole arguments [7] and in the context of
AdS/CFT [10]. See also [12] for discussions in the case of discrete gauge theory.

Finally, a third bit of lore holds that the first two are related to one another: a quantum
field theory with gauge group G will have an electric one-form global symmetry if it does
not have particles in every representation of the gauge group. In other words, the principle
of no global symmetries is said to imply the completeness hypothesis.

However, this third bit of lore is false: if G is discrete and non-abelian [10] or continuous
and disconnected [13], the theory need not have any one-form global symmetry, even if its
spectrum is incomplete. In this paper, we will investigate and refine this bit of lore in
the context of discrete gauge symmetries. We will see that although incompleteness of
a discrete, non-abelian gauge theory does not necessarily imply the existence of a one-
form global symmetry, it does imply the existence of more general topological operators
supported on manifolds of dimension d — 2.

In discrete G gauge theory, there are certain discrete analogs of the Gukov-Witten
operators [14, 15], each labeled by a conjugacy class of G, that induce a nontrivial holon-
omy for the Wilson lines. In the pure gauge theory without matter, these Gukov-Witten
operators are topological and will be denoted as T, (M (d_2)) with a a conjugacy class of G.
If G is abelian, all the Gukov-Witten operators are symmetry operators, and they generate
an electric one-form global symmetry that is isomorphic to G [1].2 When G is non-abelian,

2In three spacetime dimensions, the Gukov-Witten operator is not only labeled by a conjugacy class,
but also a representation of the centralizer group of that conjugacy class (see section 4).



however, some or all of the Gukov-Witten operators may not obey a fusion algebra of a
group as in (1.1). Rather, the fusion algebra takes the general form

To(M D) x Ty(MY2)) = 37 Ng, To(M 1), (1.2)

for some nonnegative integer coefficients NJ,. In the case when G is abelian, T;, and T,
are symmetry operators, and there is only one term in the sum on the right-hand side
with coefficient 1. But for more general topological operators such as the Gukov-Witten
operators in a non-abelian discrete gauge theory, N, may be nonzero for more than one
choice of ¢.3

In what follows, we will prove several statements regarding the relationship between
topological line operators and completeness in discrete G gauge theory weakly coupled to
matter in three spacetime dimensions. In particular, we will demonstrate that if there are
objects charged under every representation of G, i.e., if the spectrum is complete, then
every Gukov-Witten line operator ceases to be topological. Conversely, if the spectrum is
incomplete, then there will be at least one topological Gukov-Witten line.

But there is another statement of completeness we can make in 3d gauge theories. If
the gauge theory has matter ¢ transforming in some representation «, then a Wilson line of
representation a can end on a local excitation of the field ¢. In the theory with the matter
¢, we therefore say that the Wilson line of representation « is endable. The condition
that the theory is complete is equivalent, therefore, to the statement that all Wilson lines
are endable. This naturally suggests a more general notion of completeness: we say that
a quantum field theory in three dimensions is totally complete if every line operator is
endable.  We will show that a totally complete 3d field theory has no topological lines
whatsoever, and conversely, a 3d field theory that is not totally complete has at least one
topological line.

The relationship between completeness and the existence of topological codimension-2
operators can be generalized to higher dimensions. We will focus on 4d discrete gauge the-
ories, arguing that completeness implies the absence of topological Gukov-Witten surface
operators. Conversely, under certain assumptions, the absence of such topological Gukov-
Witten surface operators implies that the theory is complete. However, it is not true that
completeness implies the absence of any topological surface operators: we will see that 4d
G = Zy x Zo gauge theory has a surface operator which remains topological even if the
spectrum is complete.

We conclude therefore that within the context of discrete gauge theories, the “third
bit of lore” regarding the relationship between completeness and the absence of global
symmetries should be replaced with a new statement: completeness is not equivalent to the
absence of electric one-form global symmetries, but rather to the absence of a particular
set of codimension-2 topological operators. This revision naturally suggests a possible
modification of the “first bit of lore”: if g-form global symmetries, which are characterized

3Topological operators that are not associated with any global symmetry have been discussed extensively
in two spacetime dimensions [16-27].
4We thank Jacob McNamara for discussions on this point.



by topological operators of codimension-(q + 1), are not allowed in quantum gravity, then
perhaps more general topological operators of codimension-(q + 1) are also forbidden?
In what follows, we will offer some explanations as to why we expect some sort of “no
topological operators” statement in quantum gravity, but we will leave a more rigorous
argument for future work.

The remainder of this paper is structured as follows. In section 2, we review higher-form
global symmetries and their associated topological operators. In section 3, we introduce
more general topological operators that are not necessarily associated with global symme-
try. In section 4, we discuss discrete gauge theories in 3d, presenting our main results on the
relation between completeness and topological operators, including the illustrative example
of S3 gauge theory. In section 5, we explain how these results may be generalized to gauge
theories in 4d. In section 6, we discuss topological operators in the context of quantum
gravity. Finally, we conclude in section 7 with a discussion of directions for future research.

2 Symmetry operators

In this section we discuss various basic aspects of global symmetries and their associated
symmetry operators. All these discussions are well-known, and we provide a self-contained
and streamlined review as a preparation for later sections.

2.1 Higher-form global symmetry

An intrinsic description of the global symmetry is given in terms of its symmetry operators.
It is independent of the explicit Lagrangian presentation (if it exists) of the underlying
system. This perspective was emphasized and generalized to higher-form global symmetry
in [1], which we review below.

In d spacetime dimensions, a g-form global symmetry transformation is implemented by
a symmetry operator Uy(M (d==1)) that has support on a codimension-(q+1) closed mani-
fold M(4=2=Y_ Here g € G is an element of the group G. When the manifold M(4=7=1) Jjeg
at a fixed time, this is an operator acting on the Hilbert space. When the manifold M (¢—7-1)
extends in time, this is a defect that modifies the quantization of the Hilbert space.®

The charged object of a g-form global symmetry is an operator V(C(‘?)) supported on
a g-dimensional closed manifold C(? in spacetime. The action of the symmetry on V is
given by linking a sphere U, (S%%"!) with C).6

Uy(8T7471) - V(W) = g(V)V(C'?), (2.1)

where g(V') is the representation of g realized by the charged operator V. This equation
is understood physically via shrinking the S4 71 to a point on the manifold C(9, which
removes the operator Uy, at the expense of introducing the representation g(V').

5Since we will mostly be working in Euclidean signature with no choice of a preferred time direction,
we will be somewhat cavalier about this distinction and loosely refer to these operators/defects simply as
operators when there is no source of confusion.

SHere for simplicity we assume the global symmetry is abelian. This is necessarily the case if ¢ > 0.



