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Abstract

Symmetry is one of the crucial tools in the non-perturbative analysis in quantum field theory. In the last
decade, generalized symmetry, which considers topological defects as symmetries, has been actively studied.
One of the generalizations of the symmetry is the non-invertible symmetry described by topological defects
without group structure. Non-invertible symmetry has been actively studied in two dimensions, but the theory
in higher dimensions has been less well understood than in two dimensions due to a lack of concrete examples.
In particular, 3-dimensional non-invertible symmetry defects had not been found in 4-dimensional theories.
We consider a 4-dimensional Z, pure lattice gauge theory to construct 3-dimensional non-invertible defects.
The theory has 1-form Z, global symmetry and Kramers-Wannier-Wegner (KWW) duality. We construct
3-dimensional topological defects on the 4-dimensional lattice gauge theory by applying the Aasen-Mong-
Fendley approach, which constructs a non-invertible topological defect from the duality in the 2-dimensional
Ising model. We show that these defects are non-invertible. We also construct 2-dimensional topological
defects corresponding to the 1-form Z, global symmetry and a topological junction connecting the non-
invertible symmetry and the 1-form symmetry. We determined the relationship between defects with different
topologies and the expectation value of the non-invertible symmetry defects in several configurations.

We also consider theories with boundaries and in particular define three types of boundary conditions in
our setup. We considered the conditions for the non-invertible symmetry to have edges on those boundaries.
We then find edges of non-invertible defects that can be moved topologically on the boundary. The boundary
conditions change on both sides of the edge of the topological defect. We obtained ratios between partition
functions with different boundary conditions by topologically deforming the non-invertible defects ending
on the boundary. This result provides a restriction on the renormalization group flow.
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Chapter 1

Introduction

Symmetry is an essential tool in the non-perturbative analysis of quantum field theory and plays a central
role in understanding phenomena such as anomalies and spontaneous symmetry breaking. In particular, non-
perturbative analysis based on the ’t Hooft anomaly, an obstruction in the gauging of the global symmetry,
has been actively studied in recent years.

In the past decade, the notion of topological defects as generalized symmetries [ 1] has been actively stud-
ied. A topological defect is defined on a nonlocal surface and refers to an operator that can change its shape
topologically without affecting its expectation value. According to generalized symmetry, conventional or-
dinary symmetry is expressed as an invertible topological defect defined on (d — 1)-dimensions when the
dimension of spacetime is d. Those defects then act on the charged operators according to their symmetry
transformations. Invertibility implies the existence of a topological defect that produces the inverse transfor-
mation. Furthermore, in higher-form symmetry, topological defects defined on a surface of dimension lower
than (d — 1) are considered as symmetries. In non-invertible symmetry, topological defects without invert-
ible transformations are also treated as symmetries. Other examples of generalized symmetries are higher
group symmetries that are algebraic by combining higher-form symmetries of different orders, and subsys-
tem symmetries such that they are topological only in a particular direction in spacetime. These notions of
generalized symmetries, coupled with analyses provide a deeper understanding of field theory.

This paper focuses specifically on non-invertible symmetry. Although non-invertible symmetry is a re-
cently named concept based on the notion of generalized symmetry, the study of non-invertible topological
operators has existed in the background for some time. In particular, there had been extensive research on
the 2-dimensional theory[2-23]. However, at the time we started our research, there were few concrete ex-
amples and applications in higher dimensions [24—33], and in particular, non-invertible symmetry defined
on a 3-dimensional surface in 4-dimensional spacetime was considered an open question, whether it even
existed.

We focused on duality as the key to finding non-invertible symmetries defined on 3-dimensional surfaces
in 4 dimensions. A duality means that there is more than one theory describing one phenomenon. When
there is a duality relationship with oneself, such duality is called self duality. When there is duality, we
can obtain physical quantities in two different calculations according to each theory, and those calculations
give the same quantity. Therefore, we expect the existence of topological defects corresponding to duality
transformations that change these descriptions. And if the duality is self-dual, then the topological defect
can be regarded as a topological defect defined on one theory. Moreover, since this defect is placed at the
boundary between dual theories, it is defined on a 3-dimensional surface in 4-dimensional spacetime. In
fact, in the 2-dimensional Ising model, a non-invertible topological defect was constructed by Aasen-Mong-
Fendley (AMF) [34, 35] based on Kramers-Wannier (KW) duality [36, 37]. Therefore, we have turned our
attention to the 4-dimensional Z, pure lattice gauge theory[38]. In this model, there exists Kramers-Wannier-
Wegner (KWW) duality [39], which is generalization of the KW duality. We applied the AMF approach [34]



to this theory and actually constructed a topological defect. And we proved that the defects are non-invertible
defects[40]. This KWW duality defect is the first concrete example of a 3-dimensional non-invertible defect
in 4-dimensional spacetime.

KW duality and its generalization, KWW duality, are dualities associated with gauging global symmetry.
And now those duality defects are understood as one of the topological defects that arise when gauging a
part of spacetime on a self-dual theory[41, 42]. Another way to produce non-invertible symmetries has
been found to gauge higher-form symmetries only on a surface, rather than on the whole of spacetime [43].
These methods have led to the discovery of many non-invertible symmetries of higher dimensions, and their
applications as well as methods for finding symmetries are now being actively discussed [41-57]. Lecture
notes and reviews on generalized symmetry include the following [58—67].

In this thesis, we describe our work [68] as one of the applications of non-invertible symmetry in higher
dimensions. We restrict the renormalization group flow by using duality defects. It is known that in 2-
dimensional conformal field theory (CFT), the conformal anomaly decreases monotonically along the renor-
malization group flow. The property is called the c-theorem [69]. A similar statement is known as the
a-theorem in four dimensions[70-73]. A similar statement is also expected in conformal field theories with
boundary [74—77]; The hemisphere partition function with a given conformal boundary condition is mono-
tonically decreasing in two and three dimensions and monotonically increasing in four dimensions along the
renormalization group flow. This statement is proved in two [78, 79], three [80], and four dimensions [81].

Since duality defects are three-dimensional defects, their edge is the interface between two boundary
conditions. We construct an edge that can move topologically on the boundary. We then show that the duality
defect can be replaced by a c-number if no operator is inserted in the S> region bounded by the spacetime
boundary and the bulk duality defect with a topology of D?, respectively. The boundary condition after the
transformation is the boundary condition that originally extended outside of S3. With this we obtained the
ratio between the hemisphere partition functions of the 4-dimensional Z; lattice gauge theory with different
boundary conditions. From this result and the g-theorem, we restrict the renormalization group flow.

In chapter 2, we begin with a discussion of ordinary symmetry and introduce the concept of generalized
symmetry. In chapter 3, we consider the 2-dimensional Ising model and confirm that invertible topological
defects can be constructed by the AMF approach. In chapter 4, we construct non-invertible topological de-
fects based on KWW duality in 4-dimensional Z, pure lattice gauge theory. We also construct topological
defects corresponding to 1-form symmetry and study their algebraic structure. In chapter 5, we consider
topological connections of KWW duality defects to the boundary of spacetime. Using KWW duality de-
fects with edges at the boundary, we compute the ratio between hemisphere partition functions for different
boundary conditions. Using the results, we impose restrictions on the renormalization group flow.

This thesis is based on the following works [40, 68].



Chapter 2

Symmetry and Topological defect

The goal of this chapter is to rewrite and extend the notion of symmetry in terms of topological defects. In
particular, we investigate higher-form symmetries as a generalization of symmetries.

2.1 Ordinary symmetry

In this section, we discuss the usual symmetries. First, we derive the Ward-Takahashi identity(WT identity) of
the continuous symmetry. Then we check the local action of the symmetry. Next, we introduce topological
defects called symmetry defects in order to apply the local action to more general symmetries, including
discrete symmetries. We also confirm that these symmetry defects can be understood as the configuration of
flat background gauge fields.

2.1.1 Review of ordinary continuous symmetry

We treat a d-dimensional Euclidean theory. The coordinates are (xl, coexd-l xd = 7), where the 7 is

imaginary time. Let ¢(x) be a field and the Lagrangian density of the theory be L(¢,d¢). The action is
denoted by

S[¢] = / dxL(¢,09). 2.1.1)

We often state that the theory has symmetry when the action is invariant under field transformations ¢ — ¢’.
When the theory has continuous symmetry with group G, we can find conserved currents. We consider
a continuous symmetry and an infinitesimal global symmetry transformation

$(x) = ¢'(x) = ¢(x) + €6 (x), (2.1.2)

where € is an infinitesimal constant parameter. Then the variation of the Lagrangian 6 L = L(¢’,d¢") —
L (¢, 0¢) can be expressed by total derivative because the action is invariant under symmetry transformation,

0L = €d, K" (x). (2.1.3)
Next, we promote the parameter € of the transformation from constant to coordinate-dependent,

$(x) = ¢'(x) = ¢(x) + €(x)d¢(x). (2.1.4)



This transformation is no longer a global transformation, and the action changes under the transformation.
the variation of the action is

08 = S[¢’] - S[4]

= / dxe(x)d " (x) "=~ 0L 5¢(x) + KH(x)|. (2.1.5)

00,4

This variation is generally nonzero. However, if the configuration of the field ¢ (x) satisfies the equation of
motion (EOM), the action is invariant under arbitrary variations. And since the parameter €(x) is an arbitrary
function, we obtain the following conservation law,

8,j*(x) =0 (EOM). (2.1.6)

This conserved current j#(x) is called the Noether current.
We obtain a conserved charge Q(X;) from this current.

0(X;) =i / d gl (x x ). 2.1.7)
A

where the X, is the time-constant surface at time 7. We have defined the dth component of the euclidean
current j¢ = ij°, where the j is the zeroth component of the Lorentzian current. this definition (2.1.7)
consistent with the usual definition in Lorentzian formalism. Q (%) is conserved under time translation,

iQ(ZT) =0. (2.1.8)
dr

We can use this current to consider local actions of the symmetry on the field. To confirm this, let us
derive the Ward-Takahashi identity (W T-identity) in path-integral formalism. Let Z be the partition function
of the theory and define the correlation function of a generic product of fields - - - as

<...>z%/1)¢~--e—5[¢1. (2.1.9)

We consider a n-point function of the field ¢ and transform it as follows.
1
(d(x1) - d(xp)) = E/ Dop(xy) - ..¢(xn)e—S[¢>]
- % / D'’ (x1) -+ ¢’ (xn)e 51
= %f D(b{g (p(xi) + 65¢(xi))} (1-68)eS19] (2.1.10)

In the second equality, the variables are redefined from the field¢(x) to the ¢’(x) = ¢(x) + e(x)dp(x).
The third equality, we assumes that the measure is invariant D¢ = D¢’. Using Eq.(2.1.5), we obtain the
following equation.

/ ddye(w{(aﬂj”(y)qs(xl) e g(an)) = > 69 - y) (Blx1) -+ Sp(x;) - ¢(xn)>} =0.  (2.1.1D)
i=1

Since €(x) is an arbitrary function, we can conclude that the contents of braces are zero. Thus we obtain the
WT identity.

(0" () (x1) - (xn)) = Zéd(xi =) (P(x1) - 6¢(x;) - - - p(xn)) (2.1.12)
i=1



When y # x1,-- -, xp, the right-hand side of the above equation is zero, so the conservation law d,, j# = 0
holds in any correlation function. When y = x; (i = 1,---, N), the right-hand side has a contact term
proportional to §¢(x;). The WT identity indicates how symmetry transformations act locally.

Let us show how the symmetry transformation acts locally in terms of the conserved charge and the
unitary operators. First, we redefine conserved charges on curved surface by

Q(M)=—i/MdSﬂj"(x). (2.1.13)

Given that M = X, this definition is consistent with the usual definition (2.1.7). This defects are topological.
In other words, its value does not change even if the supported surface M is continuously deformed into other
surfaces M’. We can prove this using conservation laws.

o) - o) =i [ s,
MuUM’
= —i/ dxd, j*(x) = 0. (2.1.14)
D

We denote by M the inverse oriented surface of the oriented surface M. The D is the d-dimensional space
with boundary dD = M U M’. We also define the unitary operator U, (M) on the surface with a appropriate
parameter « as follows,

Uy(M) = ' CM) - (g=¢'" € G,G : group). (2.1.15)

The unitary defects are topological too.

Consider the WT identity with one inserted field. Integrating the WT identity over a region D with
boundary dD = M where only ¢(x;) is inserted , we can describe how the symmetry transformation acts
locally, in terms of the conserved charge Q (M).

QU8 ) = [ dly6?(x =) G0+
D
= (0p(x1) ). (2.1.16)
It is represented as in Figure 2.1. This shows that conserved charge defects only act on the fields existing

#(x2) 0(M) #(x2)

— Sp(x1)

¢(x3) ¢(x3)

Figure 2.1: Tllustration of the partial action of a conserved charge Q(M). The blue line represents the
conserved charge Q (M) defined on a (d — 1)-dimensional surface M. Only the field ¢(x;) is inserted in
the interior region of the surface M, and the conserved charge Q (M) acts only on ¢(xy).

inside the defects.

Conserved charges cause infinitesimal transformations. Finite transformations can be described by uni-
tary operators. Let G be the group structure of the symmetry. Then, by a transformation with respect to the
element g € G, we assume that the field transforms ¢(x) — @9 (x). Finite transformations can be reproduced
by repeating infinitesimal transformations, we derive from (2.1.16) that

(Ug(M)p(x1) - -+) = (¢ (x1) -+ -). 2.1.17)



¢(x2) Uy(M) $(x2)

= #9(x1)
#(x3) . #(x3)

Figure 2.2: Illustration of the partial action of a unitary operator U,(M). The red line represents the
conserved charge U, (M) defined on a (d — 1)-dimensional surface M. Only the field ¢(x) is inserted
in the interior region of the surface M, and the conserved charge U, (M) acts only on ¢(x1).

It is represented as in Figure 2.2. The unitary defects only act on the fields existing inside the defects too.

As we have seen, when the theory has continuous symmetries, we can construct the current. We obtain
a conserved charge Q(X;) and the unitary operators from this current. Using these, we can compute the
local action of the symmetries. However, for discrete symmetries where there is no current, it is not possible
to compute the local action by the same method. In the next subsection, we attempt to describe the local
action of more general symmetries, including discrete symmetries, by defining unitary operators without via
currents.

2.1.2 Topological defects and local action

In this section, we introduce the notion of the topological defects in order to consider their local action even
for symmetries without currents, such as discrete symmetries.

