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Decomposition, Condensation Defects, and Fusion

Ling Lin, Daniel G. Robbins, and Eric Sharpe*

In this paper we outline the application of decomposition to condensation
defects and their fusion rules. Briefly, a condensation defect is obtained by
gauging a higher-form symmetry along a submanifold, and so there is a
natural interplay with notions of decomposition, the statement that
d-dimensional quantum field theories with global (d — 1)-form symmetries are
equivalent to disjoint unions of other quantum field theories. We will also
construct new (sometimes non-invertible) defects, and compute their fusion
products, again utilizing decomposition. An important role will be played in all
these analyses by theta angles for gauged higher-form symmetries, which can

be used to select individual universes in a decomposition.

1. Introduction

Decomposition!!! is now understood as the statement that a d-
dimensional quantum field theory with a global (d — 1)-form
symmetry is equivalent to a disjoint union of other d-dimensional
quantum field theories, known as universes (see e.g. [2] for a re-
cent review). Typical examples include two-dimensional gauge
theories with trivially-acting subgroups of the gauge group.l>! It
is also known!®”) that unitary two-dimensional topological field
theories are equvialent to disjoint unions of theories, a result
which was argued in [8, 9] to be a special case of decomposition
in the sense of [1], utilizing non-invertible symmetries.
Decomposition has been applied in a number of contexts, see
e.g. [2] for a recent overview. In this paper, we will apply decom-
position to condensation defects, defined in [10, 11] as follows.
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Consider a d-dimensional quantum field
theory with a global k-form symmetry,
and restrict to a (d — p)-dimensional sub-
manifold 2. Along X, gauge the the re-
striction of that global symmetry (as-
suming there is no obstruction due
to anomalies). Along the worldvolume
%, this appears to be a gauged (k-
p)-form symmetry, obtained as a ‘con-
densation’ of the k-form symmetry de-
fects on the codimension p submani-
fold. Such a gauging is described as
a higher gauging or as p-gauging the
k-form symmetry, see also [12-25] for
other discussions. The resulting theory
along %, obtained by gauging the restriction of the higher-form
symmetry, is a condensation defect. Such defects may be non-
invertible under fusion, and serve as an explicit construction of
non-invertible symmetries in dimensions larger than two, which
has seen a surge of interest very recently, see, e.g. [26—41].

In this paper we outline how decomposition can be applied
to condensation defects and various analogues and their fusion
rules, following [10, 11, 20].

We begin in section 2 with a short review of decomposition,
focusing on examples of most direct relevance to this paper,
namely orbifolds and topological field theories. We also discuss
how one can recover individual universes by gauging the higher-
form symmetry (with a theta angle that distinguishes the com-
ponents). For ordinary orbifolds in two dimensions, this gauging
was discussed in [42].

In 3, we then illustrate, after a brief review of condensation
defects and higher gauging, a rather simple, but direct, appli-
cation of decomposition to condensation defects. Namely, we
discuss p-gauging the (d — 1)-form symmetry in a decomposing
theory. This results in condensation defects that are projectors
onto universes along their worldvolumes, and in fact are equiva-
lent to local projection operators. For completeness, and because
they are very much in the overall spirit of the rest of this pa-
per, we briefly discuss these ‘condensation defect projectors’ for-
mally and illustrate concrete computations in two-dimensional
orbifolds.

In section 4 we turn to a more intricate interplay between de-
composition and condensation defects. Specifically, we use de-
composition to observe, in section 4.1, that sometimes, fusion
ring coefficients described as topological field theories are equiva-
lent to integer multiplicities. For codimension-one condensation
defects in 3d, these TFTs have a one-form symmetry responsible
for decomposition, which only emerges as two defects collide. In
section 4.2 we illustrate in examples how these originate from
potential one-form symmetries of the individual defects, which
are obstructed from bulk-defect interactions. In section 4.3 we
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illustrate how the requisite topological point operators arise in
the cases where decomposition occurs.

Finally, in section 5 we propose other defects, which are mo-
tivated by condensation defects, but which are not themselves
condensation defects. On a worldvolume of codimension p, in
a theory with a global k = (d — p — 1)-form symmetry, these pro-
posed defects are obtained by gauging a k-form symmetry along
the worldvolume. To be clear, this is not the same as p-gauging
the k-form symmetry, as that results in a gauging which, along
the worldvolume, looks like a (k — p)-form gauging, instead of
the k-form symmetry gauged here. These proposed defects are
therefore not the same as condensation defects, and need not be
topological; nevertheless, we argue that, at least formally, they ap-
pear to have similar properties, as evidenced by e.g. their fusion
rings, which we compute in examples. Our examples include de-
fects in ordinary orbifolds as well as in orbifolds by 2-groups. As
part of our analysis, we discuss gauging 2-form symmetries in
three-dimensional orbifolds,[**] extending results of [42] on gaug-
ing 1-form symmetries in two-dimensional theories.

In passing, when gauging higher-form symmetries, we will
use corresponding theta angles to select particular universes
from a decomposition. Theta angles for gauged higher-form sym-
metries in other contexts have also been discussed in e.g. [44].

To summarize, in this paper we will give several examples illus-
trating the interplay between decomposition, condensation de-
fects, and their fusion products.

As this paper was nearing publication, we were informed that
related results will also appear in [45, 46].

2. Decomposition and Gauging Higher-form
Symmetries

In this section we will review pertinent aspects of decomposi-
tion, which is the observation that d-dimensional theories with
global (4 — 1)-form symmetries are equivalent to disjoint unions
of quantum field theories. Decomposition has been studied in
numerous examples, see e.g. [2] for a recent review. In this paper,
we will frequently utilize examples in two-dimensional ordinary
orbifolds and in topological field theories, in which there are mul-
tiple dimension-zero operators (and hence a global (d — 1)-form
symmetry), and our review will focus on examples of this form.

2.1. Orbifolds in Two Dimensions

Orbifolds in which a subgroup of the orbifold group acts trivially'
are common examples in which decomposition arises, and which

1 Gauging a trivially-acting group or a noneffectively-acting group (in
which a subgroup acts trivially) may seem counterintuitive, but was
extensively studied in two-dimensional orbifolds and gauge theories
(such as abelian theories with nonminimal charges) in e.g. [3-5],
which covered material ranging from existence and possible unitar-
ity issues to massless spectra, mirrors, and quantum cohomology
rings, and whose conclusions formed the basis of the original work on
decomposition.['] The meaning of the related notion of ‘trivially-acting
one-form symmetries’ in three dimensions was recently discussed in
[43, 48]. A discussion in the language of topological defect lines will
appear in [49].
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we shall utilize later in this paper. In this subsection we will re-
view examples of this form, and how the global one-form symme-
try can be gauged to select out a universe in the decomposition,
results which we shall utilize later.

Briefly, in an orbifold [X/I'] in two dimensions (meaning, a
sigma model into target X with gauged I action on X), with

1> K—-T-—->G—1, (2.1)

where K acts trivially on X, it was argued in [1] that

QFT([X/T)) = QFT([Xék] ) 2.2)

where @ denotes discrete torsion, and K the set of irreducible
representations of K. (See e.g. [47] for a generalization to the case
that the orbifold [X/I'] has discrete torsion.)

In the special case that I' is a central extension of G by K, so
that K lies within the center of T, the G action on K is trivial, and
the expression above simplifies to

QFT(X/T) = [ QFT(X/Gl,y) (2.3)

pek

where w € H?(G, K) classifies the extension (2.1) and p(w) €
H?(G, U(1)) defines discrete torsion in the corresponding orb-
ifold [X/G].

For example, consider the orbifold [X/D,], where the center
of D,, which is Z,, acts trivially. This example was studied in [1,
section 5.2]. Since the group D, is a central extension

1— 27, - D, > Z,xZ, — 1, (2.4)

we can apply decomposition in the form (2.3) to see that

QFT(1X/D,)) = QFT(1X/Z,x 2,]) | | QFT(1X/Z, x Z,),.).
(2.5)

We will apply this example to condensation defects in e.g. sec-
tion 5.1.3.

A non-central extension example is [X /H], where H is the eight-
element group of unit quaternions {+1, +i, +j, =k}, and (i) = Z,
acts trivially. This example was studied in [1, section 5.4]. In this
case, H can be expressed as a non-central extension

1-7Z,—- H—> 2Z, - 1 (2.6)

Since this extension is not central, we apply decomposition in the
more general form (2.2) to get

QFT(X/H) = QFT(X) | | QFT(1x/2.)) [ QFT(1%/Z,).
(2.7)

(Of the four irreducible representations of Z,, two are invariant
under G = Z,, and G interchanges the remaining two.) We will
apply this example to condensation defects in section 5.1.4.

In [42], gauging the 1-form symmetry in a decomposing two-
dimensional orbifold was described. By picking a theta angle for
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the gauging, one can select out individual universes in a decom-
position. To make this paper self-contained, we briefly outline
those methods here, as we will use such gaugings later.

For simplicity, we take the worldsheet £ = T2, and consider an
orbifold [X /T as above, which has a global * BK = Kl symmetry.
We shall describe partition functions in which the BK symmetry
is gauged. First, recall that the partition function of a more nearly
ordinary orbifold [X/I'] on worldsheet £ = T? has the standard
form (see e.g. [50, section 8.3])

(T = = S ol

| ’g,heF,gh=hg h (2.8)

where the sum is over commuting pairs of elements g, h €T,
and

=

(2.9)

denotes the contribution to the path integral from maps from
¥ = T? into X with branch cuts along distinct cycles defined by
g h (equivalently, maps from rectangles into X such that the im-
ages of one pair of sides are related by g and the images of the
other pair of sides are related by h). The fact that K acts trivially
simplifies this sum; the sectors

=

(2.10)

map to corresponding sectors of an orbifold [X/G], and the parti-
tion function of the decomposition can be derived by simplifying
the result, as described in e.g. [1].

Gauging a BK symmetry, for K C K, has partition function!*!

Z([[X/F}/BRD - % > el {%' > gmh:|

2€H2(2,K)=K gh=hgz
(2.11)

where the sum is over g, h € I" such that gh = hgz, the figure

971 (2.12)

denotes maps into X with branch cuts along g, h, twisted by z as
above, and e € Hom(K, U(1)) is the theta angle arising in gaug-
ing BK, which selects out the universe(s) appearing in the result.

We briefly summarize here two examples, also discussed in
[42].

First, consider the orbifold [X/D,], where K = Z, C D, acts
trivially. As discussed in [42], depending upon the choice of ¢,
one finds

Z(X/2,x Z,])  e(-1)=+1,

2.13
Z([X/Z, % Z,)a..) e(—1)=—1,( )

Z([(x/D,)/BZ,]) = {

2 We use the notation BiK for g-form symmetries, as this is standard in
mathematics; other references use instead K41,

Fortschr. Phys. 2022, 70, 2200130 2200130 (3 of 20)

www.fp-journal.org

corresponding to the two universes in the decomposition (2.5) of
[X/D,].