Physical observables, including correlation functions, can be dressed with these sym-
metry operators or defects. The basic property of the symmetry operators is that corre-

lation functions are invariant under any small deformation of M (@—4—1)

. Thus, symmetry
operators are special cases of topological operators.

The symmetry operators obey the group multiplication rule:
Uy (M4=9=Dy 5 U (M @=97V) = U, (M 4=9=D) (2.2)

with ¢ = g¢’ € G. In particular, any symmetry operator U,(M(@~9=1)) has an inverse
Uy (M(4=9=1)) such that
Uyg(M=17) x Uy (MU—97D) =T, (2.3)

where [ is the identity operator. In section 3, we will discuss more general topological
operators whose inverses do not exist.

When G = U(1) and there is a conserved (g+ 1)-form Noether current j, the symmetry
operator is simply Up(M@=97V) = expl[if [1;—q-1) xj], with @ € [0,27) the U(1) group
element. The current conservation equation d(%j) = 0 implies that the symmetry operator
Up(M(4=4-1)) is independent of small deformations of M(¢=4=1) When M(¢~=9=1) is taken
to be the whole space at a given time, the topological nature of Uy(M (d_q_l)) means that
the U(1) charge is conserved in time.

2.2 Operators with boundary

So far we have discussed operators supported on closed manifolds. What about manifolds
with boundary?

Starting from a quantum field theory with certain global symmetry and charged op-
erators V(C(q)), one may couple the system to additional degrees of freedom to obtain a
new system. Such a coupling may allow the charged operator V(C(q)) to be defined on
manifolds with boundary. We will say that V is endable if it can be defined on a manifold
with boundary with a certain choice of boundary operator. The choice of such a boundary
operator is far from unique, in general.

If such a coupling renders V' endable, it will also break the topological nature of all the
symmetry operators Uy (M (d_q_l)) that acted nontrivially on V in the pure gauge theory.
In other words, the global symmetry is explicitly broken by the coupling. To see this,
let us assume the contrary. We consider a linking configuration between Ug(Sd*qfl) and
V(C9) as in the left-hand side of (2.1), but now we suppose that C(9) is a manifold with
boundary. As a result, we may topologically deform Ug(Sd*qfl) to unlink it from V', which
is in contradiction with the nontrivial action of U, on V. Therefore, U, is no longer a
topological operator when V is endable.

For example, consider the U(1) Maxwell theory without matter in four space-
time dimensions. The Maxwell theory has a topological surface operator Uy(M (2)) =
exp[%@ Sy *F] associated with the U(1) electric one-form global symmetry [1]. The
charged operator is the Wilson line V(C")) = expli §,1) A]. We now couple the U(1) gauge
theory to a charge +1 scalar field ¢. In the new theory, the Wilson line V' can end on the
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Figure 1. Topological line operator Uy (M (1)) supported on a manifold with boundary. Physical
observables are invariant under deformation of the manifold M) stretching between z and y
provided the boundary OM = {x,y} is held fixed.

(gauge non-invariant) field ¢. Consequently, the one-form global symmetry is broken by
this coupling.

A symmetry operator Ug(M(d_q_l)) can also be endable. The boundary operator of
Ug(M (d_q_l)) may or may not be topological, but the interior of the symmetry operator still
is. More specifically, all the physical observables are invariant under small deformations of
M(@=4=1) while keeping the boundary M fixed (see figure 1). In this sense the endability
of an operator is not in tension with its topological nature. When U,(M (d*qfl)) is an
endable topological operator, it does not imply that the symmetry is broken.

Let us illustrate the above discussion in the Ising CFT in two spacetime dimensions.
The Ising CFT has an ordinary Zs global symmetry that is exact and unbroken at the
CFT point. Its symmetry line Uy (M (1) is endable. The endpoint operators are the left-
and right-moving free Majorana fermions 1, 9 and the disorder operator p, with conformal
weights (h,h) = (£,0),(0,3),({, &), respectively.” These endpoint operators are not
topological (because of their nontrivial conformal weights), but the interior of the symmetry
line is.

There is a more special case in which the boundary operator of an endable topological
operator is also topological. In this case, the topological operator must act trivially on all
operators V(C(q)), because we can move the topological boundary to unlink the operator
action on the left-hand side (2.1).

2.3 Zpn gauge theory

Following [7], we now illustrate various ideas above using the Zy gauge theory in d space-
time dimensions. The Zy gauge theory can be realized using a U(1) one-form gauge field
AW and a U(1) (d — 2)-form gauge field B(4~2) with gauge transformation:

AW AW L 4o ©) (2.4)
Bl@-2)  pld-2) 4 gg(d-3) (2.5)

"The endpoint operators are attached to the symmetry line, so they are not local operators of the Ising
CFT. It follows that these endpoint operators do not correspond to states in the ordinary Hilbert space
under the operator-state correspondence. Rather, under the operator-state map, they correspond to the
states in the twisted Hilbert space where one twists the periodic boundary condition by a Zs action.



where o9 and @3 are 0- and (d — 3)-form gauge parameters. The Lagrangian for the
Zy gauge theory is [1, 7, 28, 29]

N
L£=-—B42AdAW (2.6)
27
The Zy gauge theory has a Zy one-form electric global symmetry. The symmetry
operator is a topological Wilson operator of the higher form gauge field B(4—2):

Up(M942)) = exp {m% B(d_Q)} , n=0,1,--- ,N—1. (2.7)
M

(d—2)
There is also a Zy (d — 2)-form magnetic global symmetry. The symmetry operator is the
topological Wilson line:

Vi (€M) = exp [zm% A(l)} , m=0,1,--- ,N—1. (2.8)
C

(1)

Note that the symmetry operator of the electric global symmetry is the charged object
of the magnetic symmetry, and vice versa. Consider an S and an S92 that link with each
other. We have

Un(sd—2) . Vm<Sl) _ €2ﬁinm/NVm(Sl)’ (2.9)
Vi (S1) - U, (8%72) = 2mmm/N g, (5972) (2.10)

The first of these equations describes the topological process of shrinking S%~2 to a point
on S', whereas the second describes the shrinking of S! to a point on S4~2. The operator
U, can be interpreted as the Gukov-Witten operator for the gauge field A1) as it induces
a nontrivial holonomy for the Wilson line V,,.

In pure Zy gauge theory, none of the above symmetry operators are endable. They
can only be defined on closed manifolds, and the spectrum of dynamical charged particles
is empty.

We now introduce additional degrees of freedom to couple the Zy gauge theory to
dynamical particles with electric charge p mod N and their composites. These dynamical
electric particles can be the endpoints of the Wilson lines V,,, if p divides m. Since V,,
with p|m are now endable, U, with nm ¢ NZ are no longer topological. Hence the
electric one-form symmetry is broken from Zy to Zg4 n), while the magnetic (d — 2)-
form symmetry remains Zy. Note that even though some of the V,,’s are endable, they
are still all topological. More precisely, all physical observables are invariant under small
deformations of the interior of the open line C(!) that leave its endpoints fixed.