First we define a field transformation ¢ — @9 that applies a global transformation only on the d-
dimensional subspace D with boundary 0D = M,

#9(x) (x € D)
¢ (x) (x¢ D)

Consider the variation of the action associated with this transformation. This transformation does not trans-
form the field outside of region D, so there is no contribution to the variation from outside of region D.
Also, this transformation performs a global transformation on the field inside the region D. However, the
internal action is also invariant from symmetry up to surface term. Therefore the variation can be written as
an integral over the boundary 0D = M. We denote the variant of the action by

p(x) = 7P (x) = { (2.1.18)

54S(M) = S[¢9P] - S[4]. (2.1.19)

For later use, we derive some properties about the variation. The entire space is written as X. The global
transformation for the entire space $9°X = ¢ can be reproduced by simultaneously performing partial global
transformations ¢ and ¢%X\P. Then, by symmetry S[¢?] = S[¢], we find that the variations of transfor-
mations ¢%°P and ¢9X\P cancel each other. this is expressed as

5,S(M) = —5,S(M). (2.1.20)

Note the orientation of the boundary defined by the region to be transformed. If we repeatedly apply mutually
inverse partial global transformations ¢9°” and ¢9_1 *D to the region D, the field does not change and the action
is invariant. From this we obtain

5,5(M) = ~5,15(M). (2.1.21)

Using this variation, we define the symmetry defect U, (M) supprted by M as

(Uy(M) ) = / Dge S M) =S1o), (2.1.22)



By replacing the label ¢ of the integral variable of the correlation function with the partially global trans-
formed field ¢9"P, we obtain the correlation function with the symmetry defect inserted. The insertion of the
defect is done as follows.

1
(0) -+ 00n) = [ Do) -+ oxn)e 519
=5 [ DEP ) g et
:%/1)¢¢y:D(xl)...¢9;D(xn)e—6S(M)e—S[¢]

= (Ugrt (M7 (x1) - -+ 972 (x)) - (2.1.23)

In the third equality, we assumed that the measure is invariant under label replacement. This is shown in
Figure 2.3. This is WT-identity using the unitary operator (2.1.17) obtained in the previous section. In other

#(x2)

#(x1)

#(x3)

¢()C2) Ug*l (M)

#(x3)

Figure 2.3: Insertion of a symmetry defect U-1(ys). The red line represents the symmetry defect Ug-1 (pz) -
The region bounded by the curved surface M is D, and only the field ¢(x;) is inserted on it. In the first
equality, the integral variable is changed from ¢ to ¢9°° and the variation of the action is regarded as the
symmetry defect Ug-1(,s). The second equality uses the fact that #%°P is only transformed on D.

words, the symmetry defect is a unitary operator. The symmetry defects are defined from the variation of
the action associated with the partial global transformation not via the current. Therefore, this WT-identity
is valid for discrete symmetries. By using symmetry defects, we can act locally on discrete symmetries.

Unitary operators are guaranteed to be topological by the conservation laws of the current. Based on the
definition of symmetry defects, let us show that symmetry defects are topological. That is, the value does not
change under continuous deformations that do not cross the charged operator. We can understand this by the
fact that we can freely take the region D in which we perform the partial global transformation ¢971;D used
to replace the label. Even if the region D is replaced by another region D’ with boudary M’ that contains
only the same operator inside, the transformation of the operator is the same. Therefore, the defects can be
topologically deformed as in Figure 2.4.

(Ug(M) -y =(Ug(M") -+ (2.1.24)

Thus, when a relational expression holds within any correlation function, we omit the bracket and shorthand
it as follows,

Uy(M) = Uy(M"). (2.1.25)

Next, we describe the fusion operation for symmetry defects. Let D;(i = 1, 2) be a region with boundary
0D; = M;. Prepare two symmetry defects Uy, (M) and U,,(M>). And let D be a region with boundary
OD = M7 U M,. We assume that no field is inserted in this D. Let us now superimpose the symmetry defect



¢ ¢ ,

° Ug(M) ° Ug(M )

¢ = ¢

* ¢ * ¢

Figure 2.4: Topological nature of symmetry defects. The red lines represent the unitary defects. The
value of the correlation function with symmetry defects does not change when the shape of the symmetry
defect is continuously deformed, as long as it does not cross the charged operator.

Uy, (M) on Uy, (M>) by moving it over D. The resulting defect causes the same transformation as if we

had performed the partial global transformations ¢%2 “D2 and ¢9f1;D2 successively, that is ¢ 197302 on the
operator on the region D,. Therefore we obtain the following defect relation.

Ug (M) Uy, (M2) = Uy, g, (M2). (2.1.26)

It is represented as in Fig 2.5 By this relation we notice that the symmetry defect has a group structure. The
Uy, (M) Uaz(MQ) — Uyg,g, (M)

Figure 2.5: Fusion of symmetry defects. The red lines represent the unitary defects. When two symmetry
defects are superimposed on each other, one other symmetry defect is produced.

identity defect 1(M) is obtained from a identity transformation.
1
aAM)---) = E/Z)¢---e_s[¢]. (2.1.27)

From Eq.(2.1.20),(2.1.21), the variation 6,5 (M) satisfies 6,5 (M) = 6 - S(M), we can obtain the inverse
element by reversing the orientation of the symmetry defect.

Uy(M) = Uy1 (). (2.1.28)

A illustrated case can be seen in Figure 2.6.

Uy(M) U,1(M)

Figure 2.6: The red lines represent the unitary defects. The red arrows represent the orientation of the
surfaces. Reversing the orientation of the surface where the symmetry defect is supported produces an
inverse symmetry defect.

Using the WT identity, invertibility can be expressed as the fact that a closed invertible topological defect
is 1 when there is no internal charged operator as shown in Figure 2.7.
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¢ Uy(M) ¢

ASH
|
<

* ¢ * ¢

Figure 2.7: The red lines represent the unitary defects.

2.1.3 Symmetry defects and Background gauge field

Next, we introduce the background gauge field B and consider symmetry defects from another perspective.
For simplicity, we consider a theory S[¢, B] with continuous G gauge symmetry. Assume that when B = 0,
this theory S[¢, B = 0] becomes the theory S[¢] with global symmetry G as we have been considering. The
partition function is

Z[B] = / De S1#-Bl, (2.1.29)

Since gauge invariance, the partition function Z[B] is invariant even if the background gauge field B is
replaced by the gauge transformed field B’,

Z[B] = Z[B']. (2.1.30)

We consider the theory Z[B = 0] and transform the field ¢ — ¢%'P by a gauge transformation. then we
denote the gauge-transformed background gauge field by B%*". Since the transformation ¢ — ¢9°° is global
inside and outside D, the B is localized on the boundary M = dD. And the background gauge field B%:"
is flat because of B = 0. By gauge symmetry, the partition function is invariant.

Z[B%P]1=2z[B=0]. (2.1.31)

On the other hand, we can interpret the gauge transformation as the changing the label of the variable from ¢
to %P in the correlation function. It is inserting the symmetry defect. Therefore we can regard the symmetry
defect U, (M) as the configuration of the localized flat gauge fields BY D,

Conversely, we can interpret the configuration of the flat gauge field as the configuration of the symmetry
defects. Given the flat gauge field, we can gauge transformations so that locally the gauge field is zero. Then
we can generally get the configuration of the localized flat gauge field with the junction as in Figure2.8.
Therefore we can interpret this gauge field as the symmetry defects with the junction. Since we can move

Figure 2.8: The localization of non-zero gauge field regions by gauge transformation. In red region,
the gauge field is non-zero, while in gray regions, the gauge field is zero. In the figure on the right, the
non-zero gauge field is localized on the red (d — 1)-dimensional surface. The intersection of the red lines
represents a junction of (d — 1)-dimensional surfaces.

the junction of the gauge field by the gauge transformation, the junction of the defects is topological unless
crossing the symmetry defects.

11



2.1.4 Example:2-dimensional Ising model

In this subsection, we review the construction of symmetry defects in the 2-dimensional Ising model. We
also check the relationship between symmetry defects and background gauge fields.

We denote the link with sites Z, j at its boundaries by (ij) and assign the site variables U; = (—1)% = %1
to the site i. Consider following the interaction on the link [ = (i),

K(=1)%+a;, (2.1.32)

where K is a positive constant parameter. We denote the plaquette with sites 7, j, k, [ on its boundary by
(ijkl). We define the partition function of the Ising model as

ZIsing(K) = Z exp
{a}
where the sum}; (,,; means the summation of the all configuration of the variables a.
The Ising model has Z; spin flip symmetry. In fact, considering the spin flip a; — a; + 1 (mod 2), the
interaction term is invariant.
We construct the symmetry defects associated with this spin flip symmetry. Let D is a set of the sites
and consider the following partial global transformation,

1D a; +1 (mod 2) (ie D)
a; —a;, = g
! a; (liD)

K Z (—1)<“f+“f>), (2.1.33)

[:link

(2.1.34)

We also define the set M as the set of links (ij) such that only one of the sites i and j belongs to D. By

performing this transformation, the interaction of the link (i) changes as follow,

—K(=D%*% ((if) € M)

K(-1)%a (ijy ¢ M)

In other words, only the interactions of the links on the M contribute the variation of the action.
We check where this symmetry defect exist. For this reason, we define the dual lattice putting dual sites

at the center of the all plaquette in the original lattice. We define the dual plaquette i as a plaquette in dual

lattice with site 7 in original lattice at its center. We define the dual link (ij) in dual lattice with original
plaquette (ij) orthogonal to its center. And we define the sets D and M as follows

D = {i|i € D}, (2.1.36)
M = {{i})| (ij) € M}. (2.1.37)

K(=1)4+ = { (2.1.35)

The sets D, M, D, and M are represented as in Figure 2.9. The transformation a~ " act only the site on the

2-dimensional region D. Therefore the Z, symmetry defect (M) is defined on the boundary M.
Next we check the correspondence between symmetry defect and background gauge field. We introduce
the background gauge field B;; on the link (ij). The interaction of the link (ij) is modified as follows

K(—1)%*ai+Bij, (2.1.38)

By the gauge transformation, the site variable and the background gauge field are changed as follow,
a; — a;=a; +4; (mod?2), (2.1.39)
Bij — Blfj =B;j+A;+1; (mod2), (2.1.40)

where the 4; = 0,1 is a parameter of the gaugetransformation. Consider a gauge transformation that the
parameter A; = 1 only if the site i belong to D. Then the gauge field B;; changes only if the link (ij)
belong to M. When we consider gauge transformation from the background gauge field B = 0 to B’, the
configuration B’ is localized on M and flat, that is the B’ satisfy the B;; + B + By + B;; = 0 (mod2).
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Figure 2.9: Ising model defined on a 2-dimensional square lattice. Spin variables are assigned on the
black dots. In the left figure, the dots with blue rings belong to D. The red links belong to M at this
time. In the right figure, the blue dots and links represent dual sites and dual links, respectively. The
blue plaquettes belong to D. The red dual links belong to M and are part of a symmetry defect.

2.1.5 The notion of generalized symmetry

In this section, by introducing the symmetry defects, we can calculate the local action of the symmetry
containing the discrete symmetry. We now summarize the properties of the symmetry defects treated in this
section.

1. symmetry defects are topological.
2. symmetry defects are (d — 1)-dimensional (codimension-1).
3. symmetry defects have group structure.

The codimension-(d — p) means the number of dimensions d of the theory minus the dimension p of the
defect. The first property is important and useful because it is related to the conservation law. For example,
the topological defects can act on local or nonlocal operators such as the WT identity. So we can consider
selection rules associated with the defects. For this reason we consider extending the notion of symmetry by
forgetting the second or third property. In other words, we consider the existence of topological defects in the
theory as the theory have symmetry. This notion is called generalized symmetry. In particular, symmetries
corresponding to topological defects that are not (d — 1)-dimensional are called higher-form symmetries.
If the symmetry defects does not have a group structure, there is generally not an inversed element. So
symmetries with topological defects that do not have group structure are called non-invertible symmetries.

2.2 Higher-form symmetry

In this section, we consider the p-form symmetry. The p-form symmetry defects are topological and has
group structure G. But these defects are codimension-(p + 1). The symmetry treated in the previous section
is called O-form symmetry in this perspective.

When the theory has p-form symmetry with group G(?), we can consider p-form symmetry defects
Uy(M) on the d — p — 1 dimensional surface M,

U,(M) (geGP). (2.2.1)

This defects are topological. In other words, Let M and M, be two d — p — 1 dimensional surfaces with
the same topology. We can topologically deform the defect U,(M;) from M; to M, without changing the
value,

Uy(My) = Uy(My). (2.2.2)

13
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Figure 2.10: Topological nature of p-form symmetry defects. The red lines represent the p-form unitary
defects. The value of the correlation function with p-form symmetry defects does not change when the
shape of the symmetry defect is continuously deformed, as long as it does not cross the charged operator.

This is shown in Figure 2.10

We show the p(> 0)-form symmetry group G P is Abelian. Place Uy, (My) and U, (M>). There exists
more than one d — p dimensional manifold with boundary M; U M,. Therefore by the topological deforming,
we can exchange the positions of Uy, (M;) and Uy, (M>) without crossing each other. So the p(> 0)-form
symmetry group G(P) is Abelian.

As with O-form symmetry, we can fuse the two p-form symmetry defects as follows,

Uy, (Ml)ng(MZ) =Uyyg, (M3). (2.2.3)

By this fusion operation, the p-form symmetry defects have the group structure G 7).

Next we consider the action of the p-form symmetry defects on the charged operators. In the case of
0-form symmetry, the symmetry defects act on local operators. This is because the configuration of local
charged operators is topologically distinct inside and outside the symmetry defect. In fact, consider the O-
form symmetry defect U (M) on the boundary of the region D, (0D = M). If there are no local operators on
the region D, we can remove the defects. But there exist local operators on D, we can not remove the defects
without acting on these. but p(> 0)-form symmetry defects is codimension-(p + 1) and does not bisect
space. In any case, we can remove p-form symmetry defects without crossing local operators. In general, a
p-form symmetry only acts on the operators of dimension ¢ > p. In this paper, we only consider the case of
g = p. The p-form symmetry defect U, (M) act on the charged operator W(C) on the p-dimensional surface
C as follow,

Ug(M)W(C) = R(9)W(C), (2.2.4)
where the M and C are linked in spacetime as in Fig 2.11 and the R is representation of the g.