A second example studied in [42], and which we will use later,
involves the non-central extension [X /H] orbifold. Here, although
a Z, C H acts trivially, only a Z, subgroup is central, and only
that part corresponds to an invertibly-realized one-form symme-
try. Gauging that BZ, in the form above, from [42] we recall®

Z([X/Z X/7 —1) = +1,
e < (T

(2.14)

2.2. Topological Field Theories

So far we have discussed orbifolds in two-dimensional theo-
ries, in which a subgroup of the gauge group acts trivially. That
trivially-acting subgroup is responsible for the appearance of a
global (d — 1)-form symmetry, implemented by topological point-
like operators.

Now, any theory with such topological point-like operators
should also have a global (d — 1)-form symmetry, possibly real-
ized non-invertibly, and hence decompose. Examples that will
play an important role later in this paper include some topological
field theories. Specifically, unitary topological field theories with
semisimple local operator algebras have multiple dimension-
zero operators, and hence decompose, into disjoint unions of
what are known as invertible field theories, meaning theories
whose Fock spaces are one-dimensional. This was first discussed
in e.g. [6, 7], and the later works(®°! observed that this is a spe-
cial case of decomposition, by virtue of presence of non-invertible
dimension-zero operators.

For example, consider two-dimensional Dijkgraaf-Witten the-
ory for a finite group G. This is a unitary toppological field theory
with a semisimple local operator algebra, which by the criteria
above should decompose, and in fact there is a second way of un-
derstanding it: it is also an orbifold of a point. Specifically, it is of
the form [X/G] where X is a point and the entire orbifold group
G acts trivially, and so it has a decomposition, from our previous
discussion. In particular, this theory decomposes into a disjoint
union of invertible field theories, indexed by irreducible projec-
tive* representations of G (see e.g. [47] for a more general discus-
sion). For example, if G = Z,, and the Dijkgraaf-Witten theory is
untwisted, the theory is equivalent to two invertible field theories
—essentially, trivial field theories defined solely by Euler countert-
erms.

To be clear, not every topological field theory so decomposes.

® For one, the theory must admit a local operator algebra. Chern-
Simons theories in three dimensions, unless noneffectively
gauged as in [43, 48], do not admit such an algebra, and so
do not decompose.

3 In point of fact, the referencel*?] formally tried to discuss gauging the
BZ,. However, the only possible contributions to the partition func-
tion are from z € Z, C Z4, and so gauging a BZ, instead can be ac-
complished by just a factor of 2.

* Projective with respect to the element of H?(G, U(1)) that defines the
twisting of the Dijkgraaf-Witten theory.
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® Evenifthereisalocal operator algebra, we also emphasize that
we only speak of decomposition in unitary cases. For example,
the topological subsector of the A model with target P" for-
mally may be equivalent to a disjoint union; however, the full
quantum field theory with that target does not decompose. As
we are interested in the full quantum field theory, not just a
topological subsector, we emphasize the importance of unitar-

ity.

So far we have discussed orbifolds and topological field the-
ories, but we emphasize that results on decomposition are not
remotely restricted to these families of examples, but in fact have
been studied much more widely in gauge theories.

3. Condensation Defect Projectors

In this section we will construct ‘condensation defect projectors,’
special cases of condensation defects obtained by p-gauging a
(d = 1)-form symmetry. We begin with a short overview of con-
densation defects.

3.1. Overview of Condensation Defects

In this subsection we will briefly review the notion of condensa-
tion defects and p-gauging k-form symmetries, following [10].

Consider a d-dimensional system with an (invertible) k-form
symmetry B*K. Then, p-gauging this symmetry on a codimen-
sion p < k + 1 subspace £ amounts to summing over insertions
of (or, ‘condensing’) the (d — k — 1)-dimensional topological de-
fects, which generate the k-form symmetry, on all (d —k —1)-
cycles of 2. The resulting defect along X is known as a condensa-
tion defect. Formally, if we let (y) denote a symmetry operator of
B*K along a (d — k — 1) cycle y, then for compact T the condensa-
tion defect along X is>[1]

g THTE K O K
) = THSE R o R -

e(y)n(y)-

y€H 1 (Z.K)

(3.1)

In the expression above, €(y) is an analogue of a theta an-
gle for the gauging. In general, when gauging a k-form symme-
try B¥K on a space X, one can add a theta angle, determined
by an element of cohomology of the classifying space for B*K,
namely B(B*K) = B*'K. In the path integral, the correspond-
ing gerbes on X are equivalent to maps ¢ : X — B*'X, so given
€ Hsiin“;X(Bk“K, U(1)), we can associate a phase

/ ¢ € UL). (3.2)
X

For example, if this is an ordinary gauge theory (meaning k = 0),
in which case K need not be abelian, then ordinary theta angles

> The form of the numerical factor follows from the fact that, along X,
one is gauging a (k — p)-form symmetry, and the factors take into ac-
count various levels of gauge transformations, gauge transformations
of gauge transformations, and so forth.) We would like to thank S.-
H. Shao for an explanation of this point.
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can be understood this way. In that case, @ € H¥™X(BK, U(1))
corresponds essentially to a characteristic class, and then the
phase (3.2) is implemented as

exp (iH/TrF/\ A F>, (3.3)
X

in the usual fashion.

In the present case, we are p-gauging a k-form symmetry,
which along the codimension-p defect %, is equivalent to gauging
a (k — p)-form symmetry. As a result, the theta angles are classi-
fied by elements of

d=p [ ph-
Hsm’; (BPHK, U(1)). (3.4)
In principle, one expects that the phases ¢(y) should then be given
by analogues of Chern-Simons forms computed using a form of
descent. For example, if p = k and K is finite, these theta angles
correspond to elements of discrete torsion on X, in

HLP(BK, U(1) = HL? (K, U(1)). (3.5)
(Compare.[15%)) This was utilized in e.g. [10, 11]. However, in
general theta angles will be different, and may, for example, cor-
respond to other modular-invariant-type phases such as momen-
tum/winding lattice shift factors!>*>*l that play an important role
in asymmetric toroidal orbifolds, and also arise from equivariant
structures on tensor field potentials.
In passing, there is a map

Q: HP(B'K, U(1)) — H"'(B"'K, U(1)), (3.6)

the loop space functor discussed in e.g. [43, section 3.3]. In gen-
eral, Q is not an isomorphism. For example, from the universal
coefficients theorem, the fact that B*G = K(G, k), and results in
[55, appendix C], one finds

H* (B*Z,,U(1)) = Z,, (3.7)

sing
which Q maps to H:ing(BZ4, U(1)) = Z,, which is clearly not iso-
morphic. That said, we will see in section 3.2.1 that in the special
case of matching degrees,

H: (B"K, U(1)) = H. (BK U(1)) = Hom(K, U(1).  (3.8)

Just as in an ordinary gauging procedure, which in this lan-
guage would be an instance of 0-gauging, there can be obstruc-
tions in form of anomalies to p-gauging. For example, the ob-
structions to 1-gauging a 1-form symmetries in a 3d theory would
be non-trivial crossing relations between the topological line de-
fects which generate the 1-form symmetry.'% In the following,
we will always assume that such obstructions are absent when
we talk about condensation defects.

When two such codimension p condensation defects collide
along a common worldvolume X, one can compute the fusion
product from the fusion rules of the topological defects #(y) gen-
erating the k-form symmetry that has been p-gauged. In general,
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the result is a non-invertible fusion rule,['’!

SE)x S'(T) = Y cSi(T). (3.9)

In concrete examples, it may also be possible to give a ‘mi-
croscopic’ description of condensation defects, in terms of a La-
grangian field theory on X coupled to the d-dimensional bulk —
an approach that we will utilize in Section 4. In such cases, the
fusion coefficients c; in (3.9) can sometimes be described as topo-
logical field theories.['] However, as also noted implicitly in [11,
footnote 3], sometimes those topological field theory coefficients
are equivalent to numbers, a simple multiplicity. We will discuss
this in greater detail in section 4.

3.2. Condensation Defect Projectors

In this section we will discuss ‘condensation defect projectors,’
which are defined to be the condensation defects arising from p-
gauging a (d — 1)-form symmetry in a d-dimensional quantum
field theory. We will see that the result has a simple univer-
sal form.

In a d-dimensional quantum field theory with a global (d —
1)-form symmetry, the corresponding symmetry generators are
pointlike, and their linear combinations can be used to build pro-
jectors, as we shall discuss shortly. (This is one reason why such
a quantum field theory decomposes into distinct universes, and
gauging the (d — 1)-form symmetry projects onto one of the uni-
verses.)

An important consequence of the existence of these projectors
is that the (d — 1)-form symmetry is 0-gaugeable, i.e., there is no
obstruction to summing over insertions of those pointlike opera-
tors. Therefore, it is also p-gaugeable for any p > 0,[!% which pro-
duces condensation defects associated to submanifolds X of any
dimension (d — p). In fact, along %, the higher gauging is equiva-
lent to gauging a (d — 1) — p = (d — p — 1)-form symmetry, which
undoes the decomposition along . Put another way, this is equiv-
alent to the insertion of a projection operator for one of the uni-
verses of the ambient theory on X. As a result, this is a defect
which is invisible to one universe (the one projected onto), but
appears as an insertion of zero to every other universe. When X
is real codimension one (a domain wall), this is effectively akin
to a bandpass filter.

Now, condensation defects can sometimes be simplified®. For
example, if one p-gauges a global (d — g)-form symmetry, so that
the symmetry generators live on submanifolds of dimension g —
1> 0, and the submanifold X is g-connected, then one expects
that condensation defects S(Z) on X are trivial, as H,_, (, K) = 0.

In the present case, the condensation defects we will construct
(for p-gauging a (d — 1)-form symmetry) will be equivalent to op-
erators on a collection of points, as many points as the number
of connected components of X (with an operator on one point in
each component of ¥), corresponding to elements of H,(Z, K). As
a result, condensation defects corresponding to p-gauged global
(d — 1)-form symmetries will be equivalent to (collections of) lo-
cal projection operators, for any p.

6 We would like to thank Y. Choi for a useful discussion of this fact.

Fortschr. Phys. 2022, 70, 2200130 2200130 (5 of 20)

www.fp-journal.org

Nevertheless, we will find it instructive to quickly step through
the details and perform some consistency tests.