When p and N are coprime, the spectrum of electrically charged particles with respect
to the ordinary Zy gauge symmetry is complete, and all the Wilson lines are endable.
Correspondingly, the Gukov-Witten operators U,, are no longer topological, and the electric
one-form symmetry is completely broken.



This establishes the equivalence between the following two statements in the Zy gauge
theory:

e Completeness of the electrically charged particle spectrum.
e Absence of the electric one-form global symmetry,

or equivalently, between
e Completeness of the electrically charged particle spectrum.
e Absence of topological Gukov-Witten operators.

The first version of the equivalence is, however, not true for non-abelian discrete gauge
theory. By contrast, we will show in section 4 that the second equivalence can be gen-
eralized to non-abelian discrete gauge group in three spacetime dimensions. To address
this generalization, we first need to discuss more general topological operators than the
symmetry operators we have considered so far.

3 Non-invertible topological operators

Symmetry operators of global symmetry are topological operators. In the case when there
is a conserved Noether current, the topological nature follows from the local current con-
servation equation. It is natural to ask: is every topological operator associated with a
global symmetry?

The answer is no. There are topological operators that are not associated with any
global symmetry. Such an operator may not obey a group multiplication rule as in (2.2).
In particular, there might not be an inverse in the sense of (2.3). We will refer to such
topological operators as the non-invertible topological operators.

Consider a mnon-invertible topological operator T(M (d*qfl)) supported on a
codimension-(q + 1) closed manifold.® We would like to define an action of this non-
invertible topological operator on the space of g-dimensional operators V(C(q)). The de-
pendence of V on the manifold C(9) is generally not topological. Similar to (2.1), this action
is defined by linking a sphere S(4=9=1) with the V(C(?), and then topologically shrinking
the sphere to zero size. We will denote this action by

T(S*= Y. V(D). (3.1)

Similar to the discussion in section 2.2, if we deform the system so that V' becomes endable,
i.e., if it can be defined on a manifold with boundary, then all operators T'(S%971) that
act nontrivially on V' will cease to be topological.

In two spacetime dimensions, an ordinary global symmetry is implemented by a sym-
metry line. There are many examples of non-invertible topological lines that are not asso-
ciated with any global symmetry in two dimensions [16-27]. It has been advocated that

8Since the non-invertible operator does not have an inverse, it is not a unitary operator. Hence we will
use T to denote it instead of U.
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Figure 2. The duality line T in the two-dimensional Ising CFT defines a (non-invertible) map on
the local operators by encircling a local operator V(z) and shrinking the circle. This defines an
action on the Hilbert space of states via operator-state correspondence.

these non-invertible lines should be viewed as generalizations of the conventional global
symmetry [22, 23, 25, 26]. Just like their symmetry line cousins, these non-invertible lines
imply strong constraints on renormalization group flows and dualities [23, 30].

Perhaps the simplest example is the Kramers-Wannier duality line in the Ising confor-
mal field theory (CFT) in two spacetime dimensions [16, 17, 19, 20, 23-25]. The duality
line, denoted as T', obeys the multiplication rule

T(MDY x T(MWY) =T + U, (MWD), (3.2)

where Uy (M (1)) is the symmetry line associated with the Zs global symmetry of the Ising
CFT, and g € Zs is the nontrivial element of Zy. This multiplication rule is not a group
multiplication, and indeed the duality line T is not associated with any global symmetry
of the Ising CFT.

The duality line acts on the local operators in the Ising CFT as follows: let 1, ¢, o
be the identity operator, thermal operator, and the spin operator with conformal weights
(h,h) = (0,0),(3,3), (15, 1), respectively. Then T(S') acts on them via (3.1) as (see
figure 2):

T(SY) - 1=v2, T(SY)-e(z)=—V2e(x), T(SY)- o(z)=0. (3.3)

4 Discrete gauge theories in 3d

4.1 Topological line operators

We now discuss topological line operators in three spacetime dimensions. One-form global
symmetries in three dimensions are implemented by symmetry line operators [1]. In topo-
logical quantum field theory (TQFT), these symmetry lines, when extended in the time
direction, are (the probe limits of) the worldlines of abelian anyons. In addition to the sym-
metry lines, there are also non-invertible topological lines that are not associated with any
global symmetry.” They are the non-abelian anyons in a TQFT. The mathematical frame-
work for describing these lines is the modular tensor category (MTC) [32]. This is a subject
that has been studied extensively in the literature, and here we only give a brief review.

9There are also non-invertible surface operators in three dimension [31].
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Figure 4. We can surround a topological line L, around another line L;, and then shrink L,
to a point. This defines an action of L, on L; denoted as L, - Ly = Bj' Ly with By the braiding
coefficient.

We will denote a topological line as L,, with a distinguishing the different types of lines.
In addition to the invertible lines that are associated with the one-form global symmetry,
there are also non-invertible topological line operators. The fusion of two lines is defined
as in figure 3 and takes the form

Lo x Ly =Y _ NgLe, (4.1)
C

with N, a non-negative integer. The fusion between two lines in three spacetime dimension
is commutative, i.e., L, X Ly = Ly X L.

As in (3.1), we can define an action of the line L, (which is not necessarily invertible)
on another line L; via braiding. More specifically, we surround the line L, around another
line Lj as in figure 4. Since the lines are topological, we can shrink L, to a point with-
out changing any correlation function, leaving just the line L, up to an overall braiding
coefficient By

Lo Ly = BMLy. (4.2)

Note that generally L, - Ly # Lp - L.

In a TQFT such as the gauge theory of a finite group with M topological lines, many
of the fusion and braiding data are encoded in an M x M matrix known as the S-matrix.
The fusion coefficients NS, are given in terms of the S-matrix by the Verlinde formula [33],

c San‘s’bns;;c
ab = Z Son . (4.3)

n
The braiding coefficient B} is given by
*
B =~ (4.4)
0b
where the index 0 here represents the trivial line and * stands for complex conjugation.

Note that by definition BS := 1, whereas B{j may or may not be equal to 1.

~10 -



4.2 Discrete gauge theories

In this subsection we review the line operators in the pure gauge theory of a (possibly non-
abelian) finite group G. We will also discuss the twisted versions of G gauge theory [34]. In
the context of modular tensor category, such a theory is known as the (twisted) quantum
double of G [35, 36].

In the pure gauge theory of a finite group G, the most familiar class of topological
line operators are the Wilson lines, labeled by a representation of G. The Wilson line is
generally not an invertible line. Relatedly, the fusion rule of the Wilson lines is given by
the representation ring of GG, which is generally not a group. More precisely, the invertible
Wilson lines are those corresponding to one-dimensional representations, and they generate
the magnetic one-form symmetry of the G gauge theory.