W(C)

U, (M) (D — R(g)W(C)

Figure 2.11: Action of p-form symmetry defects. The red circle represents a p-form symmetry defect
Uy(M) on the d — p — 1-dimensional surface M. The black line represents a charged operator W(C) on
the p dimensional surface C. The p-form symmetry defect U, (M) acts by linking to a charge operator
w(C)
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2.2.1 Example:4-dimensional Z, lattice gauge theory

In this subsection, we consider 4-dimensional Z, lattice gauge theory and 1-form Z, symmetry defect. We
consider a 4-dimensional hyper cubic lattice system. Let us denote the plaquette consisting the sites i, j, k, [
on its boundary by (ijkl). We assign the link variable a;; = 0, 1 to the link (i) and interaction

K(_l)aij+ajk+akl+ali (225)

to the plaquette (ijk/). the K is a positive constant parameter.
The partition function of the 4-dimensional Z; lattice gauge theory is

7= Z exp Z K(=1)%ratata § (2.2.6)
{a} plaquette
(ijkI)
This theory is invariant under the following gauge transformation.

ajj = a;;=a;j+A;+4; (mod2), (1;=0,1,i:site), 2.2.7)

ij
where the A; = 0, 1 is a parameter of a gauge transformation.

We consider a set of links D containing up to two links for each plaquette. And we define the boundary
M of D as the set of plaquettes where only one of the links that constitute it belong to the set D. As an
analogy to the O-form partial global transformation, we consider a partial 1-form global transformation as
follow,

(2.2.8)

b {aij +1(mod2) (xeD)
ij =

ajj — a; o .
al-j (x¢D)

Let us calculate the variation of the action. By performing this transformation, the interaction of the plaquette
(ijkl) changes as follow,

—K (=1)%utajr+artai ((ijkl)y € M)

L ‘ o . (2.2.9)
K(_])a”+ajk+akl+a,, (<l]kl> ¢ M)

K(_l)aij+ajk+akl+al,~ N {

In other words, only the plaquettes belonging to M contributes to the variation of the action.

Using this variation, we can construct a symmetry defect. Let’s check where this symmetry defect exists.
We can construct the dual lattice putting dual sites at the center of the all hypercubes in original lattice
system. Then in dual lattice, we define a dual cube (i) consisting of eight dual sites, with original link (i;)
orthogonal to its center. Similarly, we define a dual plaquette (ijk!/) in dual lattice with original plaquette
(ijkl) orthogonal to its center. The sets D and M are defined as follow

D = {{(ij)| (ij) € D}, (2.2.10)
M = {{ijkl)| {ijkl) € M}. (2.2.11)

The projection of the sets D, M, D, and M in 2 dimensions is Figure 2.12. Figure 2.13 shows the sets D and
M projected in three dimensions. the set M constitute the 2-dimensional surface without boundary. We can
consider a symmetry defect U_{ (M) to exist on M.

Next we consider the action of 1-form Z; symmetry defect on a charged operator. The charge operator
is a Wilson loop

w(e) =] [¢-n®, (2.2.12)

leC

15



I
T
[

— T
[le

I
eD | eD
[leM e M

Figure 2.12: Schematic illustration of 4-dimensional lattices. In the left figure, the blue lines represent
links belonging to D and the red squares represent plaquettes belonging to M. In the right figure, the blue
lines bordered in black represent dual cubes to the blue links in the left figure. These dual cubes belong
to D. The red dots represent plaquettes dual to the red plaquette in the left figure, and these belong to

M. In this figure, M and M appear to be unconnected, but in actual 4-dimensional lattice, it is connected
and has no boundary.

Figure 2.13: Schematic illustration of the 4-dimensional lattices. In this figure, the vertical direction is
projected to have 2-dimensional degrees of freedom. The black links and dots form the original lattice.
Blue dots and blue links form the dual lattice. The blue and red vertical lines represent dual plaquettes,
and the blue diagonal lines form a dual-pair link. The blue surface represents the 3-dimensional region
D consisting of dual cubes. The red line represents the 2-dimensional surface M of the boundary of D.
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where the C is the set of links that form a closed loop. The transformation a~"*? flip only the variable a;
of the link [ crossing across D, this means that the link / belong to the D. For simplicity, let us assume that
there is only one link in the set C that crosses M. The following WT-like identity holds:

(U-1(M)W(C)) = -(W(C)). (2.2.13)

2.3 Non-invertible symmetry

All the symmetry defects we have considered so far have a group structure. That is, the operation of the
group is reproduced by fusion.

Ug xUg, =Ugpg, (91,92 € G). (2.3.1)
This operation satisfies associativity.
(Ugy X Ugy) XUy, = Uy, X (Uy, xUys) (g1, 92,93 € G). (2.3.2)

There exists an identity defect 1. And in particular, for any defect there exists its inverse defect. For any
defect Uy, there exists an inverse defect U, '=U ,-1, and they generated the identity defect by fusion.

UyxUpr=1 (9,97 €G). (2.3.3)

Topological defects that have this invertible property are called invertible defects.

On the other hand, general topological defects do not necessarily have an inverse defect. These defects
is called non-invertible defects. Specific examples of non-invertible symmetry and defect are discussed in
the following chapters.
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Chapter 3

Ising model and Kramers-Wannier duality

The purpose of this section is to introduce one of the approaches to constructing non-invertible topological
defects, the Aasen-Mong-Fendley’ approach. The 2-dimensional Ising model is dual to the gauged theory.
This duality is called KW duality. Aasen-Mong-Fendley showed that non-invertible topological defects can
be constructed as an interface between those dual theories.

In this section, we first verify that KW duality holds. We define defects on the Ising model introducing the
dual lattice and impose conditions for these defects to be topological. In particular, we confirm the existence
of solutions for non-invertible defects that induce KW duality transformations (KW duality defects). We also
investigate the fusion of KW defects and spin-flip Z, symmetry defects.

3.1 Kramers-Wannier duality

In this section, we explain and verify the Kramers-Wannier duality. To provide a detailed explanation of this
duality, we will specifically define the model. We consider a 2-dimensional square lattice system of N sites
with periodic boundary condition. We assign the labels i, j to the sites and the variable a; = 0, 1 to the site
i. We define the partition function of 2-dimensional Ising model Zg,g as

Ziing (K) = Y exp| K D" (~1)lare) (3.1.1)
{a} link
1= i)
=3 ] exo(k(-nt@re), (3.1.2)
{a} link
1=i)

where the sum}; (., means the summation of the all configuration of the variables a, the K is positive constant
parameter.
This theory has a O-form global Z, symmetry

a; > al=a;+1 (mod?2), (3.1.3)

exp (K(—1)<“i-+“3->) = exp (K(—l)(“i+af)). (3.1.4)

We consider gauging this symmetry. The original Ising model Zisine (K) is not invariant by the O-form gauge
Z, transformation,

a; — alf =a;+4; (mod 2), (3.1.5)
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where the A; = 0,1 is the parameter of the gauge transformation. To absorb this change, we introduce the
gauge field b; on the link /. We define the gauge transformation of a gauge field b;, associated with the gauge
transformation of a site, by

by — b; =b;+ /lil 0 +/li2(l), (3.1.6)

where the i1 (/), i (/) are the sites in the link /. Then, to make the partition function invariant under the gauge
transformation, the Boltzmann weights are rewritten as in
exp (K(—1)<“i1<l>+afz<l>+bl>). 3.1.7)
We also introduce the action of the gauge field as
1 Z e¢p b1y () +b1y (p)Yo13 () +h1 () (3.1.8)
cp=0,1

where p is a plaquette consisting of four links 11 (p), l2(p), I3(p), l4(p). This action takes the weak coupling
limit for the usual Wilson’s plaquette action. Two spin configurations connected by a gauge transformation
imply the same configuration. Therefore, to count these correctly, assign a weight of 1/2 for each site. Then,
we define the partition function of the Z symmetry gauged 2-dimensional ising model Zjgiyg/7, (K) as

ZIsing/Zz (K) = Z Z Z 2211\’s

{a} {b} {c}

exp| K Z (—l)(a"l(”+ai2(”+b’) +in Z cp(byy(p) +bi(p) + bis(p) +bi(p)) |- (3.1.9)
[:link p:plaquette

Also, by choosing a gauge constraint of a; = 0, we obtain the following partition function,

ZIsing/Zz (K) = Z Z 211\15

{b} {c}

exp| K Z (—1)b’ +im Z Cp(bll(p) + by, p) +bi(p) +bl4(p)) . (3.1.10)
l:link p:plaquette

The Kramers-Wannier duality is a relationship between 2-dimensional Ising model Zine(K) and Z;
symmetry gauged 2-dimensional Ising model. Let Ziging/7, (K) be the partition function of the Z, symmetry
gauged 2-dimensional Ising model. Then the Kramers-Wannier duality is the relation as follow,

1 _
ZIsing(K) = ZZIsing/Zz (K), (3.1.11)

(sinh 2K)Ns/2 (sinh 2K)Ns/
sinh 2K sinh 2K = 1. (3.1.12)

We deform Eq. (2.1.33) to prove the Kramers-Wannier duality Eq. (3.1.11). First, we define the dual

constant parameters I% as
tanh K = e 2K (3.1.13)
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This equation satisfies Eq. (3.1.12).

1
sinh 2K = 5(e2’< - 7K
(i )
== — —tanh K
2\tanh K
1 (coshzk - sinh212)
~ 2\ sinhKcoshK
1
= b2k (3.1.14)
From Eq. (3.1.13), we obtain the relation,
K(-1)@ cosh K (tanh K)¢
e =
Vcosh K sinh K
_ 2cosh K (tanh K)*
V2sinh 2K
1 c b
= — exp{K(=1)" +imrab} (a=0,1). (3.1.15)
V2 sinh 2K b:zo;l { }
We substitute this equation for Eq. (2.1.33).
. 1! +in(a: .
ZIsmg(K) (2 smh2K)Nl/2 Z l_[ ( Z eXP(K( 1) ! +17T(a11(l) +a12(l))bl))
{a} Llink \b;=0,1
Z Z exp Z (K(-1)" +in(a; ) +a,2(1))bl))) (3.1.16)
ZNS(Smh 2K)Ns (@) (b} ( [-Tink

where N; = 2Ny is the number of the link in this square lattice. We convert the sum for the link variable b,
taken in the second term of the exponential power to a sum for each site variable a;. Since each site has four
links connected to it, we can transform thia equation as in

1
Zising(K) =———————
tine(K) =N, sinh 2R)
Z Z exp Z K(-D)? +in Z ai(by, iy + buyr) + biy i) + blA(i))). (3.1.17)
{a} {b} [:link i:site

Now prepare a lattice of links that are orthogonal to the midpoint of each link in the original lattice. At this
time, the site on the original lattice becomes the plaquette of the new lattice. Therefore, we redefine site
variable a; in the original lattice as a plaquette variable ¢; in the new lattice. It also defines the link variables
b; in the new lattice by the link variables b; the original lattice, which are in an orthogonal relationship to
each other. Thus we prove the Kramers-Wannier duality Eq. (3.1.11).

Let’s focus on when K = K = K, is satisfied. Substituting this equation for (3.1.12), we find that
K. = %log(l + \/5) This parameter K, indicates the critical point. In this case, Kramers-Wannier duality
Eq. (3.1.11) becomes as

Zising(Ke) = Zising/z, (K¢). (3.1.18)

This kind of relationship is called self-duality.
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3.2 Dual lattice

To construct duality defects, we introduce two types of lattices , as illustrated in Figure(3.1). To provide

Figure 3.1: Illustration of a 2-dimensional lattice in the AMF approach. Black dots represent active sites
to which spin variables are assigned. Blue dots represent inactive sites with no spin variable assigned.
Each square composed by four dotted lines contains two active sites and two inactive sites. This square
is called the Boltzmann plaquette.

a more detailed description, we introduce a two-dimensional coordinate system, denoted as (x,x,) in R,
Points with A have coordinates consisting of even integers, defined as A := {(x1,x2)|x1,x2 € 2Z}. Con-
versely, for A, the coordinates are formed by odd integers, expressed as A := {(x1,x2)|x1, x> € 2Z + 1}.

We assign the site variables U; = (—1)% = =1 to the sites in A, while we do not assign site variables to
the sites in A For this reason, we refer to the lattice A, to which the site variables are assigned, as the active
lattice. We label the sites on the lattice A as active sites. On the other hand, the lattice A is referred to as the
inactive lattice. We label the sites on the lattice A as inactive sites. We assign the weights § to the inactive
sites. The specific value of this weight is determined later. We also use the term Boltzmann plaquette for the
smallest square formed by this lattice.

Leta; =0, 1(i = 1, 2) be the site variables assigned to the two closest sites to each other in active lattice.
We define the Boltzmann weight of the Ising model as

W(ay,ay) = exp(K(—l)(a‘+“2)). (3.2.1)

There is one-to-one correspondence between two closest sites to each other in active lattice and the Boltzmann
plaquette containing these sites. So, we can consider the basic unit of this lattice system as a plaquette.
We define the partition function of the Ising model as

Zing(K) = ) | [] 5lexp|k D) (=p@nwrane) | (3.2.2)

{a} | inactive p:plaquette
sites

Besides the constant normalization [] s, it is identical to the partition function (2.1.33).

3.3 KW duality defect in 2-dimensional Ising model

In this section, we construct the KW duality defects, Z, symmetry defects and junctions among them follow-
ing Aasen-Mong-Fendley’s approach ([34]). We impose on a defect or junction equations that a topological
defect must satisfy. We determine the weights by solving their equations. We also show that the duality
defects are non-invertible symmetry.
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3.3.1 Kramers-Wannier duality defect

In this subsection, we discuss the duality defects in the 2-dimensional Ising model. Duality defects are
line operators and are placed at the boundary of the two regions associated with KW duality. Let’s review
the discussion in Sec.3.1. In the KW duality, the sites of the original Ising model lattice are reinterpreted as
plaquettes of the gauged Ising model lattice and vice versa. Using the terms active lattice and inactive lattice,
this correspondence is expressed by the relationship between active sites and inactive sites. Therefore, we
define duality defects on the lattice to swap active and inactive sites, as in Figure3.2. The building block of

Figure 3.2: Illustration of duality defects on two-dimensional lattice in the AMF approach. Black and
blue dots represent active and inactive sites, respectively. The green parallelograms containing two active
and two inactive sites each represent building blocks of duality defects. Duality defects are placed at the
boundaries of mutually dual theories and swap active and inactive sites.

the duality defects is a parallelogram with 2 active sites in Figure3.2. Since the building block contains two
active sites 7, j, we assign weight D (a;, a;) to the building block.