3.2.1. Formal Construction
Formally, to p-gauge a (d — 1)-form symmetry B*"'K along X de-
fines a condensation defect, according to (3.1), of the form

_HSE K HE K -
HE(E, K| [HEr3(E, K)| -

Sr(Z) er(r) p(r),

yEH,(Z.K)=K
(3.10)
where ¢, € K = Hom(K, U(1)) is a theta angle for the symme-

try gauging, corresponding to universe R. It is straightforward to
check that

|22 K THP A K)o (K
|HEr (S, K) [HE(2, K)| - [HE2(E, )]

(3.11)

so as X has dimension d — p, if we assume it is compact and con-
nected, then up to Euler counterterms, we have that

1
Su(®) = g 2 exlr) (). (3.12)

Y€K

Now, let us describe the theta angles ¢ more explicitly. As dis-
cussed previously, theta angles e appearing when p-gauging a
(d — 1)-form symmetry are classified by elements of

d—p ( p(d-1)-p+1 _ pgd-p (pd-p
Hg.r (B K, U(1)) = Hg!(B"PK U(1)). (3.13)
Now, from the universal coefficients theorem and the fact that
B*?K = K(K,d — p) has no homology in nonzero degree less
thand —p,

Hfi;’;(Bd‘pK, U(1)) = Hom(H,_,(B*7K), U(1)), (3.14)
= Hom(K, U(1)), (3.15)

using the Hurewicz theorem to compute
H, ,(B"?K) = H, ,(K(K.d-p)) = =, ,(K(K.d—p)) = K.
(3.16)

See also [56] for further discussion of this result. In any event, we
see that when p-gauging a (d — 1)-form symmetry B* 'K, the pos-
sible theta angles ¢ are classified by elements of Hom(K, U(1)),
for any p.

The operators p(y) are pointlike topological operators that gen-
erate the global (d — 1)-form symmetry in the d-dimensional the-
ory — they are the operators which, in some sense, are responsi-
ble for the decomposition of the theory. Assuming, for simplicity,
that the (d — 1)-form symmetry is realized invertibly with finite
and abelian K, they obey

p(r)p(4) = p(r4) (3.17)

forally, 1 € K.
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The projection onto the universe associated with an irreducible
representation R of K’ is implemented by the local operator®

—1
I, |K| Z )(R ), (3.18)

y€EK

where y; is the character associated to R. The sum corresponds
to gauging B*'K in the full spacetime, which ‘undoes’ the
decomposition.[*?] For example, in a Lagrangian description, the
effect of each p(y) is to twist the theory by a (higher) K-gerbe with
characteristic class y, and summing over those (higher) gerbes
implements the projection, precisely as in [42].

As a result, for the Rth universe, if we identify the theta angle
with the coefficients appearing in (3.18),

ex(r) = xr(r™), (3.19)
then we can write very simply
Sr(E) = Iy, (3:20)

which, as claimed, establishes the condensation defect associated
to irreducible representation R as insertions of the projector op-
erator IT, along the defect X. (In fact, as noted earlier, Si(Z) is
equivalent to an insertion of a local projection operator I, at a
point in each connected component of X.)

For observers in universe R, an insertion of Si(X) anywhere
is effectively invisible. However, correlation functions between
operators in any other universe different from R will vanish if the
defect Si(X) is inserted along any submanifold X, just as inserting
alocal projection operator will annihilate correlation functions in
different universes. (Decomposing theories do not obey cluster
decomposition,'!l and as the condensation defect is topological,
we cannot avoid this conclusion simply by moving the defect =
far away from observables.)

Fusion rules are now easy to compute. In principle, they follow
immediately from the basic property of projectors:

Mg = 601, (3.21)

In this context, we can repeat this directly from the definition of
the defect above. To avoid Euler counterterms, let us work on a
defect = = T2

Then, we compute

Sw(®) X 55(2) = 7 K|2 2 x(r ) xs(A7)p()p(d), (3.22)
y,AEK
|K|2 Z 2s(477) xe(r ™ )P(A), (3.23)

7 The observation that universes are associated with irreducible repre-
sentations of K, and not representations of a higher-form analogue
such as BPK for some p, was discussed in [48, appendix B].

Ultimately this is a consequence of Wedderburn’s theorem in mathe-
matics. In two-dimensional theories, projectors for more general cases
were given in [29, section 2.2]. The fact that universes are associated
with irreducible representations of K, and not a higher-form analogue
such as BPK for some p, was discussed in [48, appendix B].

o
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Z )(R = g5 Sg(Z), (3.24)

A€K

IKI

using the identity (see e.g. [29, appendix B])

Ogrs
2. 1n(ag)x5(g™'h) = 3 xw(ab) (3.25)
geG

1
|Gl
for G a finite group and R, S irreducible representations of G.
This also is exactly as expected from the fact that the condensation
defect Sy(Z) is equivalent to a collection of local operators I, one
at a point of each connected component of X.

3.2.2. Orbifolds ind = 2

Next, to be completely thorough, let us make this more explicit
in two dimensions in a concrete family of examples. Consider an
orbifold [X/T], where

1 K—-T-—->G-—>1 (3.26)

is a central extension of the finite group G by another finite (and
abelian) group K. Assume that K acts trivially on X, so that the
orbifold has a global one-form symmetry, and so decomposes.

Now, let us imagine computing the partition function of a two-
dimensional theory on worldsheet X with a condensation defect
inserted along a line L, corresponding to 1-gauging the global
one-form symmetry BK (with theta angle e, corresponding to
universe R in the decomposition of [X/I']). In principle, the par-
tition function of the orbifold [X/I'] itself is a sum over contribu-
tions from the constituent universes. Inserting a condensation
defect projector along L should project out the contributions from
all but one of those universes, as we shall see explicitly.

In the spirit of [10, section 6], if we break up the worldsheet
¥ into regions to the left and right of the line L, and imagine
orbifolds over each of those regions independently (to the extent
that the global geometry allows), we are led to a partition function
which, for £ = T? for simplicity, has the form

7 (2 L = \
= \K\ZER i —

(3.27)

‘77h17h25r

B |K\ ZER

In effect, we break the T? into a pair of T?’s, joined along L, with
the orbifold partition function of one T? corresponding to a sum
over g, h;, and that of the other T? corresponding to a sum over
g h,, where hy, h, are split at the location of the defect L. Graphi-
cally, if we identify the defect L with an edge of holonomy v, then

? Z gghlhgl

g:h1,h2€T (3.28)
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X/T] :
nf
(b)
X

Vv

1
Ze(z)ﬁ Z “No(2)

g,hel’
gh=hgz| g A

(d)

Figure 1. We illustrate the computation of a T2 correlation function in the orbifold theory [X/T] with one-cycle L wrapped by a condensation defect, as
shown in (a). In (b)-(d) the cycle is shaded gray for visualization purposes, but the only insertions along the cycle are the point operators shown. The
prescription is to insert a projection point operator IT at every vertex point in some sufficiently fine triangulation of L, as in (b). Since L is connected, it
is sufficient to insert IT at a single point, and we can write IT as a sum over twist fields p(z), shown in (c). Finally, to compute these correlation functions
in terms of the parent theory [X], we lift each diagram and sum over all consistent ways of inserting I lines. In the lift, the p(z) operator becomes an
operator ¢ (z) sitting on the end of a z line. We can choose where that line joins the other lines. One choice (where they all meet at a junction of degree
five) is shown in (d) and it is implicit in our lift that the product of lines around the junction should be the identity, giving the requirement gh = hgz

from demanding that both squares close, and that one is twisted
by z € K as in [42] and section 2.1, we have the two conditions

ghyvh' =1, gzhyvh)' =1, (3.29)
and eliminating v implies
ghh' = hih)'gz. (3.30)
(The reader could also reach this conclusion by inspection of the
diagram in (3.27).)

Now, write h = h;h;'. One of those two group elements h,, h,

is now redundant, and summing over its values gemerates a fac-
tor of |I'|. This implies

1 1
Z(%,L) = @Zﬂ%(z) m Z 97|
zeK g,hel’
(3.31)
= Z(=, [[x/T1/BK]), (3:32)
= Z(universe R) (3.33)

using the description of gauged one-form symmetries in orb-
ifolds in [42], as reviewed in section 2.1. An illustration of this
defect and the conclusion above is in Figure 1.
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Thus, we see that, formally, the partition function of the two-
dimensional orbifold [X/I'] with a condensation defect projector
along L is equivalent to the partition function of the BK-gauged
orbifold, which is the same as that of the universe corresponding
to R.

4. Decomposition in Fusion Coefficients

4.1. Formal Discussion

While the coefficients appearing in the fusion rules (3.9) of gen-
eral condensation defects are TFTs, many examples discussed in
[10] end up with coefficients that do have an interpretation as a
simple multiplicity.

The fundamental observation here is that in such examples,
the unitary topological field theories all come with semisimple
local operator algebras. As such, they decompose into disjoint
unions of invertible field theories, as reviewed earlier. For ex-
ample, in fusions of condensation defects of 3d Maxwell theory,
Chern-Simons theory, or discrete gauge theories, the coefficients
¢;in (3.9) are all themselves 2d Z, gauge theories for appropriate
n. Such a theory decomposes into n isomorphic universes,!*’]
and hence, gives n identical copies of S;.

That said, as noted earlier, not every topological field theory de-
composes. In particular, the Chern-Simons theories appearing as
topological-field-theory coefficients in [11] are typically not equiv-
alent to integers.

We should also clarify that even when the topological field
theory decomposes, it still contains slightly more information
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than just an integer, in the form of Euler counterterms. As coun-
terterms, they can be shifted, but for some applications their
canonical values may be pertinent. We give here two examples
of those counterterms.

First, for two-dimensional untwisted Dijkgraaf-Witten theory
for a finite group G, the partition function on a connected Rie-
mann surface of genus g is

. 2-2g

R

where the sum is over (untwisted) irreducible representations R
of G. This form precisely reflects the decomposition: the uni-
verses into which two-dimensional Dijkgraaf-Witten theory de-
composes are indexed by the irreducible representations R, and
one can read off the Euler counterterms in universe R, given by

In (di|r2|R)- (4.2)

Second, consider the G/G model at level k, for G connected
and simply-connected. Here, the partition function equals the di-
mension of the corresponding Chern-Simons Hilbert space (see
e.g. [°®], section 3.4]]), which at genus g is [59, equ’n (3.15)], [60],
[8, equ'n (C.4)]

Z, = (S:)"7" (4.3)

1

where S, is proportional to the quantum dimension of the inte-
grable representation i, and the sum is over integrable represen-
tations of the Kac-Moody algebra at level k.

In the following, we will elaborate on such multiplicities in
examples of condensation defects of three-dimensional theories,
and provide a ‘microscopic’ explanation for the appearance of a
decomposing TFT fusion coefficient. Namely, we will exhibit the
emergence of a one-form symmetry on the worldvolume as two
defects fuse, which can be understood as a cancellation of ob-
structions to have a one-form symmetry on each individual de-
fect.