In addition to the Wilson lines, there are also Gukov-Witten line operators, each of
which is labeled by a conjugacy class [g] of G. These are the discrete analog of the Gukov-
Witten operators in four spacetime dimensions [14, 15]. We will denote these lines as [g]1
where 1 stands for the trivial representation. These lines [g]; are generally not invertible.
The invertible ones generate the electric one-form symmetry.

A Gukov-Witten line may also carry electric charge, which corresponds to a nontrivial
representation « of the centralizer group Hy of an element g in the conjugacy class [g].
This possibility arises in three spacetime dimensions because both the Wilson lines and the
Gukov-Witten operators happen to be one-dimensional and can be fused with each other.
Thus, we may denote a general topological line in the G gauge theory as [g]n, with [g] a
conjugacy class and « a representation of the centralizer, H,. Wilson lines [1], are the
special cases in which the conjugacy class is trivial. We will refer to any line [g], with a
nontrivial conjugacy class as a Gukov-Witten operator, regardless of whether its associated
representation « is trivial or nontrivial.

The braiding coefficient By in (4.4) from L, = [g], surrounding a Wilson line L; = [1]3

is given by dim(a)
im(a

~dim(B)’
where x5([g]) :== Tr(8(g)) is the character of an element of the conjugacy class [g] associated

By = xp(lg]) - size([g]) (4.5)

with the representation 3, and dim(«) is the dimension of the representation «. This can be
derived from the explicit S-matrix of the discrete G' gauge theory. See, for example, [37, 38].
In particular, if Ly is the trivial line [1]1, we have

By = size([g]) - dim(a). (4.6)

The number Bf is known as the quantum dimension of the line L,. The line L, is invertible
(i.e., it generates a one-form symmetry) if and only if B§ = 1. This means that [g], is a
symmetry line if only if size([g]) = 1 and dim(«) = 1. The former condition implies that
hgh~' = g for all h € G, i.e., g is an element of the center of G, and the centralizer of
H, is equal to G. From this, we recover the familiar statement that the electric one-form
symmetry of G gauge theory, which is generated by the lines [g]1, is given simply by the
center of G.

- 11 -



Figure 5. Fusion of endable lines L, and L;. If L, and L; are both endable, then any line L. with
N¢, # 0 must also be endable.

In this work, we are interested in discrete G gauge theory coupled to additional matter
fields, or particles. In the presence of a particle in the representation « of GG, the Wilson line
labeled by « is endable with the endpoint being the matter field. Assuming the existence
of particles in two representations, «, f of the gauge group G, we may find particles (or
multi-particle states, more generally) in additional irreducible representations of the gauge
group by considering their tensor product a ® =3_, N;ny. Physically, this corresponds
to taking the OPE of the matter fields localized at the endpoints of the Wilson lines in the
representations «, 5. Note that the trivial Wilson line [1]; is endable, with endpoint being
the identity local operator.

More generally, we may consider the setup shown in figure 5, in which a pair of lines
fuse to form a third line. If the first two lines are endable, their fusion products must be
endable as well. This means that in a given theory, the set of endable lines are closed under
the fusion product (4.3). To use a more technical term, they form a fusion subcategory Kenq
of the full category of line operators, C.

As discussed in section 2.2, when some lines are endable, other lines might cease to be
topological. Consider the setup shown in figure 6, which illustrates the action L, - Ly. If
the line L; can end, the loop L, may be slid down below the endpoint of L; and shrunk to
a point, giving Ly times a factor B associated with the shrinking of L,. Alternatively, L,
may be shrunk directly on the line Ly, giving L; times a factor By. Thus, if the line L, is

topological, we must have
*

By = Jab = 700 _ pg. (4.7)
0b SOO

If this condition is not satisfied for all lines L € Kqpnq, the fusion subcategory of endable

lines, we conclude that L, is not a topological line in the theory. Said differently, the lines
that remain topological in the presence of charged matter in Kenq are precisely those which
braid trivially with the lines in Ke¢nq. The lines that braid trivially with all the lines in Kepg
form a fusion subcategory of C, known as the centralizer of Kenq in C, which we denote
Ce(Kend)-

For example, when some Wilson lines are endable, certain Gukov-Witten lines will
cease to be topological. If the Wilson line L, = [1]g is endable, then the lines L, = [g]q
that remain topological must satisfy (4.7):

xs([g]) = xs((1]) - (4.8)

In other words, the Gukov-Witten lines that remain topological in the presence of electric
matter in representations {8} will be those in conjugacy classes [g] whose characters for
each of the representations {} are equal to the dimension of the representation .
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Figure 6. Topological and endable lines. If L; is endable, then L, may be either shrunk to a
point on the line L (bottom left), introducing a braiding factor Bf, or it may be slid off the line
(top right) and then shrunk to a point (bottom right), introducing a braiding factor B§. If L, is
topological, these two shrinking processes must agree, so we must have Bj = B§.

Next, suppose instead that the line L, =[g], is surrounded by the Wilson line L, =1]g.
This corresponds to the action Ly - L,. In this case, the Wilson line can be shrunk to a
point, and the braiding coefficient B? in (4.4) is given simply by

B = x5([9])- (4.9)

This means that if the Gukov-Witten line L, can end, the Wilson line L; will remain
topological only if xg([g]) = xg([1]) := dim(B). Note that this is the same condition we
saw above in (4.8). The set of topological Wilson lines will be the ones that satisfy this
condition for all endable Gukov-Witten lines L.

One may also perform a Dijkgraaf-Witten twist [34] on the gauge theory by an element
w of H3(G,U(1)). In a twisted gauge theory, a line is labeled by a conjugacy class [g] as
well as a projective representation « of the centralizer group H, of g, where the projectivity
is determined by w and [g]. Since the conjugacy class [g] for a Wilson line is trivial, the
latter is again labeled by a linear representations of G. The spectrum of Wilson lines is
thus unaffected by the twist, and furthermore the braiding Bj of a Wilson line Ly = [1]g
and a line L, = [g], is still given by (4.5) [37, 38].

4.3 Completeness and topological line operators

We now turn to our primary question of interest: the relationship between completeness of
spectrum and the existence of topological line operators. There are several different notions
of completeness of interest to us. The simplest one, which we refer to as completeness, is
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the statement that all Wilson lines can end,
completeness : W C Kend, (4.10)

where W is the set of all Wilson lines. This follows as a consequence of having matter
charged under every representation of the gauge group. For both gauge theories and more
general TQFTs in three dimensions, however, we may define a more general notion of
completeness: we say that such a theory has a totally complete spectrum if every line
operator in the theory is endable: Keng = C.