Since the duality transformation only changes the description of the theory and does not change the
observables, we expect the existence of topological operators on the transformation. In the following, we
describe the commutation relations necessary for the duality defects to be topological, and we construct a
topological duality defect by solving its equations.

In our setup, the Boltzmann plaquettes fill the lattice. Therefore, let us focus on a single Boltzmann
plaquette and consider commutation relations. On a single Boltzmann plaquette, it is possible to consider
two kinds of commutation relations, topological deformations of defects, as represented in Figure3.33.4.
These are represented as equations

de.
= e ‘®

Figure 3.3: One of the duality de- Figure 3.4: One of the duality defect
fect commutation relations. Black and commutation relations. Black and blue
blue dots represent active and inactive dots represent active and inactive sites,
sites, respectively. The green parallelo- respectively. The green quadrangles
grams represent the building blocks of represent the building blocks of the du-
the duality defects. This equality im- ality defects. This equality imposes
poses that a duality defect can be topo- that a duality defect consisting of three
logically deformed from two building building blocks can be topologically
blocks to two building blocks. deformed into a duality defect consist-

ing of one building block, and vice

versa.
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Z W(a,m)D(b,m)D(c,m)s® = W(b, c)D(b,a)D(c,a)s*, (3.3.1)
m=0,1
Z W (a,m)D(a,b)D(a,m)D(c,m)5* = W(a,c)D (b, c)3. (3.3.2)
m=0,1

If these equations hold on a single Boltzmann plaquette, the whole defect becomes topological by repeating
the deformation on each Boltzmann plaquette.

We determine the values D(a;, a;), 3, K by solving these defect commutation relations. In a physically
sensible solution, these values satisfy

D(a,a)#0, §>0, KeR, K=#O0. (3.3.3)

There is a unique physically sensible solution up to the sign of D(a, @). The solution is

D(a,d) :%(—1)“‘7, (3.3.4)
5=V2, (3.3.5)
K=K, = —% 1og(—1 + \/E), W(aia,) = exp(K(—l)(“i+“-f)). (3.3.6)

Note that the value of K is determined by the critical value K.. The sign ambiguity of D(a;,a;) does not
affect the observables, at least locally. We discuss a bit more on this sign ambiguity in Sec.6

We prove that this KW duality is a non-invertible symmetry. We consider a defect configuration that
doubles all four links of a single plaquette. At this time, the defect forms a closed manifold S', as shown
in Figure3.5. Substituting and calculating each weight, we find that this coordination is proportional to the

ad e

Figure 3.5: Calculation of S expectation value of duality defect. Black and blue dots represent active and
inactive sites, respectively. The green quadrangles represent the building blocks of the duality defects.
In the left figure, the duality defects are placed on each link that constitutes the Boltzmann plaquette, and
the duality defects have an S' topology. This coordination is equal to V2 times that of the Boltzmann
packet without duality defects.

Boltzmann plaquette where no defect is placed, as shown in

Z W (my, m2)D(a, m1)D(a, m>)D(b,m;)D (b, m2)5* = V2W (a, b)§2. (3.3.7)

my,my=0,1
In the case of a symmetry defect placed on a closed manifold with no operator inserted inside, the weight is
the same as the empty configuration. Therefore, we conclude that the KW duality defects are non-invertible
topological defects.
3.3.2 7Z; symmetry defects in the 2d Ising model
The Ising model has Z, spin flip symmetry. Next we construct the Z; symmetry defects on the our setup.

The defects are line operators. Since the Z, symmetry is a spin-flipping symmetry, we consider a line defects
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Figure 3.6: Illustration of a Z, symmetry defect on two-dimensional lattice in the AMF approach. Black
and blue dots represent active and inactive sites, respectively. The red parallelograms containing two
active and two inactive sites each represent building blocks of Z, symmetry defects.

that doubles active sites to active sites and inactive sites to inactive sites, as in Fig 3.6. The building block
of the symmetry defects is a parallelogram in Figure3.6. Since the building block contains two active sites
i,j, we assign weight Z(a;, a;) to the building block.

As in the case of the KW duality defects, we focus on a single Boltzmann plaquette and consider defect
commutation relations. In the single Boltzmann plaquette we can consider three kinds of defect commutation
relations for symmetry defects, as Figure3.7,3.8,3.9. There are represented as equations

Figure 3.7: One of the Z; symmetry
defect commutation relations. Black
and blue dots represent active and in-
active sites, respectively. The red quad-
rangles represent the building blocks of
the Z, symmetry defects. This equal-
ity imposes that a Z, symmetry de-
fect consisting of three building blocks
can be topologically deformed into a
Z, symmetry defect consisting of one
building block, and vice versa.

Figure 3.8: One of the Z; symmetry
defect commutation relations. Black
and blue dots represent active and inac-
tive sites, respectively. The red paral-
lelograms represent the building blocks
of the Z, symmetry defects. This
equality imposes that a Z, symmetry
defect can be topologically deformed
from two building blocks to another
two building blocks.

Z W (b, m)Z(a,b)Z(c,m)Z(c,m)5* = W(a, b)Z(a, b)5>,

m=0,1

Z W(b,m)Z(a,m)?5* = Z W(a, m)Z(b, m)*5*,

m=0,1

m=0,1

W(a,c)Z(a,b)Z(c,d)s> = W(b,d)Z(a,b)Z(c,d)5".

Eq.(3.3.10) is a identity. We determine the weights Z(a, b) by solving these equations. Since we want to
consider models for which duality defects can be defined, we impose condition

1
§=V2, K=K, = —Elog(—l + «/5). (3.3.11)

24



Figure 3.9: One of the Z, symmetry defect commutation relations. Black and blue dots represent active
and inactive sites, respectively. The red parallelograms represent the building blocks of the Z, symme-
try defects. This equality imposes that a Z, symmetry defect can be topologically deformed from two
building blocks to another two building blocks.

In a physically sensible solution, the weights satisfies condition,

Z(aj,aj) # 0. (3.3.12)

Then we find the two solutions up to sign
Zai,a;) =277(1 = Suy.a,), (3.3.13)
Z(ai,a;) =2 84, 4, (3.3.14)

The solution (3.3.13) means that the spins of the two active sites connected by the defects are different.
Therefore, this solution is the Z, symmetry defects. On the other hand, the solution (3.3.14) means that
the spins of the two active sites connected by the defects are same. this solution corresponds to the trivial
defects. We again define Z(a, b) as the weights of the basic unit of the Z, symmetry defects and 7'(a, b) as
the weights of the basic unit of the trivial defects.

These topological defects are invertible. The weight of the Boltzmann plaquette with these defects placed
on each link is equal to the weight of the empty Boltzmann plaquette.

> Wimi,mo)Z(a,m)?Z(b, my)*5* = W(a, b)5*. (3.3.15)
mi,mp=0,1

> Wmi,mo)T(a,my)*T(b, my)*5* = W(a, b)3*. (3.3.16)
my,my=0,1

3.3.3 topological defect junction

We can consider the fusion of topological defects by smoothly deforming and superimposing defects. By
fusion, junctions can arise where multiple topological line operators intersect at a single point. A junction
that can move freely as long as it does not intersect with other defects is said to be topological. In this section,
we construct the topological trivalent junctions, intersected with three defects, on the our setup.

We want to construct topological trivalent junctions. To do so, we need to impose commutation relations
on the junction that must be satisfied in order for the junction to be topological. Now, we consider the three
topological line defects R, G, B and their junction as shown in the left figure in Figure 3.10. As shown in
the right figure in Figure 3.10, when these defects are defined by doubling the site on the lattice, as in the
KW defect, Z, symmetry defects, the junction can then be represented by a triangle on this lattice as shown
in Figure 3.11. in Figure 3.11, the «a, B,y are labels of the sites. If the site « is an active site, then the spin
variable U(ay) = (—=1)% (aq, = 0, 1) is assigned to that site as a weight, and if it is an inactive site, then §
is assigned as a weight.

Next, we check what commutation relations are imposed on the junction in order to move the junction
freely. We consider the movement of a junction as in Figure 3.12. The top two figures in Figure 3.12 represent
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Figure 3.10: Illustration of three topological lines intersecting at a single junction. Left: red, blue, and
green lines represent topological lines. Each line intersects at a single junction. Right: Illustration of
topological lines on the lattice in the AMF approach. The colored quadrangles represent building blocks
with topological defects. The triangles consisting of red, green, and blue edges represent the junctions
of those topological lines.

a
R

B Y

G
p

Figure 3.11: Junction of three topological lines R, G, B. Red, green and blue edges are connected to
topological lines R, G, and B, respectively. White vertices @, 3, and y represent the sites of the lattice
in the AMF approach.

the movement of the junction on the continuous theory. The bottom three figures in Figure 3.12 represent
how the move is represented on the lattice. The deformation on the lattice is a two-step process. The first
deformation uses the commutation relations for the topological defects R. In the second step, assuming the
junction is topological, we move the junction to the right down. By this deformation, we get the following
equation as the commutation relations imposed for a junction to be topological.

a u @ u
Z IEV p— Dv, (3.3.17)
{r} s % 5 0

where the sum 2, means adding up for all possible weights of the site y. By the deformation, the site y
disappears from the lattice, so the sum ., is necessary. Thus, we find a general junction commutation
relation.

Now we consider the junctions when the KW defects are placed as topological defect G, B and the Z;
symmetry defects as R. From Eq.(3.3.17), we obtain the two commutation relations imposed on these junc-

26



R-X-X

Figure 3.12: Tllustration of moving a junction topologically. The top row shows a conceptual illustration
of topological line deformation and moving the junction, while the bottom row shows the actual defor-
mation in the lattice in the AMF approach. In the first arrow of the bottom row, the defect is deformed
using the defect commutation relation from two building blocks to another two building blocks for the
blue defect. In the second arrow, the junction is moved to the lower right site by imposing Eq. (3.3.17).
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tions,

(3.3.19)

bl S
= -

Then, there are two kinds of junction and we define these weights as Jxxz(a) and Jxkz(a;,a;), respec-
tively, as follows.

a, daj

J](Kz(a) = v, JKKZ(a,-,aJ-) = v . (3320)
a

Using these weights Jxk k7 (a), Jkk z(ai, a;), the Eq.(3.3.18), (3.3.19) are expressed in the formulas as equa-
tions

D Jkkz(a,m)D(m,b)Z(a,m)5* = D(a, b)Ixkz(h)F, (3.3.21)
Jxkkz(a)D(a,b)Z(b, )5 = D(a,b)Jxkz(b,c)5>. (3.3.22)

By solving these equations we determined the solution up to overall factor J. The solution is as follows.

a; dj

Jkkz(a) = V=(—1)“1, Jkkz(ai,aj) = v =2%(1—5a,.,aj)1. (3.3.23)

a

To obtain the overall factor, we use the fact that the S! expectation value of the duality defects is V2. As
shown in left figure in Figure 3.13, consider a loop of the duality defects that contains no other operators
inside and two Z; symmetry defects that have the endpoints in the loop. Shrinking the loop of the duality
defects to a point yields the S' expectation value V2 times the symmetry defects, as shown in Figure 3.13.
This is represented on the lattice as shown in Eq.(3.3.24).

= V2

Figure 3.13: Illustration of replacing the loop of the duality defect, where two Z, symmetry defects are
connected, by V2 times one Z symmetry defect. the red lines represent the Z, symmetry defects. the
green circle represents the duality defect. It is assumed that no operator is inserted in the loop.
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‘a s ome e b ‘a il b
Z . @@ o-e — 2 Z . @@ m o (3.3.24)
g o s .-
. ...... . . ...... .

Since the outside of the dotted circle is not changed by the deformations of the defects, we only need to
consider the single Boltzmann plaquette, the inside of the blue dotted line. The Eq.(3.3.24) are expressed in
the formulas as equations

D, WOni,ma)D(a,m)D(a,mo)D(b,m)D (b, m) k7 (m)Jk k7 (m)5®

miy,ny

=2 Z W(m,b)Z(m,a)>5*. (3.3.25)

We determine J = 27 by solving Eq. (3.3.25). Now we obtain the weights of junctions. These solutions are
as follows.

O () [ )
_1
JKKZ(C[) = =2 4(_1)0’ JKKZ(ai’aj) = :(1_605,0‘,')' (3326)
o 5]
a
In the same way, we can also determine the weights of the junctions when the KW defects are placed as
topological defects G, B and the trivial defects as R. Defining their weights as Jx k7 (a), Jkkr (ai,aj), the
values are
a, daj

@Quunn@® Quunn@®
1

Jrkkr(a) = =274, Jkkr(ai,a;) = =0aj.a;- (3.3.27)
.
a
3.3.4 Crossing relation

In the previous subsection, we have constructed the topological junctions. In this subsection, we use that
junctions to represent a crossing relation, which are relations between different kinds of defects. We derive
from them expectation values of the defects and fusion rules for defects on the 2-dimensional Ising model.

The first example of crossing relation is that Z, symmetry defects connecting endpoints to duality defects
can be removed if those endpoints are connected on the duality defects. It is shown schematically in Figure
3.14. On the lattice, it is represented by the concrete example shown in Figure 3.15. The crossing relation in
this concrete example is as in Eq. (3.3.28). We can verify this equation.

Z W(mi, my)D(my, b)Z(a,m)Z(c,m2)*Jxkz(a,m)Jgkz(b)5 =W(a,c)D(a,c)5>. (3.3.28)

mj,my

Next, we consider a partial fusion of duality defects and Z, symmetry defects. When Z, symmetry
defects are fused parallel to the duality defects, the fused Z; symmetry defects are absorbed into the duality
defects. It is shown schematically in Figure 3.16. A concrete example on the lattice is Figure 3.17, which is
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Figure 3.14: Z, symmetry defects connected to duality defects absorb into duality defects and disappear.
The green and red lines represent the duality and Z, symmetry defects, respectively. It is assumed that
no operator is inserted in the region surrounded by each.

Figure 3.15: Configuration of defects topologically equal to the left in Figure 3.14 in the AMF approach
lattice. Black and blue dots represent active and inactive sites, respectively. The green quadrangle rep-
resents the building block of the duality symmetry defects. The red quadrangles represent the building

blocks of the Z, symmetry defects.