In examples with Lagrangian descriptions, as discussed in [10,
section 6], the individual condensation defects have a 2d BF-type
worldvolume action,

in / $dA (4.4)
2z Js

As mentioned abve, these 2d Z, gauge theories decompose by
themselves. When coupled to the 3d bulk, the one-form symme-
try is broken; but when bringing two defects close, there is a lin-
ear combination of the two individual one-form symmetries that
is unbroken.

4.2. Fusion Coefficients in Z, Gauge Theories
To illustrate the above story, let us take a closer look at the fusion

process of condensation defects in 3d pure Z, gauge theories,

Fortschr. Phys. 2022, 70, 2200130 2200130 (8 of 20)
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which itself has a BF-type Lagrangian,

20 [ Ada, (4.5)
2z

with A and A two U(1) gauge fields.

Including a single condensation defect S, obtained from 1-
gauging the electric Z, 1-form symmetry on the codimension-1
surface X = {x = 0}, the total system is described by the action
[10, section 6.3.4]:

2i 2i

= ALdAL+ﬁ ApdA, — = DdA, - Ay,
2z x<0 2r x>0 2r x=0 (4 6)
A=A =do.
Naively, the worldvolume term,
_2 DdA, - Ay = _2 / DdA,, (4.7)
2 x=0 2z x=0

describes a 2d Z, gauge theory, and should, by itself, decompose.
Including the background field B € H%(Z, Z,) for the one-form
symmetry responsible for the decomposition, the 2d action takes
the form

% / . ® (2dA; - B), (4.8)

where A; = A, — A,

In general, a 2d BF-theory (4.4) with Z, gauge symmetry has
a Z, 1-form symmetry which is generated by topological point
operators : ¢*? :, where k is an integer and k ~ k + n (see for in-
stance Appendix B of [57]). These operators are topological, i.e. do
not depend on the position of insertion, because the A equation of
motion implies that ¢ is constant (at least locally; on disconnected
spacetimes it can in principle take different values on each com-
ponent). Moreover, in order for the action to be well-defined un-
der large gauge transformations of A, even in the presence of a
boundary, we require n¢ to be in 2zZ. Combined with the 2z pe-
riodicity of ¢, this explains why k ~ k + n, and why we have only
n distinct topological point operators.

However, in contrast to ordinary BF theory, the scalar ® on
the condensation defect is related to the restriction of the bulk
gauge fields A; and Ay, as noted in (4.6). In particular, as gauge
transformations in the bulk must still be allowed,

A ~A +da, Ag~Ap+day, OP~D+a,

(azaL

In the presence of a non-trivial background field B for the 2d
1-form symmetry, such a gauge transformation would lead to a
non-integer shift of the action (4.6), and, thus, to an ambiguity
for the partition function. As the bulk gauge symmetries must
remain intact, this ambiguity poses an obstruction which effec-
tively breaks the 1-form symmetry of the 2d BF-theory, and pre-
vents the condensation defect from decomposing into simpler
pieces. Put another way, in terms of the topological local opera-

. ) (4.9)

=a
x=0 R
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tors : exp(ik®) :, here the coupling to the bulk means that @ is not
gauge-invariant, and so those local operators are not well-defined.
Interestingly, given two condensation defects, each with a BF-
worldvolume theory, there is a partial cancellation between the
obstructions for the 1-form symmetries on each defect, in the
limit where they collide. To see this, we first start with the two
defects separated by distance e,
22—; A dA + 22—1

T Jo<x<e

A dA, + 2 ApdA, (4.10)
2

x>€

x<0
o [ epad -A)-B1- o [ opdd -0 - By,
7T Jx=0 T Jx=e

(4.11)

where for the purpose of illustration, we have added the 1-form
symmetry backgrounds on each defect even though they must be
set to zero for consistency. The gauge symmetries of the system
include the variations

sD, =a,, 00, =a,, OA,=da,,

(4.12)
with = o G=al
At finite €, ; and «, are independent, and each pose the obstruc-
tion to turning on non-vanishing B, ,,. However, as € — 0, we
have the gauge variations 6@, = §®, = a;, so that ® = ¢, — ©,
is gauge invariant. Performing the analogous rearrangement of
(4.10) as in [10], but including the B-fields, we obtain the world-

volume Lagrangian of the fused defect,

i
2z x=0

X [-2(®, — ®,)d(A, — A)) + @, B, + ®,B, + @, (dA, — dA,)].

(4.13)

Now we see that, though generic values of (B;, B,) are still not
allowed, we can correlate the 1-form symmetries of the two indi-
vidual defects prior to fusion, by setting B, = —B, = B, in which
case the worldvolume Lagrangian becomes

—é . [-®[2d(A, — A}) — B+ ®,(dA; — dA)]. (4.14)
Because @ = @, — @, is invariant under any gauge symmetries
of the system, there is no obstruction as above to turning on non-
trivial B.

This is of course just the same conclusion as the observation,
that in the fusion rule,'!

S, xS, =(Z,)S., (4.15)

the coefficient is a 2d Z, gauge theory which does undergo
decomposition, by the existence of a 1-form symmetry on the
worldvolume with background field B. From the discussions of
this subsection, we see that this 1-form symmetry is the (anti-
)diagonal subgroup of the product of two 1-form symmetries
from separate defects, which by themselves are broken, but give
rise to an unbroken one in the limit as the two defects fuse.

Fortschr. Phys. 2022, 70, 2200130 2200130 (9 of 20)
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A similar story applies also to 3d Chern-Simons theory with
level 2N. There, the condensation defects S,, with n|N, con-
structed in [10, section 6.2] also admit a Lagrangian description
that has a BF-type term, namely

in
P / . dp(A, — Ap). (4.16)

However, gauge invariance of the bulk system require the pres-
ence of an additional term,

N[44, (4.17)
2z x=0

which does not admit a 1-form symmetry on the worldvol-
ume {x = 0}. Consequently, there are no ‘simpler’ pieces into
which these condensation defects decompose. However, given
two such condensation defects, an unobstructed 1-form sym-
metry emerges in the limit where these collide, resulting in a
decomposable TFT sector. This is again the fusion coefficient,
S, xS, =Z2,S,, which admits a simple interpretation as a mul-
tiplicity.

4.3. Topological Point Operators in Fusion Coefficients

It is worthwhile to refine the discussion by taking a closer look
at the local, or point operators, on the individual condensation
defects and in their fusion. These can be used to build projection
operators onto the different universes of the decomposition as-
sociated to a global (d — 1)-form symmetry, provided they are not
bound to topological defect lines.

In the 2d BF-theory (4.4), the objects charged under these point
operators are Wilson loops, exp(i¢ ¢ A). When a Wilson line en-
circles one of our topological point operators (TPOs) e*?, it picks
up a phase relative to the configuration where the TPO is out-
side the loop. (For the projection operators, this means that one
projection operator will transform into another when it crosses
a Wilson line, so the Wilson lines have an interpretation as in-
terfaces between different universes.) We can also interpret the
Wilson lines as the topological lines which generate the global Z,,
0-form symmetry, which the 2d theory (4.4) possesses.

Now consider instead a condensation defect obtained by 1-
gauging a 1-form symmetry in a 3d theory. Though the La-
grangian description superficially takes the form of 2d BF theory
coupled to a 3d bulk, the story can change in a subtle, but impor-
tant way. To be concrete, let us consider the condensation defects
in 3d free Maxwell theory.['%! This 3d theory has action

Szng/F/\*F. (4.18)

Since the classical equation of motion is simply d x F = 0, we
can introduce a dual scalar ¢ by (the factor of i comes from the
Euclidean signature)

% * F = do. (4.19)

The Dirac quantization of F implies that 6 ~ ¢ + 2. This theory
has point operators ('t Hooft monopoles) ¢*°. When a € Z, thisis
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a good local operator. When a ¢ Z such operators can still make
sense when they are attached to the endpoint of an electric 1-form
symmetry line exp(‘*;[% fy x F). However, none of these point op-

erators are topological, since do # 0 in general. There are TPOs
in the theory, but they are not free; they only occur at junctions
of topological line operators. For instance, a collection of K elec-
R [ *xF),j=1,...,K, can meet at a
2
topological junction provided that 3} a; € Z.
We can create a condensation defect Sy by 1-gauging a Z, sub-
group of the U(1) electric 1-form symmetry. For the case of a de-
fect on a surface x = 0, we can write an action(!%

Szlz/ FL/\*FL+l2/ Fr A XFp
g x<0 g x>0
+iN

Ve x=0

tric symmetry lines, exp(

$(dA, —dAy). (4.20)

By taking the A; and Ay equations of motion and integrating over
an infinitesimal interval in x around the defect® we learn that

*F|,_,=Ndp = do|,_, = Ndp. (4.23)

ra
The 2d theory on the defect admits monopole operators e*¢. If
Nk, then this is equivalent to a bulk monopole operator and the
operator can leave the defect, but for k not zero modulo N this op-
erator is bound to the defect. However these are not topological,
and we do not have decomposition on the single defect Sy. To get
a TPO we again need a nontrivial junction. We can for instance
have a bulk Z; electric symmetry line exp(;’—;’; [ *F) which ends

on the defect (hooking on to the network of lines from the 1-
gauging), but no free TPOs.

On the other hand, consider the fusion of two such defects
Sy and S,,. We have the possibility of an electric symmetry line
that starts on one defect and ends on the other, connecting topo-
logically to both networks. This will only work if the line is both
Z,, valued and Z, valued. In other words it must have the form
exp(#{;m [ xF) and we have gcd(N, N’) such configurations
in total. In the limit where we take the two defects to be coin-
cident, these become a pair of topological point operators con-
nected by a line along the defect. Shrinking the line and taking
the ends to be coincident produces a TPO which is bound to the
defect but otherwise free. The theory on the fusion project thus
does have a Z, 4 vy 1-form symmetry on the defect, resulting

9 Explicitly we can rewrite (4.20) as

S = / [leL AXFLO(=2) + = Fg A *Fr@(x)
g g

+;—’Z¢(dAL—dAR) A S(x)dx|, (4.21

where ©(x) is the Heaviside function. This results in an equation of
motion for A;

0= 2% FO(-) + 2 % FA6(x)dx + 2Xdgp A 5(x)dx.
g 2z

p (4.22)
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in decomposition. Of course this is just the decomposition of the
TFT coefficient Z,qy v in the fusion

Sy X Sy = (chd(N,N’)) Slcm(N,N’)' (4.24)
We could gauge this 1-form symmetry on the defect, essentially
inserting a projector built out of the TPOs, and project onto a
single Sy defect.