Our main results regarding the relationship between completeness and topological lines
in 3d gauge theory with finite gauge group G (untwisted or twisted) are as follows:

1. The spectrum is complete if and only if there are no topological Gukov-Witten lines. !

2. The spectrum is totally complete if and only if there are no topological lines.

The first statement is to be compared with the common belief that the spectrum of a
gauge theory is complete if and only if there is no electric one-form global symmetry (see
section 2.3). This common belief, however, is not true in general. For example, the S3
gauge theory in three spacetime dimensions has no invertible Gukov-Witten line, so there
is no electric one-form global symmetry regardless of the spectrum. A similar example was
pointed out in [10]. Here we propose a natural refinement of the (false) common lore in
terms of topological operators.

Some of these results follow from elementary theorems in representation theory of finite
groups. Others follow directly from a theorem in MTC. In this subsection, we will derive
these results by a combination of these two approaches.

4.3.1 Representation theory analysis

We start with the first statement on completeness.

Suppose that W C Kepq, i.e., the spectrum is complete. By (4.8), any topological
Gukov-Witten line [g], must satisfy x5([g]) = xg([1]) for all representations 5 of G. But
by orthogonality of columns of the character table of GG, this condition is not satisfied by
any [g] # [1]. Thus, completeness = no topological Gukov-Witten lines.

We will prove the converse statement in section 4.3.2. Here we first discuss a weaker
version: if Ceng € W, then there must exist at least one topological Gukov-Witten line.
Note that this is not quite the same as the statement that incompleteness implies the exis-
tence of a topological Gukov-Witten line. This is because incompleteness simply requires
W & Kend, rather than the stronger condition Keng € W. Said differently, for the weaker
statement we also assume that no Gukov-Witten lines are endable.

Now we proceed with the proof of the weaker statement. Suppose W C Kepg, i-e., the

set of endable Wilson lines is a proper subset of the set of endable lines. We will show that

0Tn quantum field theory and in gravity, the notion of the gauge group is generally not invariant under
duality. The distinction between the Wilson lines and the Gukov-Witten lines is also not invariant. In this
statement, we have chosen a fixed duality frame in which the theory is naturally described in terms of a
discrete gauge theory weakly coupled to electrically charged matter.
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there must exist a topological Gukov-Witten line, which is equivalent to the existence of
a nontrivial conjugacy class [g] satisfying x5([g]) = x([1]) for all [1]g € Kena. Define the
reducible representation

Pend = @ /Ba (411)

[”Belcend

as the direct sum over all irreducible representations corresponding to endable Wilson
lines. Recall that the representations {5} in K¢nq are closed under tensor product of
representations, which means that pgé is necessarily a sum over representations in Kepg.
Next, we invoke a theorem of Burnside [39]: if « is a faithful representation of a finite
group G, then every irreducible representation of G appears in the decomposition of a®"
for some n. Since we have assumed KCqpq is a proper subset of W, it follows that penq is
not a faithful representation of G. Thus, there exists some g # 1 € G such that penq(g) is
trivial, which by definition of peng implies that §(g) is trivial for every [1]g € Keng. This

implies x5([g]) = x([1]) for all [1]5 € Kend.

4.3.2 MTC analysis

We now show that our main statements on completeness directly follow from a theorem of
Miiger [40] in the context of modular tensor category:!!

Theorem (Miiger). Let C be a modular tensor category, and K a fusion subcategory. Then,
Ce(Ce(K)) =K, and dim(K) - dim(C¢(K)) = dim(C).

Here the dimension of a category is defined as the square sum of the quantum dimen-
sions of the lines. In other words, Miiger’s theorem establishes a duality pairing between a
fusion subcategory K and its centralizer C¢(K).!2

For our purpose, C is the set of lines in the discrete G gauge theory. We take K = Kepg
to be the fusion subcategory consisting of all the lines that become endable as we couple to
matter fields. The centralizer C¢(K) is then the set of lines that remain topological after
coupling to matter fields.

If Kena = C, i.e., if the spectrum is totally complete, then C¢(Kena) = {1}. Indeed,
Ce(C) = {1} is the definition of modularity of C. Physically, this means that every line
other than the trivial line will braid nontrivially with some line in Kgnq, S0 no nontrivial
line remains topological. Therefore, total completeness of the spectrum = no topological
lines remain.

Conversely, if Keng © C, then Miiger’s theorem implies Ce(Kepg) # {1}. This means
that if the spectrum is not totally complete, then there will exist nontrivial topological lines
that braid trivially with all endable lines, and therefore remain topological in the presence
of the charged matter. Thus, the spectrum is totally complete < there do not exist any
nontrivial topological lines.

This result applies to any TQFT in three spacetime dimensions, regardless of whether
or not the theory under consideration is a finite gauge theory. Specializing to a finite gauge

We thank Theo Johnson-Freyd for discussions on this point.
123ee [41] for another physics application of this theorem.
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theory of G (with or without a twist), even more can be said. To begin, recall that for a
Wilson line [1]5 in a representation /3 of the gauge group G, the lines that braid trivially
with [1]g are precisely those labeled by conjugacy classes [g] satisfying xz([g]) = xg([1]).
Clearly, this is true for [g] = [1], the trivial conjugacy class, so Wilson lines braid trivially
with one another. If W is the set of Wilson lines, then for any fusion subcategory W' C W,
we have W C Ce(W').

We are now ready to prove that the converse of our first statement on completeness.
Suppose that there are no topological Gukov-Witten lines, i.e., C¢(Keng) C W. Setting
W' = C¢(Kend) and using Ce(Ce(Kend)) = Kend, we learn that W C Keng: the spectrum
is complete. Thus, completeness < no topological Gukov-Witten lines. Combining this
with the proof in section 4.3.1, we have proven completeness < no topological Gukov-
Witten lines.

4.4 Example: S3 gauge theory

We now demonstrate the general ideas developed in the previous section in the simplest
gauge theory of a non-abelian finite group, the S3 gauge theory. See [42, 43] for a detailed
analysis of this theory.

The symmetric group S3 is a group with six elements. The elements of this group are
identified with permutations of the set {1,2,3} and may be written in cycle decomposition
notation. For instance, (123) represents the group element that takes 1 — 2,2 — 3,3 — 1,
whereas (23) exchanges 2 <> 3.

The conjugacy classes of S3 are labeled by partitions of 3, namely [3], [2,1], and [1?],
corresponding to cycles of size 3, 2, and 1 (the identity element), respectively. The number
of elements in each of these conjugacy classes, i.e., the size of the conjugacy class, is 2, 3,
and 1, respectively. An element of the conjugacy class [3], such as (123), has a Z3 centralizer
subgroup: namely, (123) is stabilized by the identity, (123), and (132). An element of the
conjugacy class [2, 1], such as (23), has a Z centralizer subgroup: namely, (23) is stabilized
by the identity and (23). Since H3(S3,U(1)) is trivial, the S3 gauge theory does not admit
a Dijkgraaf-Witten twist.