Figure 3.16: Illustration of a Z, symmetry defect partially absorbed into a duality defect. The green and
red lines represent the duality and Z, symmetry defects, respectively.

a .d a .
ok = B g

Figure 3.17: Illustration of the a crossing relation of Figure 3.16 on the lattice of the AMF approach.
Black and blue dots represent active and inactive sites, respectively. The green quadrangle represents
the building block of the duality symmetry defects. The red quadrangles represent the building blocks
of the Z, symmetry defects.
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represented by Eq. (3.3.29). We can confirm that this equation holds.
W(a,c)D(a,b)Z(c,d)s* = Z W(m,d)D(b,m)Z(a,m)Z(c,d)Jxkz(a,m)Jxkkz(b)5>.  (3.3.29)
m
The above two crossing relations mean that the duality defects can absorb Z, symmetry defects. If we
fuse those defects that are actually parallel in the theory with periodic boundary conditions, we see that the
Z, symmetry defect removes, as shown in Figure 3.18. The first equality in Figure 3.18 follows from Eq.

(3.3.29). The middle equality follows from periodic boundary condition. The last equality follows from Eq.
(3.3.28). The formula for the interaction of two parallel defects is called the fusion rule. Let D denote the

|/
N

=D

Figure 3.18: Z, symmetry defects absorb into duality defects and disappear. The square represents the
spacetime in which the Ising model is defined. The top and bottom of the space satisfy periodic boundary
conditions. The green and red lines represent the duality and Z, symmetry defects, respectively.

duality defect line and 7 denote the Z, symmetry defect line. The fusion rule of these defects is expressed in
D xn=D. (3.3.30)

We consider the partial fusion of two parallel duality defect lines. When we partially fuse the duality
defects with each other, we obtain a trivial defect and a Z, symmetry defect. It is shown schematically in
Figure 3.14. This crossing relation can also be reproduced on the lattice as in Figure 3.20. Figure 3.20 is

VIRV,
A A

Figure 3.19: Illustration of a crossing relation of duality defects. The green and red lines represent the
duality and Z, symmetry defects, respectively.

represented by Eq. (3.3.31).
W(b.d)D(a,b)D(c,d)5* =i{2 W(c,m)D(b,c)D(m,d)Z(a,m)Ixkz(b)Ikkz(a,m)3’
V2 4

+ > W(e,m)D(b, c)D(m, d)T(a,m)Jxkr (b)Jkkr(a,m)5}.  (3.331)
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B \/3 - a . a
Figure 3.20: Illustration of a crossing relation Figure 3.19. Black and blue dots represent active and
inactive sites, respectively. The green and red quadrangles represent the building blocks of the duality

defects and the duality defects, respectively. The dotted quadrangle with the black dots a and m is the
building block of the trivial defect.

We consider the procedure shown in Figure 3.21 on the Ising model with periodic boundary conditions.
From this crossing relation, We obtain the fusion rule of duality defect lines D.

DxD=1+1. (3.3.32)

The last equality follows from the fact that the quantum dimension of the duality defects is V2.

AT TAL

=70+ 10O
N5

Figure 3.21: The two duality defects fuse to form a trivial defect and a Z, symmetry defect. The square
represents the spacetime in which the Ising model is defined. The top and bottom of the space satisfy
periodic boundary conditions. The green and red lines represent the duality and Z, symmetry defects,
respectively.

The duality defects are placed at the boundary of the Ising model and the gauged Ising model, which
are associated with KW duality. Let us confirm this using the fusion rule. This is shown in Figure 3.22
using defects. We prepare an Ising model with periodic boundary conditions. The theory supported in this
region is defined as A. In the first equality, we place the duality defects on the space using the fact that the
quantum dimension of the duality defects is V2. Let B be the theory supported in the region where theory
A is supported and in the region connected across the duality defect. The second identity follows from the
periodic boundary conditions. The third equality used the partial fusion of the duality defects. The last
equality also uses the fact that the quantum dimension is V2. Finally, we find that theory A can be obtained
from adding up all the topologically different configurations of the Z, symmetry defects on theory B. This
means that theory A can be obtained by gauging the Z, symmetry of theory B.

We consider the crossing relation between two duality defects lines and Z, symmetry defects lines con-
nected by a single junction, such as the left side of Figure 3.23, and defects with Z, symmetry defects whose
endpoints are located at those duality defects, such as the right side of Figure 3.23. This crossing relation is
expressed on the lattice as in Fig 3.24 and in Eq. (3.3.33).
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Figure 3.22: The square represents a torus spacetime whose top and bottom, left and right satisfies
periodic boundary conditions. Theories defined in the white region and theories defined in the gray
region are KW dual. The white region theory is obtained by adding up the Z, symmetry defects in all
topologically different configurations on the gray region theory. This means that the white region theory
is obtained by gauging the gray region theory with Z, symmetry.

<-4

Figure 3.23: Illustration of one of the crossing relation. The green and red lines represent the duality
and Z, symmetry defects, respectively.
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Figure 3.24: Tllustration of the a crossing relation of Figure 3.23 on the lattice of the AMF approach.
Black and blue dots represent active and inactive sites, respectively. The green quadrangle represents
the building block of the duality symmetry defects. The red quadrangles represent the building blocks
of the Z, symmetry defects.
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W(c,d)D(a,d)D(b,c)Jxkz(a,b)5*
== >, WOmi,m)D(a,m)D(b,my)Z(m1,d)Z(ma, )k kz(a, )k z(m1, d) Ik k7 (m3, ).

mi,ny

(3.3.33)

By crossing relation represented in Figures 3.14, 3.23, we can show that the expected value of defects
containing tadpole graph created by duality defects and Z, symmetry defects is zero, as in Figure 3.25. In

Figure 3.25: Defects containing duality defect loops to which one Z, symmetry defect is connected will
have a value of zero. In the first equality, we use relation in Figure 3.23 to generate a Z, symmetry defect.
In the second equality, we use relation in 3.14 to absorb the Z, symmetry defect into the bottom of the
duality defect loop.

the first equality in Figure 3.25, we use crossing relation in Figure 3.23 to generate Z, symmetry defects

inside the loop of duality defects. In the second equality, we used crossing relation in Figure 3.14 to absorb
Z, defects inside the loop into the bottom part of the duality defects.
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Chapter 4

KWW defect in 4-dimensional lattice gauge
theory

In this chapter, we explain KWW duality defects and 1-form Z; symmetry defects in the 4-dimensional Z,
lattice gauge theory based on [40].

4.1 Kramers-Wannier-Wegner duality

In this section, We confirm that this theory has the KW-like duality, it is Kramers-Wannier-Wegner duality.

We consider 4-dimensional square lattice system with periodic boundary condition. The number of site,
link, plaquette, cube in this lattice are denoted by Ny, N;, Nj,, N, respectively. Then, their numbers are
related to the following,

N; = N, = 4N, 4.1.1)
N, = 6N;. 4.1.2)

We denote the link consisting with sites i1, i> by (ii2), the cube with plaquettes pi, p2, p3, p4, Ps, Peon
boundary by {p|p2p3papspes) respectively. And we denote the plaquette with links I, I I3, I4 on boundary
by (l1l21314) We assign the link variable a; = 0, 1 to the link /. The partition function of this model is

Zy = Z exp Z K(=1)4ntantanstay & (4.1.3)
{a} plaquette
(hibBls)

As studied in Subsec. 2.2.1, this theory has 1-form Zgl) global symmetry. Let us define the partition

function of the 1-form Z;l) gauged lattice gauge theory Z In Sec. 3.1, we obtained the O-form Z;

7z
gauged Ising model by adding the background 1-form flat gaugzge field b; and summing up all configuration

of b;. As an analogy to this, by adding the background 2-form flat gauge field b,, on plaquette and summing

up all configuration of it, we obtain the 1-form Zél) gauged lattice gauge theory Z First, we assign the

7/Z\""
2-form gauge field b, = 0, 1 on the plaquette p. This 2-form gauge field b, couple V\zlith link variable a; on
a plaquette p = {l1l5l3l4) as follow,

exp{K (—1)n¥antastay+bpl, (4.1.4)
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To make the 2-form gauge field b, flat, we also introduce following action on the cube y = (p1p2p3papsps),

1 .
3 > explimey(bp, +bp, +bpy+bp, +bps+bp)}. (4.1.5)

cy=0,1

Then, these action is invariant by 1-form gauge transformation,

a—a+4; (4,=0,1), (4.1.6)
bibi, = bk, + 0L
= bipil, + Ay + A + A + Ay, (4.1.7)

Pay attention to the calculation of the gauge volume. the parameter 64;,,;,;, is invariant by the 0-form gauge
transformation,

/ll:<ij) - /ll:(ij> + Wi+ U (ﬂi, uj = 0,1, i, j: site), (4.1.8)
6ﬂl11213l4 - 6/1211213]4 = 6/ll]lzl3l4' (419)

So, if we count 2 gauge degrees of freedom for each link, that includes 2 overcounts for each site. Therefore
the correct gauge volume is

2N
Ny * (4.1.10)
The partition function of the 1-form Zgl) gauged lattice gauge theory Z /7D is
2
2N ,
ZT/ZS) = W Z exp Z K(_l)all+al2+al3+al4+ P
{a}{b}{c} plaquette
p = (Likhily)
X expyin Z C?’(bpl +bP2+bP3+bP4+bP5+bp6) . 4.1.11)

cube
v ={P1P2P3P4P5D6)

Since the configurations connected by the gauge transformation are physically the same, we perform a gauge
fixing a; = 0 and sum up {a}.

2Ns

— by
e YR B Y IEIT

{b}{c} plaquette
p = (LhibbBl)

Z

X exp] i > Cy(bpy +bpy +bpy +bp,+bps+bp) b (4.1.12)

cube
Y = (P1P2P3P4P5D6)

a (K). Its exact rela-
2

The Kramers-Wannier-Wegner duality is a relationship between Z4(K) and Z, 1z

tionship is the following,

1 1 )
Ginh 2k 2T = e Y K), 4.1.13
(sinh 2K)3Ns/2 (&) (sinh 2K)3Ns/2 72 (K) ( )

sinh 2K sinh 2K = 1. “4.1.14)
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As in the case of the Ising model, rewrite the original theory to investigate its correspondence with the
gauged theory. By using the Eq. (3.1.15), we deform the partition function Z,

| -
Zr(K) = i D, || en{RD)
(2sinh 2K)Np/ {a}{b} plaquette

p = (hblly)
x exp{in(ay, +a, +ar, +ay)bp}. (4.1.15)

The term (a;, +ay, +ar, +ay, )b, focuses on the plaquette p = (I1/>/3/4) and describes the interaction between
the link variables and the plaquette variables. Rewrite this term in a form that focuses on each link. In a 4-
dimensional square lattice, each link is located on the boundary of 6 different plaquettes. We denote the
plaquette with link / on the boundary by p(/). Then the partition function is rewritten as follows.

Zr(K) = ——— D> expiR > (=)

: \Np/2
(2 sinh 2K) v/ {a}{b} plaquette
p

X expy in Z ar(bpy 1y + bpy ) + b3 ) + bpsty + Lpsty + b)) (-

link
l

(4.1.16)

We introduce a dual lattice by placing dual sites in the center of the hypercube of the lattice and dual
links between re-adjacent dual sites. By periodic boundary conditions, this dual lattice has the number of
sites, the number of links, the number of plaquettes, and the number of cubes equal to that of the original
lattice. At this time, the links and plaquettes of the original lattice are orthogonal to the cubes and plaquettes
of the dual lattice and at their centers, respectively We denote a label of dual cube orthogonal to a original
link / by [, and a label of dual plaquette orthogonal to a original plaquette p by 5. And we define the dual
cube variable ¢; on the dual cube [ by the original link variable a; = 0, 1 and the dual plaquette variable b P
on dual plaquette p by the original plaquette variable b, = 0, 1. If an original link / is placed on a boundary
of an original plaquette p = p(I), the dual cube [ have the dual plaquette on the boundary. If a dual plaquette
7 placed on a boundary of a tilde cube I, we denote the plaquette by 5 = 5(I). In term of the dual lattice,
the partition function is written by

ZrK) == Y explR Y (1)

. N
(2sinh 2K)Np/ (anb) plaquette
p

(4.1.17)

Since Nj, /2 = 3N, = N; — N follows from Eq. (4.1.2), we have proved KWW duality (4.1.13).

Similar to the 2-dimensional Ising model, KWW duality is self-duality when K = K. = K = —1/2log —1 + V2.

Zr(Ke) = Z o (Ke), (4.1.18)

In the following, the parameters are fixed to K = K.
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4.2 4-dimensional 7, lattice gauge theory

In this chapter, we describe our approach to the 4-dimensional Z, lattice gauge theory. To prepare for future
discussions on duality defect, we introduce two types of lattice, as illustrated in Figure 4.1. Our 4-dimensional
approach closely resembles the one used in 2-dimensions in [34].

Figure 4.1: A schematic illustration of lattices. Although these lattices are depicted as 2-dimensional in
this figure, the actual lattices treated in this paper are 4-dimensional ones. The black lattice consisting
of the black dots represents the lattice A, while the blue lattice consisting of the blue dots represents the
lattice A. These lattices are mutually dual.

To provide a more detailed description of the lattices, we introduce a 4-dimensional coordinate system,
denoted as (x1, xp,x3,x4) in R*. Points within A have coordinates consisting of even integers, defined as
A = {(x1,x2,x3,x4)|x1,X2,X3,x4 € 2Z}. Conversely, for A, the coordinates are formed by odd integers,
expressed as A == {(x1,x2, X3, x4) X1, X2, x3, X4 € 2Z + 1}. We refer to the line connecting the closest pair of
points in each lattice as a link. We also use the term plaquette for the smallest square formed by these links.
However, it is important to note that we do not classify the line connecting a point on A with a point on A as
a link.

We assign the link variables U,, = =1 to the links in A, while we do not assign link variables to the links
in A. For this reason, we refer to the lattice A, to which the link variables are assigned, as the active lattice.
Consequently, we label the sites, links, and plaquettes on the lattice A as active sites, active links, and active
plaquettes respectively. On the other hand, the lattice A, where no link variables are assigned, is referred to
as the inactive lattice. In this context, we label the sites, links, and plaquettes on this lattice as inactive sites,
inactive links, and inactive plaquettes.

We can consider the basic unit of this lattice system as a 16-cell(for more details, see [82, 83]). As
depicted in Figure 4.2, this 16-cell consists of an active plaquette and an inactive plaquette that share a
common center. Within the 16-cell, there are 16 tetrahedrons, each of which contains one active link and
one inactive link. The surface of the 16-cell is homeomorphic to S°.

The active placket and 16 cells correspond one-to-one. For example, we consider an active plaque-
tte p composed of four points at coordinates (0, 0, 0, 0), (0,0, 0,2), (0,0, 2,0), (0,0,2,2) in A. The center
point of this plaquette is (0,0, 1, 1). Then the inactive plaquette p composed of four points at coordinates
(x1,=1,1,1) in A shares the same center as p. There is a 16-cell that includes both p, p, and these eight
points.