Similar considerations apply in other theories. For instance,
in U(1),5 Chern-Simons theory there is a non-1-anomalous Z
1-form symmetry generated by the Wilson line # := exp(2i [ A),
and for any divisor n of N we can 1-gauge a Z, subgroup gen-
erated by #™, where N = nm, to create a condensation defect S,.
In the bulk theory the only TPOs are at junctions of Wilson lines
exp(ia; [ A) such that a; € Z and 2,4 =0 (mod 2N). Again the
S, defect has no free TPOs on it, and hence no 1-form symme-
try and no decomposition. We can once more look for the pos-
sibility of a bulk symmetry line ending on the defect at a topo-
logical point. In order to attach on to the network of lines from
the 1-gauging, the bulk line must be of the form exp(2ikm /[ A),
i.e. it must be (™) for some integer k. However, now there is
an additional twist relative to the Maxwell case. Since these Wil-
son lines have non-trivial braiding, an #™ line along the defect
can produce a phase if it encircles the point where the bulk line
meets the defect. When we 1-gauge we sum over all such config-
urations and the phases will cancel out unless the meeting point
is invariant (essentially we project onto Z,-invariant bulk lines),
and this will happen if and only if the bulk line has the form #"*
for some integer £. In summary then, the only way for a bulk
line n” to meet the defect topologically is if m|a and n|a, where
N = nm. Now if we want to fuse a pair of defects S, and S, , with
N = nm = n'm/, then there can be a bulk line #* between them if
and only if a is a multiple of n, of m, of n’, and of m’. There will
be g := gcd(n, m, n', m') such configurations in total, generating a
Z, 1-form symmetry on the fusion product (again corresponding
toa Z, TFT coefficient). This matches the results in [10, 61, 62].

5. Proposal for Additional Defects

So far in this paper we have discussed condensation defects. In
this section, we will propose a related set of objects, which are
not, to our knowledge, condensation defects, but which in some
respects seem analogous.

Let us outline our proposed defects formally. Suppose a d-
dimensional quantum field theory has a k-form symmetry, and
restrict to a (d — p)-dimensional submanifold X. (To be clear,
when we speak of restricting to X, we imagine working locally on
¥ X R?, and dimensionally-reducing to £.) If k = d — p — 1, then
the restriction of the theory to X will decompose (as the restric-
tion to X is a (d — p)-dimensional theory with a (d — p — 1)-form
symmetry).

Now, given any quantum field theory in d dimensions,
schematically with action

Sy = /ddxﬁ,
X

we are free to introduce new fields that propagate along a sub-
manifolds ¥ C X. Specifically, in our proposed defects, we intro-

(5.1)
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duce tensor field potentials and couplings along ¥ which gauge
the k-form symmetry on X, giving a total theory with action of the
form

S=5 + é/zdd-wl, (5.2)

where 1/g? is related to the tension of the defect, and £, is the
Lagrangian density for fields along the defect.

Along ¥, the result of this gauging is to project to a subset of the
universes of the decomposition along %, as in [42]. To define the
gauging we pick a theta angle, whose choice determines which
subset is projected onto by the gauging. The resulting theories
define our proposal for a class of defects.

In this section, we will make that proposal explicit in exam-
ples, both for these defects themselves as well as for their fusion
products, computed in a limit in which the defect is massive, to
minimize interactions with bulk fields.

Although the construction will be analogous to a higher gaug-
ing, the result will not be precisely the same as a condensation de-
fect. For example, in a condensation defect along a codimension
p submanifold X, p-gauging a k-form symmetry of the ambient
theory looks, along %, like gauging a (k — p)-form symmetry. By
contrast, in this section we consider gauging a k-form symmetry
along X, not a (k — p)-form symmetry.

Since these defects are not condensation defects, they need not
be topological, for example. Nevertheless, we believe they may
be of interest, so we define them and propose computations of
fusion rules.

5.1. Two-Dimensional Defects in Orbifolds
5.1.1. Construction

Consider a three- or four-dimensional'® orbifold [X/T7], where
1 K—->T-—->G—1, (5.3)

and K acts trivially. Since K acts trivially, the theory has a BK sym-
metry — but not a decomposition, for which we would need a two-
or three-form symmetry, depending upon dimension.

Now, restrict the theory to a 2-submanifold X. The restriction
is a two-dimensional orbifold with a trivially-acting subgroup,
hence again a one-form symmetry, and now, a decomposition.
We can produce an analogue of a condensation defect by gaug-
ing that global one-form symmetry along X, which, following [42]
and as reviewed in section 2.1, selects out a universe (depending
upon the theta angle chosen).

So, for each 2-submanifold X, we now have a collection of de-
fects, one for each universe in the decomposition of the two-
dimensional orbifold [X/T].

Now, let us compute fusion rules. Following [42], the defect is
obtained by gauging a 1-form symmetry BK on a theory on the
two-dimensional space X, which means the path integral

10 The dimension indicated is that of the space on which the quantum
field theory lives, and is not related to the dimension of the target space
X. Also, if X is not flat, then the orbifold theory should be understood
as a low-energy effective field theory, as also discussed in [48].
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® sums over K gerbes, and then,
o for each K gerbe, sums over K-twisted bundles and maps into
X.

In principle, in the path integral of the fusion of two defects along
the same submanifold X, one would like to tensor together the K
gerbes and the K-twisted bundles.

We consider these two issues in turn. First, consider the
gerbes. Since K is abelian, K is a product of cyclic groups, so for
simplicity of presentation, and without loss of generality, let us
suppose that K is cyclic, and imagine computing a fusion prod-
uct of two such defects. Suppose one defect is defined by gauging
BZ,, and the other by gauging BZ,, where both Z,,Z, C K. Let
us first consider the gerbes in the path integral. In the collision,
one has a product of a Z, gerbe and a Z,, gerbe. This product is
a Z,, gerbe, induced from a Z,,,, gerbe. Note that Z,; is not
necessarily a subgroup of K, so we cannot consistently extend
the gerbes on either side to Z,, as the groups are assumed to lie
within K. However, it will always be the case that Z,.,,,y C K,
so we extend the gerbes on either side to Z,,,, gerbes. Doing
that change of variables in the path integral on X x I will leave
the BZ, 4,1 uncoupled.

More formally',

1— chd(p,k) - przk - Zlcm(p,k) -1 (54)
which induces
HY(Z, Z i) = HY(Z, Z7,xX7,) — HY(Z, Ziompry) — 0.(5.5)

For our purposes, this means that the product of Z, and Z,
gerbes can be described as Z,,,, ) C K gerbes, and the mapping
t0 Zjcypy gerbes has, as fiber, Z, 4, 1, gerbes.

Now that we have a picture of how to combine the gerbes, we
turn to the bundles. Unfortunately, if G is not abelian, we do not
know of a well-defined way to tensor two G bundles to get an-
other G bundle. To make sense of this product, we borrow a trick
from OPE computations of anomalies (see e.g. [63, section 19.1]),
where one repairs gauge invariance by connecting two opera-
tors, separated by a finite distance, by a Wilson line. Here, we
extend X to a box, T X I, for I an interval, with the two defects at
either end of the interval, where we shrink the interval to zero
size at the end of the computation. The path integral sums over
isomorphisms between the boundaries. For bundles, this means
the path integral sums over gauge fields in the interior, generat-
ing parallel transporters which explicitly identify boundary fields.
For gerbes, the gerbes on the ends are forced to be isomorphic,
and so we can identify them, following the gcd/lcm prescription
described above.

Let us make this more explicit. To compute a fusion product,
we extend X to a box, £ X [, for I an interval, with the two de-
fects at either end of the interval. After doing the computation,
we then shrink the interval to zero size. For example, if £ = T2,
we consider a box T? x [

N

11" We would like to thank T. Pantev for a discussion of these products.

© 2022 The Authors. Fortschritte der Physik published by Wiley-VCH GmbH

85U801 SUOWILLOD BAITea1D 3|t jdde auy Aq peusrob are saolLe VO ‘@SN Jo Ss|n. 10} ARIqIT8UIUO /8|1 UO (SUORIPUOD-PUR-SWIBH W00 A8 |1 AfeIq 1 Ul |UO//SdNL) SUORIPUOD pUe SWLB | 841 885 *[£202/0T/9z] Uo ARiqiTauljuo A8|im Juswinoog 7 Hedid IWeKsIS Baly Aq 0£T002202 doid/z00T 0T/I0p/wod A8 | 1M Aeiq iUl |uoy//Sdny Wo.y papeoumod ‘TT ‘2202 ‘8L65TZST


http://www.advancedsciencenews.com
http://www.fp-journal.org

ADVANCED
SCIENCE NEWS

Fortschritte
der Physik

Progress
of Physics

www.advancedsciencenews.com

with

glghl’ % 7 by (5.6)

at either end, where we now think of y, 2 € Zy.,,,;, -

Since [ is contractible, these twisted bundles must be isomor-
phic, and the edges parallel to the interval provide parallel trans-
porters relating the holonomies around the edges. In particular,
for this box to be nonzero requires y = z and
g =gy, by =rhy (5.7)
for some y € I (corresponding to the edges parallel to I). To con-
tribute to a twisted sector, consistency requires

gh = hgy gh = hgz (5.8)

and it is straightforward to check that so long as (5.7) holds, and
K is in the center of T, the two conditions (5.8) are equivalent to
one another.

Now, let us assemble these pieces. In a limit of large mass
(e.g- g2 — 0), the partition function for a single defect, gauging
BK, on X = T? is of the form [42, equ’n (6.9)]

!KH ,Z 2 el

z€K gh=hgz (5.9)

where

971 (5.10)

denotes a twisted sector of the I'" orbifold which has been twisted
by a K gerbe with characteristic class z € H2(Z, K) = K, and ¢,(2)
is a theta angle for the gauged one-form symmetry. (The choice of
€, determines which universe, or collection of universes, in the
decomposition is selected by the one-form-symmetry gauging.)

In the same limit, the partition function of the fusion product
of two such defects on X = T?, one with a gauged Z,, the other
with a gauged Z,, is then of the form

ged(p, k )\zm@mrv X 2 Y Yl @

2€ZLicm(p,k) 91h1=h1912 g2h2=h2g2z vET 5

(5.11)
where we sum over g;, h,, g,, h,, ¥y € I' such that

ghi = hgz, & =rgr™, ho=rhy™ (5.12)
(The overall factor of the gcd reflects the uncoupled Z,, 4, ,, gerbe
in the path integral, and the fact that the denominator has a factor
of the order of Z,,,, reflects the fact that the separate Z, and
Z,, gerbes have been replaced by a gerbe of order lem(p, k).) We
shall see in examples that in general this is a rather complicated
combinatorial condition.

In the next several subsections we will work through details of
examples of these computations. We will begin in sections 5.1.2,
5.1.5 with a pair of relatively simple examples, orbifolds in which
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the entire orbifold group acts trivially, closely analogous to ex-
amples in [10]. Our later examples in sections 5.1.3, 5.1.4 discuss
more general cases, involving nonabelian orbifolds in which only
a subgroup acts trivially on the space.