In three spacetime dimensions, pure S3 gauge theory includes eight topological line
operators. Three of these are the Wilson lines, which correspond to the trivial conjugacy
class [13] of S3 and are labeled by representations of S3. We denote these line operators
by 1, 1_, and 15, corresponding to the trivial representation, the sign representation, and
the standard, 2-dimensional representation of S3, respectively. Next, there are two line
operators corresponding to the conjugacy class [2, 1], labeled by the two representations
of the centralizer Zs. We denote these line operators by 74, 7, respectively. Finally,
there are three line operators corresponding to the conjugacy class [3], labeled by the three
representations of the centralizer Zs. We denote these line operators by 6, 61, and 6-.

The quantum dimensions of these operators are dim(1) = dim(1_) = 1, dim(12) =
dim(¢,) = 2, and dim(7+) = 3. (Here p = 0,1,2.) Only the trivial line and the Wilson line
1_ are symmetry operators. They generate a Zs magnetic one-form global symmetry. The
other six lines are all non-invertible. In particular, since all the Gukov-Witten operators
are non-invertible, there is no electric one-form global symmetry.
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[1%] 2,1] 3]
11 |1 | 7o | 7— | 6y | 61 | 6o
1112|313
3 [1_ |1 2 |-3]-3
I |2 2|4 0 |-2]|-2]-2
2.1] T3] -3[0]3]|-3
T [3|-3|0)|-3]3
0o | 2 -2 0 22| -2
B8] | 6 |2 -2 0 |-2|-214
0y | 2 -2 0 |-2|4]-2

Table 1. The S-matrix for the eight topological lines in S3 gauge theory (multiplied by an overall
factor of 6).

The S-matrix for the eight line operators is shown in table 1. The fusion rules between
these line operators are:

1_x1_=1, 1_Xx1o=12, lox1lo=141_+419
0, x1_=0,, 0,x0,=1+1_+0,, OuxOpry=1lo+00rp0, Ouxlz=> 0,
VEW
1_XT4 =7, T+XT+:T_XT_:1+12+ZGM, T+XT_:1_+12+ZQM
I I
12X7—i:‘9NX7—i:7—++T—' (4.12)

We may also read off the braiding coefficients Bj from the S-matrix using (4.4). Using
table 2, one can easily check that for L, = [g]o a Gukov-Witten line and L;, = [1]3 a Wilson
line, the braiding coefficients defined as (4.4) obey (4.5).

From the fusion rules, we can determine the allowed possibilities for the spectrum of
charged matter, or equivalently, the consistent choices of fusion subalgebra Kepq.'* There
are eight possible choices for the allowed spectrum of matter Kepq:

(i) 1

(i) 1, 1-

(iii) 1, 1, 12 (complete)
(iv) 1, 1_, 6o

(v) 1,1_, 6,

13For instance, for L, = 6y and Ly, = 12, we have Bf = x2([3]) - size([3]) - 3;2((;)) =-1-2-1 = -1, which

g(ib = *72 =1
0b
14 An inconsistent spectrum, for instance, would be one with only a particle in the representation 2 of Ss.

is the same as

By consider the fusion of two such particles, we obtain a particle in the sign representation of S;. Hence
any consistent spectrum containing the former particle necessarily contains the latter particle as well.
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Rep./Conj. class | [13] | [2,1] | [3]
Trivial 1 1 1

Sign 1 -1 1
Standard 2 0 -1

Table 2. The character table for the group Ss.

(vi) 1, 1_, 0
(vii) 1, 1, 12, 6y, 01, 02 (complete)
(viii) 1, 1_, 12, 6, 01, 02, 74, 7— (totally complete)

According to the theorem of Miiger discussed above, the centralizer C¢(Kepng) of one
of the above fusion subcategories Keyq is itself a fusion subcategory, with C¢(Ce(Kend)) =
Kend- The category Keng and its centralizer C¢(Kepng) form a dual pair in the above sense.
Using the S-matrix in table 1, we find the following dual pairs:

Kiy < Ky s Kay € Kaiy s Kainy © Kaiys - Ky © Kavys Ky € K- (4.13)

If we couple the S3 gauge theory to matter fields in some K, then the corresponding
lines in K, can end, and the lines that remain topological are precisely those in C¢(Ky).
For instance, if the spectrum is complete but has no magnetic matter, then all Wilson lines
are endable, s0 Kend = Kji5)- The topological lines are those in Ce(Kiii)) = Ky, i-e., the
topological lines will be simply the Wilson lines themselves. On the other hand, a spectrum
that is totally complete will have matter in Iy, and since Ce(Kyiy) = Ky = {1}, only
the trivial line will remain topological. From the dualities in (4.13), we see that as expected,
nontrivial topological lines exist if and only if the spectrum is not totally complete.

Theories with Kend = Ky, Kvii)s 0F K(yiiy) are complete. The duals to these three
subcategories are given respectively by Ce(Kena) = Kiii), Kii), and Ky, which are precisely
the three fusion subcategories without any Gukov-Witten lines. We see that topological
Gukov-Witten lines exist if and only if the spectrum is incomplete.

5 Discrete gauge theories in 4d

Many aspects of our 3d analysis carry over to finite gauge theories in 4d, but there are also
some important differences. In particular, while there are still Wilson line operators labeled
by representations « of the gauge group G, the Gukov-Witten operators are now surface
operators, labeled by conjugacy classes [g] of G, which live on 2-dimensional manifolds
in spacetime. The latter are the discrete version of the Gukov-Witten operators [14, 15].
Whereas the endpoints of Wilson lines are associated with the creation of electrically-
charged particles, the boundaries of Gukov-Witten surfaces are associated with the creation
of magnetically-charged strings. Lines can fuse to give other lines, and surfaces can fuse to
give other surfaces.
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Figure 7. Double (left) and triple (right) linking of surfaces in 4d. We depict the linking process
for surface defects that extend in time. At a fixed time, each surface defect is one-dimensional as
shown. The dotted lines describe the motion of the surface defect in the linking process.

A line and a surface can have nontrivial linking in four spacetime dimensions. The
linking coefficient between a Wilson line and a Gukov-Witten surface is the same as in
the untwisted G gauge theory in 3d: if a Gukov-Witten surface T, of conjugacy class [g]
surrounds a Wilson line Lg of representation (3, the surface can be shrunk to a point on
the line at the expense of a linking coefficient,

g _ xsllal) .

as in equation (4.5). The equivalence of these braiding and linking coefficients in 3d and 4d
can be justified via dimensional reduction of the 4d gauge theory [44-46]. Similar linkings
between the Wilson lines and codimension-2 Gukov-Witten operators in discrete G gauge
theory exist in higher spacetime dimensions.