This one-to-one correspondence between the 16 cells and the active plaquette makes assigning Boltzmann
weights to the active plaquette the same as assigning Boltzmann weights to the 16 cells. Let a; = 0,1 for
(i = 1,2,3,4) be the link variables for the four active links within a 16-cell. We define the Boltzmann weight
to this 16-cell as

W(ay,as,a3,as) = exp(K(—l)(a1+a2+“3+“4)). 4.2.1)

This definition is same as the Boltzmann weight in the Z, gauge theory.
To define the duality defect later, we introduce the weights for active links, active sites, inactive links,
and inactive sites as s, [, §, and [, respectively. These specific value of the weights is determined in Sec.
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Figure 4.2: A stereographic projection of a 16-cell into 3 dimensions. The black plaquette represents
an active plaquette, and the blue plaquette represents an inactive plaquette. The 16-cell consists of 16
tetrahedrons, each containing one active link and one inactive link.

4.3.1.
We define the partition function of this theory as

z=2 A1 Is| TLef TLsf [ 7] [wasosanos anos anm): “4.2.2)

{a} | active active inactive inactive |ieC
sites links sites links
where C is the set of all 16-cells, and (i), j2(i), j3(i), and j4(i) are the four active links in the 16-cell i.
a; is the link variable assigned to the active link j. Besides the constant normalization, it is the same as the
partition function (4.1.3)

4.3 Topological defect

In this section, we explain topological defects and junctions among them in the 4-dimensional Z, lattice
gauge theory following AMF approach [34, 35]. we introduce defects and junctions into our lattice system.
We impose the defect commutation relations of topological defects and determine their weights so that they
hold. We derive crossing relations among them. We calculate the expectation values of some configurations
of defects by using these crossing relations. In particular, we find that the defect associated to the KWW
duality is non-invertible.

4.3.1 Duality defect

In this subsection, we construct duality defects in the 4-dimensional Z, pure gauge theory. Duality defects are
3-dimensional operators. It is then placed on the boundary of the dual theories associated with the KWW
duality. The active and inactive lattices are swapped across the duality defects, like the KW defects in a
2-dimensional Ising model. [34].

The 3-dimensional unit cell on the tessellation by regular 16-cells is a regular tetrahedron located on the
surface of those 16 cells. Therefore, we employ these tetrahedrons as the building blocks of the 3-dimensional
surface on which a duality defect is supported. The active lattice and the inactive lattice are swapped across
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Figure 4.3: Schematic illustration of the duality defect. The black dots represent the active lattice and
the blue dots represent the inactive lattice. A duality defect is located at the boundary between the two
regions. The active lattice (black dots) and the inactive lattice (blue dots) are swapped across the duality
defect. A unit cell of the duality defect is a tetrahedral prism depicted as a green parallelogram in this
figure.

the duality defect. In order to implement this property, it is convenient to double each tetrahedron on which
the duality defect is supported, and swap the active link and the inactive link (see Figure 4.3). As a result,
the building block of duality defects is a tetrahedral prism (see Figure 4.4). This is analogous to constructing
the KW duality defect in the 2-dimensional Ising model by doubling link and swap the active site and the
inactive site in [34].

Figure 4.4: The building block of duality defects in the 4-dimensional Z, lattice gauge theory. The 3-
dimensional surface is composed of tetrahedrons each of which includes an active link and an inactive
link. A tetrahedron on which a duality defect is supported is doubled and becomes a tetrahedral prism.
An inactive link is put on the edge of a tetrahedron in this tetrahedral prism associated to the active link
on the other tetrahedron and vice versa.

the KWW duality transformation just changes the description of the theory, but not change the observ-
ables. Therefore we expect that topological duality defects exist like the KW defects in a 2-dimensional Ising
model. in order to construct such topological defects, we impose the defect commutation relations so that
the duality defect is topological, and find a solution.

Since a 16-cell is a basic unit of our lattice system, we focus on a single 16-cell and consider defect
commutation relations (see Figure 4.5). We consider a configuration of a duality defect A. Some of the 16
tetrahedrons in the focused 16-cell are filled by this defect A and the others are not. We also consider a
deformed configuration B in which the tetrahedrons on the focused 16-cell which are not filled by A is filled
and vice versa. So, A and B differ only on the focused 16-cell. For the duality defect is topological, A and
B must have the same weight if A and B have the same topology. Such an equality between two different
duality defect configurations is called a defect commutation relation.

In the defect commutation relation, it is necessary to consider coordination in which the topology of the
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Figure 4.5: A schematic illustration of a defect commutation relation. The circle represents a 16-cell and
a green line represents a duality defect. The defect commutation relation implies that the value of the
duality defect remains the same even if it is deformed without changing the topology.

defect does not change before and after the deformation. Then the topology of A and B are the same without
any ambiguity if and only if these configurations on the focused 16-cell satisty the following conditions.

* The tetrahedrons filled in the 16-cell for both A and B are not empty.
* Both A and B configurations, restricted to the surface of the focused 16-cell, are simply connected.

* There is no ambiguity in the above condition. In other words, there is no connection in which the
duality defects are connected only by sites or links.

We provide a more detailed explanation of the defect commutation relations. Each building block of
a duality defect contains two active links. Let us take a building block and we assign the link variables
a,d =0, 1 to these two active links. Then we can assign a weight D (a, @) to this building block. In Sec. 4.2,
we defined the weights for both the active lattice and the inactive lattice components. Specifically, we denote
the weight of an active link as /, an active site as s, an inactive link as [, and an inactive site as /.

We explain in more detail about the notations. Let’s choose a 16 cell with no duality defects on the
surface with our system. We assign the labels m = 1,2, 3,4 to the active links and the labels 7i = 1,2,3,4
to the inactive links. Then we denote the set of four active links in the 16-cell as M = {1,2,3,4} and the
set of four inactive links as N = {I, 2.3, Zl}. A pair of an active link and an inactive link, denoted as (m, 1),
can be employed to identify a tetrahedron that holds these links within the 16-cell. Let U be the set of all
tetrahedrons

U={(mi)m=1,273,4, i=1,2,3,4}. (4.3.1)

The weight of this 16-cell is the Boltzmann weight W(ay, as, as, a4) in Eq. (4.2.1). Here, a,, is the link
variable assigned to the active link m.

Next, we consider a 16-cell with duality defects on its surface in the configuration A. Let I C U be the
set of tetrahedrons filled by the duality defects in the configuration A. Since the duality defect is defined
by doubling the tetrahedron, we need to take into account the active links that arise from this doubling, in
addition to the set of active links M contained within this 16-cell. These additional active links are the
counterparts of the inactive links included in tetrahedrons contained in the set /. Therefore We can use 7,
which originally serves as the label for an inactive link in the 16-cell, as the label for such additional active
links. Therefore, the set of all such additional active links is £ = {ii|(m,71) € I}. Also, let @z be the link
variable of the additional active link 7i. By using these notations, we can denote the weight of each building
block of this duality defect located on the surface of the 16-cell as

D(ay,dz), (m,n)e€l. 4.3.2)
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Then the total weight of the 16-cell and the duality defect located on the 16-cell in the configuration A is
written as

W(ar, ar,az,as) [ Dlam az). (4.3.3)

(m,n)el

The defect commutation relations state that the weight of the configuration, A, before changing as shown
in Figure 4.5, with the defect on I, equals the weight of the configuration, B, after changing, with the defect
on the opposite area I = U \ 1. So, it’s important to also look at the configuration B. It’s key to note that in
B, the 16-cell and its active connections are part of the area opposite the defect, where the active lattice and
inactive lattice switch places. To make it easier to compare with the weights in configuration A, we can refer
to the active links in the 16-cell post-deformation as 7i = 1,2,3, 4, while the inactive links in the 16-cell are
called m = 1,2, 3,4. The variable for link 7i is marked as d;; because it connects to the system’s other part just
like @ in configuration A, if it exists. Using this label system, the Boltzmann weight for the 16-cell is shown
as W(ay, as, ds, dz). The combined weight of the 16-cell and duality defects on the 16-cell in configuration
B is noted as

W(ay, as, as, dz) ]—[ D(am, dp). (4.3.4)

(m,n) el

We also take into account E = {m|(m, i) € I}. This represents the collection of inactive links m adjacent to
the duality defect situated on the tetrahedrons in /. Every one of these inactive links is doubled by the duality
defect, leading to a corresponding extra active link. The link variable a,, for this active link m connects to the
rest of the system in a similar manner as the link variable a,, in the setup A. As a result, they are considered
equivalent.

We set specific defect commutation relations as requirements for D (a, @), I, s, 5, K.

Z W(al,ag,a3,a4)s“‘lﬁl§dll_'3~1 1—[ D(am,dz) = Z W(di,di,dg,d;‘)sazlﬁzidzl_ﬁz 1_[ D(a,,ds).
M\E (m,fi)el N\E (m,n) el
(4.3.5)

In this context, the counts of active sites, active links, inactive sites, and inactive links within the configu-
ration A are represented by ay, 81, d, and 8 respectively. Similarly, for configuration B, the numbers of
active sites, active links, inactive sites, and inactive links are indicated by a», 52, @», and Ez respectively.
Furthermore, the sums of >3\ g, 2.\ g are defined by

3R DR Y D 430

M\E meM\E a,,=0,1 N\E ieN\E @r=0,1

In Eq. (4.3.5), on the left side we add up the link variables for the links in M \ E, and on the right side, the
addition is for the link variables of the links in N \ E. Here’s more detail about this addition. Initially, both
sides of the defect commutation relations represent the input to the partition function or correlation functions
with the defects from the 16-cell and its components on its surface. The defect commutation relations must
be fulfilled for any link variables in the active links found in other 16-cells, where a different operator might
be added. On the other side, the active links in M \ E, N \ E are not part of other 16-cells. These represent
the degrees of freedom that emerge and vanish before and after the deformation. Thus, sums derived from
the partition function are applied to the link variables of such links.

We find the values D (a, d), [, s, I,5,K by resolving these defect commutation relations. In a solution that
makes physical sense, these values fulfill

D(a,d) #+0, [,5,1,5>0, KeR, K=#O. 4.3.7)
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There is a single solution that makes physical sense, except for the sign of D(a, @). The solution is !

D(a,d) =

= (=1)%4, (4.3.8)
a
1 1
[= @ =—, s= @ = —, (4.3.9)
V2 V2
I=@ 0 =1, 5=@ =1, (4.3.10)
1
K =Ke =3 log(—l + \/E) W(ay,as, as, as) = exp(K(—1)<“l+“2+“3+“4>). 4.3.11)

We demonstrate the gauge invariance of our duality defects. A single building block is not gauge invariant
by itself. To understand this, let’s consider the gauge transformation at a site S within a building block B.
Define L as the active link at S that is part of B. Also, consider L’ as another active link within B. Variables
a and d represent the link variables for L and L’, respectively. Then the weight of this building block B is
transformed by this gauge transformation as

D(a,d) — D(l1-a,a)=(-1)1"94, (4.3.12)

So, it is not gauge invariant. The entire duality defect is gauge invariant, as demonstrated below. Because
the entire duality defect lacks a boundary, there exists a unique building block that includes S and L’ but
excludes L; this building block is referred to as B’. Further, let b represent the link variable of the active
link that includes S within B’. Then the weights of these building blocks B, B’ are transformed by the gauge
transformation at the active site S as

D(a,a)D(b,d) — D(1-a,a)D(1-b,a) = (-1)1"D41)(-P)a = (_1)ad(_1)bd = D(aq,a)D(b, ).

(4.3.13)
Therefore, the pair of building blocks B, B’ remains unchanged by this gauge transformation. Building blocks
that include the site S are grouped into such pairs, and so remain unchanged. Those building blocks not
including S are obviously unchanged. Hence, we can deduce that the entire duality defect is unaffected by
gauge transformation.

We now demonstrate that the duality defects created here are non-invertible. To do this, we consider the
situation where the set of filled tetrahedrons in the 16-cell for the configuration B is empty as depicted in
Figure 4.6. In the configuration A, the duality defect is present on all tetrahedrons of the 16-cell, creating
a closed manifold S>. In this case, the transformation changes the topology of the defect from S° to empty,
hence, Eq. (4.3.5) is not required. Instead, one observes that the equation below is fulfilled by inserting our
solution (4.3.8) — (4.3.11).

W(ay, as, as, as)s 135818 ]—[ D(apm, d;) = LW(di, a5, a5, @) s (43.14)
ay,as,asz,as=0,1 (m,n)eU \/E

For a symmetry defect placed on a closed manifold without any operator insertion inside, the weight is
identical with the empty configuration. However, for our duality defect, they are not identical, but their ratio
is 1/v2. Therefore, we can conclude that our duality defects are non-invertible.

'We have used Mathematica to find the solution. We have learned this method from Kantaro Ohmori’s lecture “Categorical
symmetry in 1 + 1 dimensions” (in Japanese) in CREST online workshop “Theoretical studies of topological phases of matter.” We
would like to thank him for this excellent lecture.
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Figure 4.6: A schematic illustration of Eq.(4.3.14). The circles represent the 16-cell and the green line
represents the duality defect.

4.3.2 Z; 1-form symmetry defects

In this subsection, we construct 1-form Z, symmetry defects. As explained in Subsec. 2.2.1, these defects
are defined on 2-dimensional surfaces. The charge operator is the Wilson loop. The symmetry defect acts as
a link to the Wilson loop, flipping its sign.

Since Z, symmetry defects are not codimension 1, their construction is somewhat different compared to
the duality defects discussed in Sec. 4.3.1, as well as the defects constructed in [34] and [35]. We examine
a 2-dimensional closed surface made of triangles, each formed by an inactive link and the midpoint of a
neighboring active link. We focus on a Z; symmetry defect supported by this surface. To explain these Z;
symmetry defects, we deform the lattice as described below. In the Z, symmetry defects, an inactive link and
the inactive sites are doubled. Conversely, when the midpoint of an active link lies within the Z, symmetry
defect, the active link is doubled, but the two active sites at the ends of this active link remain undoubled.
Each triangle on this surface is doubled and becomes a triangular prism due to this deformation (see Figures
4.7, 4.8). We use this triangular prism as a building block for Z, 1-form symmetry defects.