5.1.2. Example: Z, Gauge Theory

Consider the case that the three-dimensional orbifold is [X/Z,]
with the Z, itself acting trivially, closely analogous to examples in
[10, section 6.3] and described earlier in section 4.2. (That said,
we emphasize again that in this section we are gauging a 1-form
symmetry along the defect, not a 0-form symmetry, so this is not
the same as the condensation defects studied there.) This theory
has a BZ, symmetry, and its restriction to a two-dimensional X
therefore decomposes, in this case to two identical copies of a
sigma model on X. If we gauge BZ, along X, then depending
upon the choice of discrete theta angle, we will recover each of
those two sigma models.

As before, suppose that £ = T2, so that in the large tension
limit the partition function for S, (X) is [42, equ'n (6.9)]

]Z ‘22 Z €k(2) 9 2}y

2€L2 gh=hgz (5.13)

Here, however, there are no contributions when z # 1, as all of
the group elements are abelian, and as ¢,(1) = +1 for all k, this
reduces to

Z(SD) = 7 S0 = Z(0.X)
gh=hg

h

(5.14)

for both values of k.
Now, let us compute the fusion product (5.11):

‘Zz \Z2|22 Z Z Z% 2)eg, (2 @

2€Z2 g1thi1=h1g12 g2ha=hagoz yET' ~

(5.15)

where K =T" = Z, in this case. Now, since I' = Z, is abelian, the
equation

gh = hgz (5.16)
can only be solved when z = 1, and also since I' = Z, is abelian,

g =y =g h=rhyT = h, (5.17)
independent of T'. Thus, g, and h, are uniquely determined by g,

and h,, and the sum over y just contributes an overall factor of
IT| = 2. Thus, we find

Ogzry ¥ Y Sl

2€ZLz gthi=h1g1z g2ha=h2g2z v€l' ~
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Dol |

h1

1
= (Q)W Z € +0,(2 =

gishi (5.18)
(2)2(X) (5.19)
forall £, ,, as €,(+1) = +1 and, since the Z, acts trivially,
ol =1
h 1 (5.20)

for all (commuting) pairs g,h € T.

In terms of the fusion product, we interpret the factor of 2 to
mean that two copies of the defect appear. In other words, our two
defects Sy(Z) = S, (%), and if we write S, for either, the partition
function above implies

S,xS, =28, (5.21)

This fusion product for closely analogous defects was also
computed in [10, section 6.3]. There, one single condensation de-
fect S,(X) was discussed, which here appears as a pair of defects
So1(%), and the fusion product computed there [10, equ’n (6.64)]
matches the result above, modulo describing a disjoint union of
two copies of S, as a TFT coupled to S, (as discussed earlier in
section 4.1).

In sections 5.1.3, 5.1.4 we will discuss more general examples
in which a BZ, is gauged in an orbifold with a trivially-acting Z,,
and in those examples, the two defects S, (X) will no longer be
isomorphic, though we will find that they still obey a variation of
the fusion product above.

5.1.3. Example: [X/D,]

Consider an orbifold [X/D,], where D, is the eight-element dihe-
dral group, and the Z, center of D, acts trivially on X. The result-
ing three-dimensional orbifold has a global BZ, symmetry. Let £
be a 2-submanifold, and restrict the orbifold to X. The restriction
to X decomposes:

[X/DJlz = [X/Z,x Z,)l; []1X/2, x Z,)s. s, (5:22)

where the d.t. subscript indicates discrete torsion, as has been
discussed in e.g. [1, section 5.2]. If we gauge the BZ, along X, as
discussed in [42, section 6.2] and reviewed in section 2.1, then
depending upon theta angles, we can get either [X/Z, X Z,] or
X/Z,%x Z,)4, . Let S;(X) denote the Z, X Z, orbifold without dis-
crete torsion, and S, (X) the orbifold with discrete torsion:

So(Z) = [X/Z, X Z)lz, S1(E) = [X/Zy X Z))a s (5.23)

Now, let us consider their fusion products. To be explicit, sup-
pose that £ = T2, Then, in the limit of large mass, the partition
function for a single defect S,(X) is [42, equ'n (6.9)]

1 1

Z = @@Z > el d g

2€Z2 gh=hgz (5.24)
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where

971 (5.25)

denotes a twisted sector of the D, orbifold which has been twisted
by a Z, gerbe with characteristic class z € H*(, Z,) = Z,, and

. +1 z=1lork=0, s 26
z) = z° = .
é(2) -1 z=-1landk=1. ( )

To compute the fusion, let us enumerate twisted sectors. Fol-
lowing the same notation as [1, 42], write

D, = {1,z,a,b,az, bz, ab, ba = abz}, (5.27)

where a? = 1 = 22, b* = z generates the Z, center, which is quo-
tiented to form Z, x Z,. Also, write Z, X Z, = (a, Z), where the
projection of a,az € D, is a € Z, X Z,, and the projection of
b,bz € D,is b € Z, x Z,. To help keep track of computations, let
Adenote all of the D, twisted sectors appearing when z = +1, and
B denote all of the D, twisted sectors appearing for z = —1. As
discussed in [42], for z = +1, the D, twisted sectors correspond
to Z, X Z, twisted sectors that lift to D,, which almost all do, ex-
cept for sectors of the form

aj, ag, Eg.
b ab ab

(5.28)

The set above defines B.
Now, in the large mass limit, the partition function of the fu-
sion product is of the form (5.11), here

1 1
mir s, 5, 5, 5 e T

2€Z2 gith1=h1g1z gaha=hag2z YyE€D4y y

(5.29)

where we have already identified the gerbe characteristic classes
on either end as a single z € H?(T?, Z,) = Z,, and where

g =rgr ' ho=rhy T (5.30)
Counting g;, hy,g,, h,,y € D, such that, for any fixed z € K C

D,,

gh, = hgz, g = rey™", b = yhy™ (5.31)

is a nontrivial combinatorial problem. For example, in the z =1
sector, if we let L and R denote the diagrams on either end of the
box, then

L:1 | R:1 |

(5.32)

are related by any y € D,, since both 1,z commute with every-
thing, but only y € {b, bz, ab, abz} can relate

L: aD, R: azj,

az (5.33)
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Table 1. Listed here are some prototypical examples of twisted sectors L, R
on the boundary of the box, y € D, relating them, Z, X Z, twisted sectors

to which they project, and the total number of (g;, hy, gy, hy, v) € Di of this
form that project to the same Z, X Z, twisted sector, all for the casez = 1.

L R ¥ Zo X Zo sector Total number
Lzl 1, same D, 1 (4)(8)
aaz 4a,  SAme 1,z,a,az al 7 (4)(4)
a g az| none 0
.02 _gqqz 0%4 gzq b, bZ7 Ctb7 abz al g (4) (4)
12 lgaz same 1,z,a,az 1 (4)(4)
1z lgar 12 asa D, Dz ab,abz 1 (4)(4)

Table 2. Listed here are some prototypical examples of twisted sectors L, R
on the boundary of the box, y € D, relating them, Z, X Z, twisted sectors

to which they project, and the total number of (g, hy, g5, h,, v) € Di of this
form that project to the same Z, X Z, twisted sector, all for the case z # 1.

L R o' Zo X Zs sector Total number
aaz pp,  same 1,2 al (4)(2)
a,0z ppy GZ,0 pzh none 0
aazl ppe  aaz pap a,az al p (4)(2)
aazl by, azal by, b,bz,ab,abz al (4)(4)

and there are no y € D, at all that can relate

L: a|:, R a|:.

(5.34)

In Table 1 we have compiled a list of prototypical examples
of L, R boundary configurations, Z, X Z, orbifold twisted sec-
tors to which they project, and a count of the total numer of
(g1, 11,8, by, v) of the form given, for the case z = 1. In Table 2
we have listed analogous examples for the case z # 1.

Briefly, we find that in each case, for each Z, x Z, sector, there
are (4)(8) = 32 sets of (g, hy, g, h,, v) that realize that sector. The
details of how those sectors are implemented by (g;, by, g, h,, 7)
vary considerably between cases, as the tables illustrate.

Now, we can simplify the partition function of the fusion prod-
uct (5.29, following the same analysis as in [42]. First,

@) €,(2) = €rir(2)- (5:35)

From the same reasoning as in [42], when k + £ = 0 mod 2, this
will simply add together the z = 1 and z = —1 sectors, but when
k+ ¢ =1 mod 2, this will have the effect of multiplying some
of the Z, X Z, sectors by discrete torsion (as precisely the z = —1
sectors are the ones that are weighted by signs under Z, x Z,
discrete torsion). Putting this together, we see that

1 1
(2)@WZ > Z%(@w(z)@

2€Z3 grhi=h1g12 g2ha=h2g2z y€Dy ~

271 ([X/Z,%x Z,]) = 2Z(5)(%)) k+£=0 mod 2,
270 (X/Z,%xZ,);,) = 2Z(S,(5)) k+£=1 mod 2,

(5.36)
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where the d.t. subscript indicates that the Z, x Z, orbifold is
computed with discrete torsion.

The factor of 2 should be interpreted to mean that the fusion
product S;(X) X S,(Z), is two copies, either

X/Z,x Z,)ls [ [ 1X/2, x ;)1 (5:37)
or
(X/Z, X Z5)4. |5 H (X/Z, X Z3)as 15 (5.38)

along X, or in other words,

So(Z) X So(Z) = 2 5,(%), (5.39)
So(Z) X S,(Z) = 25,(%), (5.40)
S,(Z) X S,(Z) = 25,(%). (5.41)

These defects arose from gauging a BZ, in an orbifold with
a trivially-acting Z,, closely related to the example discussed in
[10, section 6.3] and our section 5.1.2. There, as was previously
observed in our section 5.1.2, the analogue of the defect that is
labelled “S,” in [10, section 6.3] is here two distinct, albeit iso-
morphic, defects. In this example, the distinction between those
two defects S, (%), S, (X) is much more clear.

The fusion rule obtained in [10, section 6.3] for S, was simply

S,xS, =S, +8,. (5.42)

The fusion rules we have derived above for S ;(X) are therefore
of the expected form, as they refine the fusion rule for S, in sec-
tion 5.1.2, analogous to fusion rules for condensation defects in
[10, section 6.3]. (The reader may find it useful to recall from sec-
tion 4.1 that S, + S, is equivalent to coupling S, to a particular
topological field theory.)

5.1.4. Example: [X/H]

Now, consider the three-dimensional orbifold [X/H], where H is
the eight-element group of unit quaternions, and (i) * Z, C H
acts trivially on X.