In addition, two or even three surfaces may link with each other [47, 48] (see also [49—
52]). Figure 7, adapted from [47], shows how these linkings can be visualized for surfaces
that extend in time and are one-dimensional loops in space.

In 3d, a line ceases to be topological if it braids nontrivially with a line that can end.
In 4d, a similar phenomenon occurs: a line ceases to be topological if it links nontrivially
with a surface that can end, and a surface ceases to be topological if it links nontrivially
with a line that can end. However, additional possibilities arise in 4d due to the two
and three-surface linking: a surface will cease to be topological if it links nontrivially with
another surface that can end, and if two surfaces have non-trivial three-surface linking with
a third surface that can end, then at least one of those surfaces cannot be topological.

Another new feature in 4d is that a Gukov-Witten surface T' can be shrunk to a
line [44]. The shrinking function S: {surfaces} — {lines} must commute with fusion,
S(Th) x S§(Tz) = S(T1 x Ty). Shrinking represents a smooth deformation of the surface,
which means that if T" is topological, then S(7") must also be topological. Similarly, if 7" is
endable, then S(7') must also be endable.

In this paper, we focus our attention on the endability of line operators, which simply
involves the addition of charged particles to the spectrum of the theory, so we assume that
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no surfaces are endable. Under this assumption, we need not worry about two-surface
or three-surface linking. A surface T, ceases to be topological if and only if it links
nontrivially with a line Lg that can end, i.e., if B[ﬁg] =+ Bég], with O stands for the trivial

line. Once again, this is equivalent to the condition that

xs(l9]) # x([1]) := dim(p3). (5:2)

From our analysis in section 4.3, we know that if the set of endable lines Kqyq is a proper
subset of Wilson lines that is closed under fusion, then there exists at least one nontrivial
conjugacy class [g] such that x5([g]) = x3([1]) for all endable Wilson lines Lg € Kepq. This
means that if the spectrum is incomplete, so that not all Wilson lines can end, then there
exists at least one topological Gukov-Witten surface. Conversely, if the spectrum is com-
plete, then there do not exist any topological Gukov-Witten surfaces, as any Gukov-Witten
surface, labeled by a conjugacy class [g], links nontrivially with at least one Wilson line.

However, completeness does not preclude the existence of other topological surfaces in
the theory. This may occur, for instance, in the case of Zs x Zy gauge theory, which we
now consider in more detail.'®

5.1 A one-form symmetry that acts trivially on all lines

Many of the details of G = Zgl) X Z;z) gauge theory follow straightforwardly from our
previous discussions. Each Zg) has a Wilson line e¢; and a Gukov-Witten surface m;,
with nontrivial linking coefficients BJ]* = B{? = —1. In addition, the Wilson lines fuse
according to e; X es = ejes, and the Gukov-Witten surfaces fuse as my X ms = mims.
Together e;, es, and ejes represent the three nontrivial representations of G, whereas
m1,meo, and mimsy represent the three nontrivial conjugacy classes.

This theory admits a simple Lagrangian description:

2 2
= —A1dB — A>dB .
L 5 A1d51 + 5 2052, (5.3)

with each A; a one-form U(1) gauge field and each B; a two-form U(1) gauge field. The
Wilson lines and the Gukov-Witten surface operators are respectively given by

ei(y) = exp (27514,) , mi(X) =exp (17230 , (5.4)

where v is a closed curve and ¥ is a closed two-dimensional surface.

So far, the story is very similar to the case of Zx gauge theory studied in section 2.3.
However, as discussed in [53] (see also [54]), there is a surface operator v(X) in the Za x Zs
gauge theory that is associated with the nontrivial element of H?(Zg x Zs,U(1)) = Zs.
This surface generates a Zo one-form global symmetry. However, this one-form symmetry
acts trivially on all the Wilson line operators in the theory. Instead, the surface v has a
nontrivial triple linking with the surfaces m; and meo:

(W(E)m (S )ma (")) = (~1) T, (5:5)
where Tk(X, Y, ") is the triple linking number [55] between the surfaces 3, ¥/, and ¥”.

15We thank Po-Shen Hsin for pointing this out to us, and to Meng Cheng and Qing-Rui Wang for
illuminating discussions.
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What does the surface v mean for the relationship between completeness and global
symmetries? Since v links trivially with all Wilson lines, it remains topological even if the
electric spectrum is complete. In order to destroy the topological nature of the v surface,
one would need to add not just electrically charged particles, but also magnetically charged
strings, which allow the surfaces m; and ms to end and render v non-topological due to
its triple linking with m and mo. Thus, it is not true that completeness of the electrically
charged particle spectrum implies the absence of any topological surfaces whatsoever in 4d
gauge theory with finite gauge group G. Instead, completeness implies that a particular
set of surfaces are not topological — namely, the set of Gukov-Witten surfaces, which link
nontrivially with the Wilson lines. Quite possibly a more general notion of completeness,
which demands endability of surfaces as well as lines, may be related to the absence of any
topological operators. We leave a more detailed analysis for future work.

6 Topological operators and quantum gravity

We have seen that in a gauge theory of a finite (possibly non-abelian) group G, an incom-
plete spectrum does not necessarily imply the existence of an electric one-form global sym-
metry. Instead, there will typically be non-invertible topological operators of codimension-
2, which braid non-trivially with the Wilson lines in the theory. These observations support
the perspective advocated in [22, 23, 25, 26] that topological operators should be viewed
as generalization of (higher-form) global symmetries.

Standard lore holds that global symmetries are not allowed in a consistent theory of
quantum gravity. Topological operators are natural generalizations of global symmetries.
It is then natural to conjecture that these topological operators, like symmetry operators,
should also be excluded in a consistent theory of quantum gravity. In other words, they
reside in the Swampland [56].

Several lines of evidence support this conjecture. Here we present three:

1. Summing over topologies. It is difficult to even define a topological operator (which
includes symmetry operators for global symmetries) in quantum gravity in complete
generality. In quantum field theory on a fixed geometry, topological operators can be
abstractly defined by their correlation functions subject to various consistency con-
ditions, such as crossing and operator product expansion. The topological operators
are inserted on fixed, nontrivial cycles of the spacetime manifold. The correlation
function only depends on the topological class of the support of these topological
operators, not on the detailed shape. By contrast, in quantum gravity, we are in-
structed to sum over all possible spacetime topologies. It is therefore meaningless to
insert a topological operator on a fixed cycle of the spacetime manifold. This makes it
difficult to derive any physical observables of these topological operators in quantum
gravity.1® See [57] for a related discussion on the absence of operators with compact
support in quantum gravity.