Figure 4.7: The building block of the 1-form Z, center symmetry defect. A black dot represents the
midpoint of an active link. A blue dot represents an inactive site and a blue line represents an inactive
link. A building block of the surface on which a 1-form Z, symmetry defect is supported is a triangle
formed by an inactive link and the midpoint of an adjacent active link. A triangle on which a Z, symmetry
defect is supported is doubled and becomes a triangular prism.

We assign specific weights to Z, symmetry defect elements as outlined below. A building block contains
the midpoints of two active links. Each building block includes the midpoints of two active links, denoted by
b,c =0, 1. Our goal is to define the 1-form Z, symmetry defect to flip the sign of a Wilson loop. Therefore,
we assign the weight Z, (b, c) = Ope = (1 = 6p.) to each building block. We also assign a weight z = V2
to each pair of doubled active links, balancing the additional weight (4.3.9) for the doubled active link. The
weights for these components are summarized below.
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Figure 4.8: The surface is made by connecting several building blocks of the 1-form Z, symmetry defect.
A black line represents an active link. A blue dot represents an inactive site and a blue line represents an
inactive link.

Zr(b,c) = pc =0y, 2= = V2. (4.3.15)

Assigning the Boltzmann weight to a plaquette (or a 16-cell) with doubled active links is not entirely clear.
The assignment is based on the rules below. Each building block in a Z, symmetry defect contains a pair of
inactive links that are doubled. In our setup, an inactive link passes through the middle of a cube. This cube
is made up of six plaquettes, and we refer to it as an “active cube.” Furthermore, the building block for the Z,
symmetry defect defines the center point of an active link within this active cube. Let’s select such a building
block and describe the method to assign the Boltzmann weights. In this active cube, there are two plaquettes
that share this active link. Next, the Boltzmann weight for one of these two plaquettes is determined through
the use of one of the doubled active links, and the weight for the other plaquette is computed with the other
active link (refer to Figures 4.9, 4.10). It could get a bit confusing when two plaquettes inside an active cube
share a pair of doubled active links, even though the triangle made by the center of these doubled active links
and the inactive link at the center of the active cube is not included in a Z, symmetry defect. In this situation,
the Boltzmann weights for both plaquettes are derived using one of these doubled active links. These rules
determine the Boltzmann weights for all plaquettes.

Figure 4.9: An active cube. A black Figure 4.10: An active cube with a
line represents an active link. A blue building block of a Z, symmetry de-
dot represents the inactive link crossing fect. The inactive link and an active
the center of the active cube. link is doubled by the Z, symmetry de-

fect. Two plaquettes that share the ac-
tive link before doubling contain the
doubled active links, one each.
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Presently, we demonstrate that these Z, 1-form symmetry defects possess topological properties. We
focus on a 16-cell, as with the duality defects. The set of active links in this 16-cell is represented as M =
{m =1,2,3,4}, while the set of the inactive links is denoted by N = {7i = 1,2, 3,4}. Let’s pick two adjacent
active links, m = 1, 2, from the set M. Next, we focus on the set of triangles

V={(m)|m=1,2,in=1,23,4}. (4.3.16)

These triangles form an octahedron. We examine a Z; 1-form symmetry defect made of H C V in the
octahedron; this configuration is referred to as B. We compare it with the deformed configuration C, where
the defect is formed by H := V \ H within the octahedron, and the configuration outside the octahedron
remains unchanged. In order to write down the commutation relations, we also define M’ = {m = 1,2} C
M, Fp, := {m|(m, i) € H} and F, := {m|(m, 1) € H}. The link variables of the active links 3, 4 are denoted
by as, a4, respectively. The link variables of the links m = 1,2 are denoted by b, and c,, if the link m is
doubled. If m = 1,2 is not doubled, its link variable is denoted by b,, in the configuration B and ¢, in the
configuration C. Then our Z, symmetry defects turn out to satisfy the commutation relation

D, Wbrasa) || Zabwew = ) Wencrasa) || Zabmen).  @317)

M’\Fb (m,ﬁ)EH M’\FC (m,fz) EI:I

Here, considering the weight of z, the weights of sites and links on each side are equal and cancel to each
other. Therefore, we have not included them in Eq. (4.3.17). The sums in Eq. (4.3.17) are defined by

Z = ]_[ Z (4.3.18)

M'\F,  meM’\Fy b;,=0,1

=011 3. (4.3.19)

M’\F, meM’\F. ¢n=0,1

The commutation relations (4.3.17) means that our Z, symmetry defects are topological.
The commutation relations (4.3.17) also imply our Z, symmetry defects are invertible defect. For in-
stance, a Z, symmetry defect placed on the octahedron carries the same weight as an empty configuration

1

Z W(bi, b, a3, a4) 1—[ Zy (b, cm) = W(cy, c2,a3, as). (4.3.20)
b1,b,=0 (m,i)eV

Our study leads us to determine that our Z, symmetry defects truly correspond to the symmetry defects
associated with the 1-form Z, center symmetry.

4.3.3 Defect junctions

We can think about a setup of defects where various types of defects encounter each other, creating junctions.
This part of the discussion focuses on such junctions and their weight.

In our model, a junction happens when a Z; 1-form symmetry defect ends on a duality defect, as shown
in Figure 4.11. These junctions are found on one-dimensional lines.

As explained in Sec. 4.3.1, duality defects are established by doubling tetrahedrons and their associated
links. A junction forms when a doubled link of the duality defect intersects with the Z, symmetry defect.
There are two types of junctions, based on whether the shared link is an active lattice or an inactive lattice.
Each type of junction is depicted as in Figure 4.12 and 4.13. The weight assigned to a junction that shares
an inactive link is represented by J(a), using the link variable a for the active link that matches the shared
inactive link. In the same way, if the shared link is an active link, the weight of the resulting junction is
indicated by J(b, c), where b, ¢ are the link variables of the shared links that are doubled by the Z, symmetry
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Figure 4.11: A schematic illustration of junctions. The red line represents a Z, symmetry defect, and the
green surface represents a duality defect. The intersection is actually 1-dimensional.

Figure 4.12: A schematic illustration
of a junction sharing an inactive link.

Its weight is denoted as J(a).

Figure 4.13: A schematic illustration
of a junction sharing an active link. Its
weight is denoted as J (b, ¢).

defect. The total weight becomes non-zero only when b = 1 — ¢, a result of the Z, symmetry defect.
Therefore, we can apply a function J(a), depending only on a, to represent the weight of this junction as

J(b,c) = J(b)oy .

The weights at these junctions are set to ensure that the following junction commutation relations are
met. To describe junction commutation relations in detail, we use a diagram as illustrated in Figure 4.14. In
this illustration, every corner symbolizes a tetrahedron. Two tetrahedrons connected with a black line share
an active link, and two tetrahedrons connected with a blue line share an inactive link.

(1,1

4.1

(1.3)

@0

@3,0)

(1.4
\ (1,2)
2.4) -
2,2 2.3)
3,4) 33
/ : (3,3)
/ (3,2 43)
4.4 .
(4,2)

Figure 4.14: A configuration of tetrahedrons. Each vertex represents a tetrahedron. Two tetrahedrons
connected by the black line share an active link, and two tetrahedrons connected by the blue line share an
inactive link. The pairs of numbers assigned to the vertices specify the labels of the active and inactive

links that each tetrahedron contains.

First, we apply a junction commutation relation to the J junction weights and the J junction weights. We
examine two configurations of defects as shown in Figure 4.15, ensuring their weights are identical. This
commutation relation demands that the Z, symmetry defect is capable of continuous transformation along
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with the duality defect, as illustrated in Figure 4.16. This commutation relation can be expressed as

W(1 - ai,az,a3,as)D(1 —ay,ds)D(1 — ay,dz)D(az, dy)D(az, dz)D(az, ds)J (ap)J (1 — ay)
=W(ay, 1 - az,as,as)D(a1,d)D(ar,dz)D(1 — az,a;)D(1 — az,dz)D(1 — az, d5)J(1 — az). (4.3.21)

In this case, the constant weights are not included as they are the same for both parts. The summation arising
from the Z, symmetry defect have already been removed.

[

1,1) (1,1

@3.0)

Figure 4.15: The configuration of Eq. (4.3.21). The green dots represent the tetrahedrons on which the
duality defect is located. The red dots represent the tetrahedrons on which the Z, symmetry defect is
located. Here, placing a Z, symmetry defect on a tetrahedron means placing a Z, symmetry defect on a
triangle connecting the center of the active link with the inactive link in the tetrahedron.

Figure 4.16: A schematic illustration of junction commutation relations. The green surface represents a
duality defect and the red surface represents a Z, symmetry defect. The junction commutation relation
requires that the Z, defect can be deformed along with the duality defect. Junctions are located on the
intersection of the two kinds of defects.

Next, we determine the J(a, b) junction weight using junction commutation relations. We examine two
defect configurations depicted in Figure 4.17, ensuring their weights are identical. The junction commutation
relation is also a requirement that the Z, symmetry defect can be continuously deformed along the duality
defect. This equation reads

W(1 - ai,az,as,as)D(1 —ay,ds)D(1 - ay,dz)D(az, ds)D(az, dz)J (1 — ay)
=W(a1,1 - az,as,as)D(ay,ds)D (a1, az)D(1 - az,az)D(1 - ay, az)J(a1)J (1 — az). (4.3.22)

In this case, the constant weights are not included as they are the same for both parts. The summation arising
from the Z, symmetry defect have already been removed.
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Figure 4.17: The configuration of Eq. (4.3.22).

We can resolve the junction commutation relations from Eq.(4.3.21) and Eq.(4.3.22), and discover a
unique solution for J(a), J(b, ¢). It is written as

J(a) =1 = (=1)%, (4.3.23)
J(b,c) =| bg >C

General junction commutation relations include equations (4.3.21) and (4.3.22). We describe these
commutation relations using the notations from Sec. 4.3.1. Let’s assume that duality defects are placed
onl c U. Weselecti,j €¢ M = {1,2,3,4} (i # j) and examine two different configurations with
Z, symmetry defects. These configurations are represented by F' = i, j X N, N := 1,2,3,4. We define
Ir = {(m,7i)|(m,7i) € [ and m € {i, j}} as the set of building blocks of the duality defect with active links
being i or j. Additionally, we set F' = F \ Ir.. We require that the weight of the configuration with a Z, defect
placed in Hr C F must be the same as that in ' \ Hr. These are non-trivial relations for junction weights.
The weights (4.3.23), (4.3.24) satisfy all these commutation relations.

Let’s describe why our junctions remain unchanged under gauge transformations. The expression (4.3.24)
for weight is unaffected by gauge transformations. This happens because at an active site within this build-
ing block, it changes as J(b,c) — J(1 — b,1 —¢) = J(b,c) due to the gauge transformation. On the
other hand, J(a) in Eq. (4.3.23) is not invariant under gauge transformation by itself, as it changes to
J(a) — J(1 —a) = —J(a) due to the gauge transformation at an active site in this building block of
junctions. However a whole junction remains gauge invariant as described. Let’s concentrate on an ac-
tive site S on a J junction. Since this junction is a line with no boundary, there are precisely two building
blocks of junctions which include S. Let a, b be the link variables for the two active links in these two
building blocks. By the gauge transformation at S, the weights of these two building blocks change as
J(a)J(b) — J(1 —a)J(1 —b) = J(a)J(b). The other part of the junction remains unchanged by this
gauge transformation. Thus, we can conclude that our junctions are gauge invariant.

TF . (4.3.24)

4.3.4 Crossing relations and expectation values

In this subsection, we explore different crossing relationships using the defects and junctions explained so far.
For example, we derive the crossing relations between two duality defect configurations whose topologies are
different. We further deduce certain crossing relations where both duality defects and Z, symmetry defects
emerge.

A demonstration of such relations is that Z, symmetry defects having a boundary on the duality defect
can be eliminated if the boundary is homologically trivial on the duality defect. It is schematically illustrated
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in Figure 4.18. One concrete configuration in the lattice is shown in Figure 4.19. It’s possible to confirm the
equation shown in Figure 4.19.

Z J(a7)J(a@s)J (as)J (az)W(ay, as, by, as)Zo(bs, c3)*D(ay, dj)D (a1, @) D(ay, as)D(ay, dz)
a],b3:0,1

= Z W(ai,az, c3,as)D(ay,dj)D(ay, ds)D(ay, az)D(ay, dy).
a;=0,1
(4.3.25)

Here, we omit the constant weights like those of links, as these weights are identical on both sides.

y
y

Figure 4.18: A schematic illustration of the crossing relations that a Z, symmetry defects with a boundary
on the duality defect can be removed if the boundary is homologically trivial on the duality defect.
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Figure 4.19: The configuration of the left-hand side of Eq. (4.3.25).

Another crucial intersection relation is the formula for the duality defect on a 3-dimensional solid torus.
We think about splitting a 16-cell into a pair of solid tori. These solid tori are referred to as V; and V5. A
solid torus is not simple connected, and thus the topology of the duality defects changes by the deformation
as explained in Sec. 4.3.1. Therefore, it’s not necessary for the defect commutation relations to be satisfied.
Instead, we find the crossing relations of the solid torus that include Z; defects (refer to Figure 4.20); there
is a connection between the duality defect on Vi, the duality defect on V5, and the duality defect on V, along
with the Z, symmetry defect. Define Is as the collection of tetrahedrons in V5. First, we select one k from
N ={1,2,3,4}, and define I§ :={(m, k)|(m, k) € Is} as the set of tetrahedrons in V, that contain k. Think

about a duality defect on V; and a Z, symmetry defect on each tetrahedron in M X k \ 1 ’;, M =1,2,3,4.
Here, placing the Z, symmetry defect on the tetrahedron refers to situating the Z, symmetry defect within a
triangle in a way that it joins the middle of the active link to the inactive link inside the tetrahedron. Notice
that the weight of the configuration is independent of the choice k because of the defect commutation relations
described in Sec. 4.3.3. For example, if the duality defect is placed on V; as shown in the left-hand side of
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Figure 4.20: A schematic illustration of solid torus equations. The left-hand side represents a duality
defect configuration on one solid torus V;. The first term of the right-hand side represents a duality defect
configuration on one solid torus V, and the second term represents a configuration of the duality defect
on a solid torus V5 with a Z, symmetry defect on D? whose boundary is a non-trivial cycle on the duality
defect. This is an example in which the crossing relation is not closed only within duality defects.

1,3 (1.3)

13 (1.3 13 (1.3

@]

Figure 4.21: The configuration of Eq. (4.3.26). The left-hand side is the duality defect configuration on
V1. The first term on the right-hand side is the duality defect configuration on V5, and the second term
on the right-hand side is the duality defect configuration on V, with a Z, symmetry defect.