This three-dimensional theory has a one-form symmetry, and
its restriction to a two-dimensional submanifold X of spacetime
decomposes, as [1, section 5.4]

x/mlly = XIs [Jx/z,01: []x/2,)15. (5.43)

Because Z, is not in the center, part of that one-form symmetry is
realized non-invertibly, as discussed in [29]. That trivially-acting
Z, contains the Z, center of H, and the BZ, is realized linearly.
Consider gauging that BZ, symmetry along X. Applying a
slight variant!? of the analysis in [42, section 6.3], reviewed in

12 Reference [42, section 6.3] formally considered gauging the BZ,, not
just the Z,. The analysis for BZ, is nearly identical, the only real
change is to replace the 1/|Z,| factor with 1/|Z,|, as only z = +1 con-
tribute to the sum over gerbes. The results of the BZ, gauging are as
indicated above.
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Table 3. Some prototypical examples of twisted sectors on the boundary of
the box defining a fusion product of defects on £ = T2 in [X/H], forz = +1.

www.fp-journal.org

Table 4. Some prototypical examples of twisted sectors on the boundary of
the box defining a fusion product of defects on £ = T2 in [X/H], forz = —1.

(g1, hy) (g2, hy) y Z, sector Number (g1, ) (g2, hy) y Z, sector Number
(1, £1) same all (1,7 (4)(8) (71, %)) same +1, 4 (1,¢) (4)(4)
(1, i) same +1, +i (1 (4)(4) (1, ) (1, ) +i, +k (1,8 (4)(4)
(1, +i) (+1, i) 4, +k a,m (4)(4) (£1, £k) same +1, £k (1) (4)(4)
(i, £1) same +1, +i (1,1) 44 (1, +k) (&1, 7k) +i, &) (1,9 44
(i, £1) (i, £1) & £k (1.7 OI0) (i, ) same =1 (1,8) *@
(i, i) same +1, 40 (8] (4)(4) (i, &) (i, 7)) +i (1,9 4)(2)
(& ) (i ) 4, £k () #4) (i ) (Fi %) 4 (1.9 #@
(), ) same +1, 4 &9 (4)(4) () ) (i, %) *k (1,6) #@)
(), ) %) +i, £k &9 OI0) (i, £k) same £1 (1,8) “@
(2k, k) same £1, +k &9 (44 (i, £k) (i, 7K) +i (1.9) #@2)
(xk, +k) (Fk, Fk) +i, 4 ((5%3)] (4)(4) (i, +k) (Fi, =k) +k (1,9 4)(2)
(<, k) (i, 7k) +j (1,8 010}
(& +k) same +1 (&¢) #@)
section 2.1, by gauging a BZ,, one gets (depending upon the one- (), k) (2 74) 4 &9 4
form theta angle) either (2 +k) (T k) +k &9 #@2)
(5 +k) (T 7h) +i (&9 #)

X/l [T 1x/Z:01; (5.44)

(for e(z=-1) =+1) or

Xly (5.45)

(for e(z = —1) = —1). Denote the two resulting defects by S, (Z):

(2 = X/Z,)ls [[X/Z,)ls Si(5) = Xy (5:40)

In this case, Sy(X) is reducible, though we will not utilize that fact.
Next, let us compute the fusion product of these defects. Take

% = T2, then from (5.11), we have that the partition function of
the fusion is of the form

1 1
OmEry > 2 2 aEaE@ )

2€7Z2 gihi=h1g1z gaha=h2g2z y€H v
(5.47)
where
g =gy hy=rhy (5.48)

As before, counting collections (g, by, g, h,, 7) satisfying the
conditions above for any fixed z is an exercise in combinatorics.
In Tables 3, 4 we have summarized results for some pertinent
cases, and a summary of the sector counting is given in Table 5. In
the tables, & denotes the generator of the effective Z, = H/(i) orb-
ifold.

Now, we can assemble these pieces. From table 5, we see that
the partition function of the fusion product is given by

11
OmEr Y 2 2 2@ T

2€ZLz gthi=h1g12z g2ha=hag2z vEH B

Fortschr. Phys. 2022, 70, 2200130 2200130 (15 of 20)

Table 5. A summary of the counting of twisted sectors appearing in the
fusion product of defects in [X/H] and their relation to Z, orbifold sectors.

Z, sector Num. appearances in z = +1 Num. appearances in z = —1
(1,7) 128 0
(1,¢) 64 64
& 64 64
& ¢) 64 64

4Z5(1X/2,)) =2Z(S4(5)) ¢, +¢,=0 mod 2, 5 49
2Zp(X) = 2Z(S,(5) 4 +¢,=1 mod 2. 6-4)

Put more simply, this implies the fusion rules
So(Z) X So(Z) = 2 5,(%), (5.50)
So(Z) X S, () = 25,(%), (5.51)
S,(Z) X S, (Z) = 25,(5), (5.52)

of the form expected from results in sections 5.1.2, 5.1.3, and
similar to results for analogous condensation defects in [10, sec-
tion 6.3].

5.1.5. Example: Z,, Gauge Theory

Let us now consider the case that the three-dimensional orbifold
is [X/z,] with all of the Z,, acting trivially, as in [10, section 6.4].
This theory has a BZ, symmetry, and its restriction to a two-
dimensional X therefore decomposes, in this case to p identical
copies of a sigma model on X. If we gauge BZ, along %, for n a
divisor of p, then depending upon the choice of one-form theta
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angle, we will recover subsets of that collection of sigma mod-
els, consisting of sums of p/n copies of sigma models on X. We
will denote those defects S, ,, ,(X), where n divides p (correspond-
ing to the gauged BZ,) and k € {0, ..., n — 1}, indexing the vari-
ous copies.

As before, suppose that £ = T?, so that in the large tension
limit the partition function for S, ,(Z) is [42, equ'n (6.9)]

28 = G 2 D il

ZGZ gh=hgz
(5.53)

Here, as Z, is abelian, there are no contributions when z # 1,

and as ek(+pl) = +1 for all k, this reduces to

1 1
Ziiz 2 L =

Pl gh=hg

Z (Spn(X)) = (p/n)Z(%, X)

(5.54)

for all values of k, corresponding to p/n copies of a sigma model
on X. In particular, this suggests that

S, (5 =S

i (D) = "Xy (5.55)

foralli,j € {0,...,n — 1}. Since the result is independent of the
last index, we will sometimes write each of these defects as
S,x(Z), omitting the last index.

Now, let us compute the fusion product, when one defect has
a gauged BZ,, and the other a gauged BZ,,. From (5.11), the par-

tition function of the fusion product is

ged(n,n')

1
\ZTW\ZPV Z XY Xl

2€ e nny J1h1=h1017 g2ha=hagaz YELy

SN

5
(5.56)
In this case, since I is abelian, the only solutions of

gh = hgz (5.57)

requirez=1,andase,(z=1) =
thermore, since I is abelian,

+1, the € factors drop out. Fur-

g = =g ho=rhyTi=hy, (5-58)
so we see that g,, h, are uniquely determined by g;, h,, and the
sum over y merely contributes an overall factor of |T'| = |Z,|.
Putting this together, we find

e S YRP VE M ML CECIN

) g1hi=hi1g1z goha=hagaz YEZp Y

1 1

|Zlcnl(n,n’)‘ @ Z} . g 7
g1,h1 (5.59)

= ged(n,n')

Fortschr. Phys. 2022, 70, 2200130 2200130 (16 of 20)
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|Zy|
— P72, X
|Zlcm nn) ( )

1j ged 71n)|Zl ]

= gecd(n,n')

(5.60)

The computation above suggests that the fusion product is

S, . XS

o o = @(P)gcd(n,n')/lcm(n,n’)X|Z’ (5.61)

which can be rewritten in terms of the S, , for various m depend

ing upon p, n, n'. The reader should note that since n and n’ both

divide p, the ratio
gcd(n, ')

lem(n, ') (-62)

is a positive integer.

Now, let us compare to the results for analogous condensation
defects in [10, section 6.4], which also considered Z, gauge the-
ories in three dimensions, for p prime. The defects above corre-
spond, in the language of [10, section 6.4], to gauging a single
cyclic factor, hence their m = co. If we take p to be prime and
n=n' = p, so that, for example,

Spn®) =5,,(2) = X, (5.63)

then our result (5.61) reduces to

SZLM ><54°°> = pX|y = pSZLm), (5.64)

in the notation of [10, section 6.4], which matches the perti-
nent piece of [10, equ'n (6.70)], after taking into account the re-
lation between topological field theory factors and multiplicities
explained in section 4.1.

To be clear, our analysis is somewhat orthogonal to that of [10,
section 6.4], both because the defects here are not, so far as we are
aware, condensation defects, and also because [10, section 6.4]
considers more general gaugings (and hence more general de-
fects) for the case of p prime than we have considered here.

5.2. Three-Dimensional Defects in Orbifolds by 2-Groups

In this section we discuss three-dimensional defects, in higher-
dimensional orbifolds by 2-groups. We begin with an overview
of three-dimensional orbifolds by 2-groups, their decomposition,
as well as previously unpublished results on gauging global two-
form symmetries in such theories, then we turn to a study of
defects specifically.

5.2.1. Orbifolds by 2-Groups in Three Dimensions

Decomposition in three-dimensional orbifolds by 2-groups
was discussed in [48]. Specifically, that work discussed three-
dimensional orbifolds [X/I] where I" is a two-group extension
of an ordinary finite group G by a trivially-acting one-form group
BK:

1—-BK—-T—G— 1 (5.65)

Since the gauged BK acts trivially, the theory has a global 2-
form symmetry, and hence decomposes. Specifically, it was
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argued that

QFT((x/T1) = J[QFT((X/Gl,w)) (5.66)

pER

where w € H?(G, K) corresponds to the extension class of (5.65),
p(w) € H*(G, K) is the composition of p € K with the extension
class w, and the orbifold [X/G] is twisted by a three-dimensional
analogue of discrete torsion, as in e.g. [51, 52].

If the three-manifold Y = T3, then the partition function of
[X/T)is [48, equ'n (4.18)]

ET K 1
Zo (X)) = i, 1) T, O

x ¥ Xz

21,2),23€K 81,88, €G

Y Xz

21,2),23€K 81,8,,8,€G

(81,8 83)

.8 5.67
|K|2|G| (81,8 83) ( )

where the prime (/) indicates that the sum over elements of G is
restricted to those such that

€y(81,8:,83) = L, (5.68)

reflecting the fact that not all G bundles appear as images of T
orbifolds, as discussed in [48]. For Y = T3,

(81, 8,,83) ©(83, 81, 8:) ©(8, 83, 81)
(81, 83, 8) ©(83, 8, &) ©(8 81, 83)

€y_13(81, 8. 83) = (5.69)

where w € H*(G, K) is the class of the extension (5.65). Project-
ing to G bundles of that form is equivalent to working with a sum
over universes, and it was argued in [48] that

2o (X/T) = Y Zp ([X/G]E )) (5.70)

peK

reflecting the decomposition (5.66).