2. Completeness hypothesis. Quantum gravity lore holds that the spectrum of a gauge
theory must be complete [7, 10, 11]. Given that completeness of the spectrum is tied to

6We thank Luca Iliesiu for related discussions.
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Figure 8. The action of a topological defect on a local operator Uy (M) - ¢(x). Here R is a disk in
space and the closed manifold M, which has topology of a sphere, is the boundary of R x [t —¢,t+¢].

the absence of certain topological operators, the completeness hypothesis provides fur-
ther supporting evidence for the absence of topological operators in quantum gravity.

3. Fusion algebra. The non-invertible topological operators and the symmetry opera-
tors together form a nontrivial fusion ring (1.2). Generally, the symmetry operators
can appear in the fusion channel of two non-invertible topological operators. For
instance, in the 2d Ising CFT, the Zs symmetry operator U, appears in the fusion of
a pair of non-invertible topological T" operators (see (3.2)). Hence if the symmetry
operators are forbidden in quantum gravity, so are the topological operators whose

fusion products involve the symmetry operators.!”

In the context of AdS,;/CFT,_1, Harlow and Ooguri [10] have given an argument for
the absence of ¢-form global symmetries in AdS; quantum gravity (with d > ¢ + 3) using
entanglement wedge reconstruction [58-61]. However, we will see that there is a difficulty
in extending their argument to exclude more general topological operators. For simplicity,
we will focus on the case of codimension-1 topological operators.

In Euclidean spacetime, we have defined an action (2.1) of a symmetry defect Uy (M)
on a local operator ¢(x) by encircling the former around the latter, denoted as Uy (M )-¢(x).
In the case when the manifold M is shown in figure 8, this action reduces to:

Uy(M) - ¢(z) = Ul (R)¢(2)Uy(R), (6.1)

where Uy (R) is a symmetry operator at a fixed time supported on a disk R in space. In the
argument of [10], it was crucial that the symmetry operator is splittable. This implies that
if the spatial region R can be written as a disjoint union of subregions R;, i.e., R = U; R;,
then Uy(M) must obey

Uyg(M) ~ [T Uy(M), (6.2)
where M; is a closed manifold associated with R; defined similarly as in figure 8. Here,

the symbol ~ means that the equality is true up to (c-number) phases from the 't Hooft
anomaly of the global symmetry.'®

" There are, however, topological operators whose fusion products do not involve any symmetry operators,
in which case this argument does not hold. For example, there is a non-invertible topological line W in the
2d tricritical Ising CFT obeying the fusion algebra W x W =1 + W [18, 23].

183ee [23, 62, 63] for an example of an anomalous phase for a Z2 global symmetry in 2d.
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Figure 9. The splitting of the non-invertible topological line T'(M) (shown in black on the left) in
the 2d Ising CFT, where M is the boundary of the rectangle R x [t — ¢,t + €]. On the right-hand
side of the equality, we have T'(M) and T'(Mz) (shown in black), as well as a Zy symmetry line U,
joining them (shown in the dotted blue line) in the last term.

To extend the argument of [10] to the more general topological operators, we ask: are
the general topological operators/defects splittable?'® The short answer is no, at least not
in the form stated in (6.2).

This can be seen from the non-invertible topological line T in the 2d Ising CFT as-
sociated with the Kramers-Wannier duality (see section 3). It obeys the splitting relation
shown in figure 9 (see, for example, section 5.1.1 of [23]), which does not take the form
of (6.2). Instead, the topological line T'(M) is equated to a superposition of two different
terms, with nontrivial weighing coefficients 1/v/2. The last term on the right-hand side of
figure 9 does not take the form of T'(R1)T'(R2), but has an additional symmetry line joining
between the two T'(R;). This is to be contrasted with the corresponding splitting relation
of a Zs symmetry line shown in figure 10, in which case (6.2) is obeyed. These novelties for
the non-invertible topological operators/defects make an extension of the argument of [10]
nontrivial, but it is conceivable that a more general notion of splittability can be defined for
topological operators, enabling a proof of the conjecture. We leave this for future studies.

7 Conclusions

We have seen that the standard lore that completeness of the spectrum of G gauge theory
follows from the absence of one-form global symmetries must be modified when G is a finite
(non-abelian) group. Rather, completeness of the spectrum is equivalent to the absence
of topological Gukov-Witten operators. We have proven this statement in three spacetime
dimensions, and (under certain assumptions) we have shown that this proof generalizes to
four or more dimensions.

9Tn [10], the splittability condition is stated for symmetry operators Uy(R) at a fixed time on a disk R
in space. However, symmetry operators/defects generally cannot be defined on a manifold with boundary
in spacetime (see section 2.2). For example, in the Zy gauge theory in two spacetime dimensions, there is a
Zn zero-form global symmetry whose symmetry operator is the Wilson line expli f A(1>] (see section 2.3).
The Wilson line can only be defined on a closed curve, not on a finite segment in spacetime in pure Zy
gauge theory. For a non-invertible topological operator/defect T', even when T'(R) can be defined on such
a disk R, it does not have an inverse. Nonetheless, one can still discuss the splittability of a topological
defect T'(M) on a closed manifold M in the sense of (6.2).
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Figure 10. The splitting of the symmetry line Uy (M) (shown in dotted blue lines) of a Zy global
symmetry in 2d, where M is the boundary of the rectangle R x [t—e, t+¢€]|. This splitting obeys (6.2).
For a non-anomalous (anomalous) Zs global symmetry, we have a + (—) sign on the right-hand
side [23, 62, 63]. The Zy symmetry of the Ising model is non-anomalous and therefore the sign
above is +.

It is natural to conjecture that quantum gravity does not have topological operators,
extending the usual statement that quantum gravity does not permit exact global symme-
tries. Several lines of evidence suggest this conjecture is true, but neither the black hole
argument against continuous global symmetries [6, 7] nor the holographic argument against
global symmetries in AdS,; [10] immediately extend to more general topological operators.
It would therefore be worthwhile to formulate a more general proof against topological
operators in quantum gravity.

In this work, we have dealt with the question of exact global symmetries and exactly
topological operators, whose correlations functions are invariant under small deformations
on the manifolds on which they are supported. From a phenomenological perspective,
the distinction between an exactly topological operator and an approximately topological
operator (which has only slight sensitivity to deformations of the manifold on which it is
supported) is irrelevant provided the effects of such deformations are small enough to avoid
experimental detection. Several works have sought to address this problem by investigating
the strength of global symmetry-violating effects in quantum gravity [64-67]; it would
be nice to extend these analyses to more general topological operators and to study the
phenomenological implications thereof.

The absence of global symmetries and the completeness hypothesis are two examples
of Swampland conjectures that can be understood as consequences of the absence of topo-
logical operators in quantum gravity. It would be interesting to see what other Swampland
statements may be connected to this web of ideas.
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