Just as in the case of decomposing two-dimensional theories
discussed in [42], where one gauges the global one-form sym-
metry to recover individual universes, in principle in a decom-
posing three-dimensional theory one should be able to gauge the
global two-form symmetry to recover individual universes. In this
section we will review results on decomposition in such three-
dimensional orbifolds, and also suggest a concrete mechanism
to gauge the global two-form symmetry so as to recover individ-
ual universes in the decomposition, results we shall be utilizing
later in this paper.

Let us describe the partition function of such a gauging explic-
itly. In general terms, the partition function of [[X/[']/B?K] on a
three-manifold Y should have the form

Zy([(x/T1/B*K])
- L
= K| yg;y,x) er(r)

x{sum over y-twisted I" bundles and maps into X}, (5.71)

Fortschr. Phys. 2022, 70, 2200130 2200130 (17 of 20)
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where e (y) is the gauged two-form theta angle associated with
R € K that determines which universe will be selected.

Itis natural to conjecture that a y-twisted " bundle on Y defines
a G bundle on Y obeying the constraint

ev(P) = 7, (5.72)

and we will see that this correctly selects out universes when
gauging B*K in a three-dimensional theory.

Utilizing the conjecture above, our general formula (5.71) for
the partition function of a B*K gauged 2-group orbifold [X /'] on
the three-manifold Y = T? takes the form

Zy(|(x/T1/B*K])

1 1
= 2 0| g X X

rE€H3(YK) z13€K g1 3€Gey=y

Z(g1,88) |

(5.73)

where the sum in G is over commuting triples of elements of G
(such that ey (g, g,, 85) = 7)-

Let us check this in some simple examples. First, from [48,
section 4.3], consider the case G = Z, = K, so that

1—-BZ, -T—-27 — 1 (5.74)

As noted in [48, section 4.3], there is a nontrivial extension of
this form, which we take. For that extension, it was argued in [48,
section 4.3] that the theory decomposes as

QFT(1x/1) = [JQFT(X/G), (5.75)

pGK

all universes with trivial discrete torsion.
Now, we consider partition functions on Y = T°. As noted in
[48, section 4.3], for all G bundles on Y = T? (meaning, commut-

ing triples (g,,g,,8;) € G*),
€v(g1,88) = L, (5.76)

regardless of the extension class w. As a result, there is no con-
straint on G bundles appearing in the partition function of [X /]
on T3, and the orbifolds [X/G] appearing in the decomposition
do not have any discrete torsion. Explicitly, the partition function
of [X/T]on Y = T® was given by

_ 1
Zn (X/T) = Txorg YD Zgg) (5.77)
21,23,23€K 81,82,.83€G
|K]
== Y Z(g.88) (5.78)
|G| 81:82:83
= zp|[Jix/G1| (5.79)
pek

consistent with the decomposition of [X/T]
Next, we consider gauging the global B?K symmetry of this
theory. From the prescription we outlined above, the partition
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function on Y = T? is given by

Zps ([[X/T1/B*K])

1
=K Z €r(y)
yeH3 (T3, K)=K

<|K|2|G| Z Z Z(gugz,gg)). (5.80)
21,2,23€K g1,8,.83€G.ey=y

Since €y(g;,g,,8;) = v only has solutions in the case y = 1, we
see that the only contributions to the path integral arise from
y = 1, hence

Zps ([[X/T/B*K])

1 Z Z >
- Z(81,8:-83) (5:81)
|K| < IKI |G| 21.22,23€K g1.8,.83€G

= % Y Zigge) (5.82)
£1.82.83€G
= ZTz([X/G]), (5.83)

where we have used the fact that the theta angle e,(+1) = 1.
Thus, we see that the partition function of the B?K-gauged theory
matches that of the orbifold [X/G] for all €. This is consistent
with the original decomposition: all universes are identical,
copies of [X/G], so we see that, trivially, for each R € K, we have
recovered the corresponding universe of the decomposition.

Next, we consider a less trivial case. Specifically, consider the
case G = (Z,)*, K = Z,, with extension

1—- Bz, - T — (Z,)) = 1 (5.84)

of extension class w, € H*(G, K), as discussed in [48, section 4.4].
In this case, the decomposition is nontrivial:

QFT([X/T]) = QFT(X/G)) || QFT(1X/Gls.). (5.85)

where the second copy of [X/G] has nontrivial discrete torsion.
The partition function of [X/[] on Y = T? takes the form

DI

21,27,23€K 81,87,.83€G ey =1

Zy_13 ([X/F]) Z(8,8,8)- (5-86)

|K]? IGI

In this case, the constraint ey(P) = 1 on G bundles arising as T’
bundles is nontrivial for Y = T?, and as discussed in [48, sec-
tion 4.4],

Zyps ((X/TY) = % Y Zess) (5.87)
81-3€Gey=
= Zn(1x/61 [T 1X/6 ). (5:88)

Next, we gauge the B’K action on the theory above. From the
general prescription (5.73),

Fortschr. Phys. 2022, 70, 2200130 2200130 (18 of 20)
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Zy_ps ([[X/T1/B*K])
1
== €x(y)
K] yeH3(§‘,K)=K §

(it 2. 3

21,23,23€K 81,8,,.83€G.ey=y

i K]
=Tk (+1)<|G| z

81-3€G,ey=+1

Z(gl,gz,g3)>, (5.89)

Z(glrgzrg3)>

1 IK]|
+ meR(—1)<ﬁ gGZ Z(gl,gz,gs)) (5.90)
In the case that eg(—1) = +1,
Zen(X/MYBK) = = Y Zle68) (5:9)
| l 81.82.83€G

= Zy_n([X/G)), (5.92)
consistent with
QFT([[X/T1/B’K]) = QFT(X/G]), (5.93)

recovering one of the two universes of the decomposition (5.85).
In the case that ex(—1) = -1,

ZY=T3([[X/r]/BZK]) = L 2 €y(81, 8 8)2(81, 8 8),

Gl 81.828€G

(5.94)

= Zy_p([X/Gla.. ). (5.95)

where €y (g;, g, g;) represents the phase arising from discrete tor-
sion in this context®*? (which is a minus sign on the sectors
which were excluded in the original T orbifold), consistent with
QFT([[X/T1/B*K]) = QFT([X/Gla,). (5.96)
In this case, we recover the other universe of the decomposi-
tion (5.85), as expected.

5.2.2. Defects

In this section we will consider a three-dimensional defect in a
four-dimensional low-energy effective orbifold [X /T] by a 2-group
I

1—-BK—->T—>G—1, (5.97)

where BK acts trivially, and the extension is classified by w €
H3(G, K), as in [48] and as reviewed in section 5.2.1.

Because the BK acts trivially, the resulting theory has a global
two-form symmetry. In a four-dimensional theory, this would not
result in a decomposition, but in a three-dimensional theory, as
along a defect Y, it does.
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Restrict the four-dimensional theory above to a three-
dimensional submanifold Y of spacetime, the location of the de-
fect. The restriction of the four-dimensinoal theory to Y is a the-
ory with a global two-form symmetry, and so decomposes. We
will product an analogue of a condensation defect by gauging that
global two-form symmetry, as reviewed in section 5.2.1, which se-
lects out a universe (depending upon the theta angle chosen).

So, for each three-dimensional submanifold Y, we now have a
collection of defects, one for each universe in the decomposition
of a three-dimensional orbifold [X/T7.

Now, let us consider fusion rules. Following section 5.2.1, the
defect s obtained by gauging a 2-form symmetry B2K on a theory
on the three-dimensional space Y, which means the path inte-
gral

® sums over K 2-gerbes, and then,
e for each K 2-gerbe, sums over 2-gerbe twisted [-bundles and
maps into X.

In principle, just as in the two-dimensional case, in the path in-
tegral of the fusion of the two defects along the same submani-
fold Y, one would like to tensor together the K 2-gerbes and the
twisted I-bundles, for which one runs into analogues of the same
issues encountered in two-dimensional examples previously.

First, let us discuss tensoring the 2-gerbes. Our analysis here
is very similar to that in the two-dimensional orbifold examples
earlier, and we shall closely follow the same pattern. Since K is
abelian, it suffices to assume that K is cyclic. Suppose one defect
is defined by gauging B*Z,, and the other by gauging B*Z,, where
both Z,, Z, C K. Formally, the product of these 2-gerbes maps to
a Z,, 2-gerbe; however, that overcounts physical degrees of free-
dom, as a common Z,, ; 2-gerbe can be eliminated through a
change of variables. Proceeding in a fashion closely analogous to
the two-dimensional case, the relation (5.4) induces

HY, Zyapy) = H(VZ,XZ) — H(Y, Zigyp) — O

(5.98)

Put more simply, this means that the product of Z, and Z, 2-
gerbes can be described as Z,,,,y C K 2-gerbes, and the map-
ping to Zy.,, 2-gerbes has, as fiber, Z,, 4, ;) 2-gerbes.

Next, we turn to the I' bundles. As in the case of two-
dimensional orbifolds, we do not know of a way to simply tensor
together the bundles in general. However, as in our previous dis-
cussion, we can instead borrow a trick from OPE computations
of anomalies, and compute the fusion products by replacing Y
with a box Y x I, with the defects at either boundary. As before,
since I is contractible, the path integral sums over isomorphisms
between the data at each boundary.

Assembling these pieces, and using results for partition func-
tions for T" orbifolds and B?K orbifolds thereof, we find that in
a large mass limit, the partition function of the fusion product
of one defect obtained by gauging B*Z, and another obtained by
gauging B’Z, on Y = T° is

ged(p, k) IK|*
GI?

DI

|Zlcm(p>k)| keH3 (Y,Z)n) | g1_3€G,ey=k hy_3€G,ey=k
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XY e (K)e, () Z(gis s k) |, (5.99)
yeG
where
gg = gg, hh = hh, g = rhy™, (5.100)
and
€y(81,82.83) = k = ey(hy, by, hy). (5.101)

Suppose for example that G is abelian, then y effectively de-
couples as g, = h;, and the partition function above reduces to

cd(p, k K|?
ged(p, k) %Icl Z

|Z I | 6‘f’]"'bﬂz (k) Z(gl—S’ k) ’
lem(p.i)! kem3 (v,2,.,,)

= (ged(p, b)) IKIZy ([[X/T1l v/ B* Zimppy] ) -

81-3€G.ey=k
(5.102)

For example, if G = (Z,)3, K = Z,, and p = k = 2, then denot-
ing the #th defect by S,(Y), and assuming we did not drop any
factors, this becomes

S (T) X Sy (T°) = Z,| Sty1r, moa o(T), (5-103)

= (9S/,10, moao(T°)- (5-104)
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