=2

=1

Figure 4.22: A calculation of an expectation value of a duality defect on S x S'. In the left-hand side,
we focus on the part surrounded by the dotted circle. The duality defect in this part is D? x S' shaped,
and therefore we apply the solid torus equation here. In the right-hand side in the first line, the first term
is duality defect on S°. The second term is a duality defect on S* and a Z, symmetry defect on D> whose
boundary is on the duality defect. By using a crossing relation in Figure 4.18, we find the second term
equal to the first term. Therefore, the expectation value of a duality defect on S* x S! is equal to the V2
times S3 expectation value. By using the relation in Figure 4.6, finally, we find the expectation value of
a duality defect on S x S! is one.
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Figure 4.23: A calculation of the expectation value of a duality defect on §? x S! with a Z, symmetry
defect on D? whose boundary is a non-trivial cycle on the duality defect. In the first equality, we use
the solid torus equation in Figure 4.20. By using the relations in Figure 4.6 and 4.22, we find that the
expectation value is zero.

Figure 4.21, the configuration of the Z, symmetry defect is shown in the second term on the right-hand side
of Figure 4.21.
Next, the crossing relation depicted in Figure 4.21 holds true. The specific equation for this is as follows.

sSIW (ay, az, a3, as) D (ay, dy)D(az, dy)D(az, @3)D(az, 3)D (a3, d3)D(as, aj) D (as, ds) D (as, dz)

1 o . 5 - - 5 - 5 5
= E(Sslgw(ai,aiv615701)0(611,ai)D(al,ag)D(al,aa)D(az,aa)D(a3,a1)D(a3,a§)D(a3,aa)D(a4,a§)
+ s81°2W (b, ds, as, az)D(ay, as) D (a1, as)D(ay, dz) D (az, a;)D(as, bi)D(as, ds)

b;=0,1

x D (a3, dz)D(ay, dz) Zao(di, by)>J(ar)J(a2)J (az)J (ds, 151)). (4.3.26)

Using the solid torus equations (4.3.26), we are able to calculate several expectation values. The first example

is the expectation value of a duality defect on S? x S', as illustrated in Figure 4.22. We can cut out one solid
torus from S? x S'. We apply the solid torus equation to this solid torus. Using the connections in Figures
4.6 and 4.18, we understand that the expectation value of the duality defect on S x S' is one. The second
example is an expectation value of a Z, symmetry defect on a two-dimensional disk, which has a boundary
that is a non-trivial S' cycle on the duality defect on S? x S', as depicted in Figure 4.23. We apply the solid
torus equation to the duality defect configuration on S3. Then, we find that the expectation value is zero.

Additionally, We also find the crossing relation for duality defects placed on two disconnected 3-dimensional

disks as depicted in Figure 4.24. This relation is realized in a 16-cell as illustrated in Figure 4.25. This con-
nection is described as

s81°W (a1, as, a3, as) D (ay, ;) D (a3, dz)

1
= — Z s I3W (ax, ds, as, az, ) D (a1, ds) D (ay, d3) D (ay, dz) D (az, d;) D (az, ds) D (az, ds)
\/z dy,dy,=0,1
X D(ay,dz)D(as,ay)D(as, dz)D(as, dz)D(as, dy)D(as, ds)D(as, az)D(ay, az).
(4.3.27)

This relation allows us to compute the expectation values of the duality defects. An example is a duality
defect on S3. We think about two disconnected duality defects on S3. We can establish a connection between
this configuration and a S° duality defect using Eq. (4.3.27). Consequently, the expectation value of the
duality defect on 3 is 1/ V2. This result is consistent with the result in Eq. (4.3.14). The second example is
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Figure 4.24: A schematic illustration of the crossing relation including two disconnected disks.
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Figure 4.25: The configuration of Eq. (4.3.27).

a duality defect on S' x S? as shown in Figure 4.26. Using the crossing relation in Figure 4.24 to S! x S2,
we find that the S! x S? expectation value is one.

Sl x 52 63

Figure 4.26: A calculation of an expectation value of a duality defect on §' x S?. We use the commutation
relation Figure 4.24 to S' x S%. Then, the S' x S? expectation value is equal to V2 times the §3 expectation
value. We see that the S' x S? expectation value is one by the relation Figure 4.6.

In a more general sense, one can compute the expectation values of the duality defect on the connected
sum by utilizing the crossing relationship depicted in Figure 4.24. Let (X) be the expectation values of the
duality defects on a sub-manifold X. Then the expectation value of the connected sum is provided by

(X#Y) = V2 (X) (¥). (4.3.28)

For example, {(S' x S)#(S' x $%)) = V2.

We describe the action of a duality defect on a Wilson loop. When we place the duality defect around a
Wilson loop on a plaquette, the relation in Figure 4.27 is derived; a 't Hooft loop appears on the plaquette
where the Wilson loop was placed. In this theory, a 't Hooft loop itself cannot be defined locally within the
loop. It must be accompanied with a Z, symmetry defect on a surface whose boundary is the loop [1]. The
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Figure 4.27: A schematic illustration of the action of a duality defect to a Wilson loop.
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Figure 4.28: A schematic illustration of the general action of a duality defect to a Wilson loop.

relation in Figure 4.27 is expressed as

e o 1
Z W (ai, as, az, as)s®1® (—1)%1+ar+as+ds l_[ D(am, d) = —W(1 - ay, az, a3, as)s*1*.
d],di,dg,di=0,] (m,fl)EU \/E

(4.3.29)
In this equation, U is defined as U = {1,2,3,4} x {1,2,3,4}. The right-hand side 1/V2 represents the

expectation value of the duality defect on S3. The sum of the Z, symmetry defect has already been evaluated.
It is most likely that more general relations in Figure 4.28 is satisfied.
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Chapter 5

Application to g-functions

In this section, we restrict the renormalization group flow of the theory with boundary using the non-invertible
topological defects constructed in the previous section. This restriction is given by the g-theorem.

The hemisphere partition function with conformal boundary conditions is monotonically decreasing in
two and three dimensions and increasing in four dimensions, depending on the boundary renormalization
group flow. Therefore, once the size of the hemisphere partition function is known, we can place a restriction
on the renormalization group flow. In this paper, we refer to the hemisphere partition function as the g-
function.

We compare in this section the g-functions defined by different boundary conditions using non-invertible
topological defects. To begin, we first check how the boundary conditions of the theory are defined in our
setup. We then define two types of Dirichlet boundary conditions and a Neumann boundary condition.
In order to compare g-functions with different boundary conditions, we consider partition functions with
defects ending on the boundary and topologically deform the boundary of the defect. Therefore, we define a
junction of defects and boundaries that can be topologically deformed. Finally, we compare the g-functions
by considering a partition function with a defect that has an edge at the boundary and deforming the defect
in two different ways that produce different g-functions. The deviation then arises from the non-invertible
nature of the defect.

5.1 Four-dimensional Z; lattice gauge theory with boundary and the duality
defects

5.1.1 Boundary conditions

This subsection introduces three boundary conditions. We define two Dirichlet boundary conditions and one
Neumann boundary condition on our setup. We introduce M as a bounded spacetime.

M := {(x1,x2,x3,x4)|x1 > 0}. (5.1.1)

In this case, the boundary of the spacetime is located at x = 0. The boundary, a 3-dimensional lattice at
x =0, is part of the lattice A introduced in Sec. 4.2. In Sec. 4.2, we restricted the lattice on the A to be the
active lattice, but in this section we do not fix it to define the boundary conditions.

First, we consider the case of an inactive lattice on A. At this time, there are no active links on the
boundary, so no restrictions are imposed on the link variables. Therefore, this boundary condition is the free
boundary condition, which we define as the Neumann boundary condition and denote by N.

We can assign arbitrary weights to sites, links, and plaquettes on the boundary. Here, for simplicity we
fix these weights to 1. Then we can define the partition function of the 4-dimensional Z; lattice gauge theory
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with boundary condition N as follows.

2= T 1] W@ anmsapmsag)- (5.1.2)

e \igier J\iRs /¢
Next we consider the boundary conditions for the case of an active lattice on A. In this case we can define
two different Dirichlet boundary conditions. The first one is a boundary condition that fixes the link variable
a on the boundary to zero. We denote this Dirichlet boundary condition by D. We define the weights of the
site, link, and plaquette on the boundary to be sp, Ip, and Wp, respectively. These values are determined
from the conditions for topological deformation of the edge of the duality defect on the boundary in next
subsection. The partition function Zp with boundary condition D is as follows.

ZD:Z l_[ s l_l ! n D n Ip l—[ Wp 1—[W(afl(i)’ajz(i)’ah(i)’ajzt(i))’

{a} \bulk active bulk active boundary boundary boundary ieC
sites Inks sites links plaquettes

(5.1.3)

where C is the set of the active plaquettes containing at least one bulk active link, and j; (i), j2(7), j3 (i), ja(i)
are active links in active plaquette i. The summation for {a} is taken for all link variable configurations such
that the boundary conditions are satisfied.

The second Dirichlet boundary condition is a boundary condition that fixes all active plaquettes on the
boundary at zero. That is, any boundary plaquette satisfies a; + a; + az + a4 = 0 (mod 2) for the link
variables a; (i = 1,2, 3,4) of the active links that comprise the plaquette. We denote this boundary condition
by D. Let s and [ be the weights of the active sites and links on the boundary in this boundary condition,

respectively. The Boltzmann weight on the boundary is defined as Wﬁém"d 2 , since the sum of the
aj+az+asz+ay,0

active link variables must satisfy a; +a; + a3 + a4 = 0 (mod 2)=0 from the boundary condition. Here, (5‘;%‘1 2
is defined as
0 (a:odd
oM 2 = ( ) (5.1.4)
’ 1 (a:even)
The partition function with boundary condition D is given by
Zo=2l [L st [T o 11 ss|| 1] %
{a} \ bulk active bulk active boundary boundary
sites links sites links
mod 2
% n Wﬁéan<k>+ajz<k>+af3<k>+aj4<k>’0) l_[ W(aji (i) @jaiys @js(i)s @jai))- (5.1.5)
keCp ieC

Now,C g represents the set of all boundary plaquettes, C is the set of all bulk plaquettes, and j (i), j2 (i), j3(i), j4(i)

are links in the plaquette i. The summation {a} is taken for all possible configurations of the link variables.
There are two kinds of basic units on the boundary. One of them is the convex hull of a plaquette on the

boundary lattice A and the closest link to the plaquette in the bulk in A as in Figure 5.1. We refer to this

basic unit as quarter 16-cell. The surface of a quarter 16-cell contains six cells; four of them are tetrahedrons

and two of them are square pyramids. For example, a quarter 16-cell is the convex hull of the six points

(0,0,0,0), (0,0,0,2), (0,0,2,0), (0,0,2,2), (1,-1,1,1) and (1,1, 1, 1).
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Figure 5.1: A schematic picture of a quarter 16-cell. The black plaquette represents a plaquette on the
boundary and the blue square dot represents a link in the bulk.

The other basic unit is the convex hull of a three-dimensional cube on the boundary and a site closest to
the cube in the bulk as in Figure 5.2. We refer to this basic unit as cubic cone. The surface of a cubic cone
contains seven cells; six of them are square pyramids and one of them is a cube.

We consider the commutation relation on a cubic cone in Sec. 5.1.2.

Figure 5.2: A schematic picture of a cubic cone. The black dots and lines represent sites and links on
the boundary, respectively. The blue dot represents a site in the bulk.

5.1.2 Topological defects ending on the boundary

In this subsection, we consider duality defects with edges on the boundary. As we saw in Chap. 4, since
duality defects swap active and inactive lattices, the edge of a duality defect on the boundary is expected
to be located at the interface between the Neumann N and Dirichlet boundary conditions D or D. We want
to consider the edge of a duality defect that can be topologically deformed on the boundary. Therefore, we
impose a “boundary defect commutation relation” between the weights of the elements on the boundary and
the edge of the duality defect. We determine their weights in such a way that this condition is satisfied.

In addition to the tetrahedral prism constructed in Chap. 4, there is another kind of building block for
KWW duality defects that is adjacent to the boundary. That building block is a doubled square pyramid that
has a pair of active and inactive plaquette on the boundary and a pair of active and inactive sites closest to
the plaquette in a bulk as shown in Figure 5.3.

We consider two types of boundary defect commutation relations, one on cubic cone and the other on
quarter 16-cell. With this boundary defect commutation relation and the commutation relations considered
in Chap. 4, we can construct KWW duality defects that can be smoothly deformed on the boundary. Since
the boundary commutation relation on quarter 16-cell does not impose any restriction on the weights of
elements on the boundary, we consider the boundary commutation relation on cubic cone in this subsection.
The boundary commutation relation on quarter 16-cell is considered in Appendix A.1.

Consider the boundary defect commutation relation associated with cubic cone. A has six square pyra-
mids on which duality defects can be placed. The boundary defect commutation relation is the equality of
one of those configurations with another configurations that does not change the topology. In this case, the
defects have the same shape except on cubic cone, which is the one of interest. There are six equations for
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Figure 5.3: A schematic picture of a building block of KWW duality defects on a boundary. The unit
is defined on a doubled square pyramid. Each square pyramid includes a boundary plaquette and a bulk

site closest to the plaquette.

the boundary commutation relation associated with A, as shown in Figure 5.4, for the case where the edge

exists between the boundary conditions D and N, and between D and N, respectively.

o

(d

(e)

®

Figure 5.4: Schematic pictures of boundary defect commutation relations on a cubic cone. Blue lattices
represent the N boundary condition. Black lattices represent D or D boundary condition. Some of square
pyramids are filled by the KWW duality defects which are represented by green surfaces.

The defect commutation relations associated with D and N boundary conditions depicted by Figures

5.4(a)—(f) are given, respectively, by

Wpln'shpp = Whly spph,
Woln'shPb = Wolp spPp,
Woln P = Whlpspr,
Woly spPh = Woln spPp,
Walhsbrh = Wolh shPb,

WDlésépD = nglgzs%pls).

(5.1.6)
(5.1.7)
(5.1.8)
(5.1.9)

(5.1.10)

(5.1.11)

Note that the Boltzmann weight of the top active plaquette in the right-hand side of Figure 5.4(a) does not
contribute to the partition function as shown in Eq. (5.1.6), since the inside of this plaquette does not belong
to D or D, but it belongs to N. Egs. (5.1.6)—(5.1.11) are not independent. Sorting out these equations, we

obtain the following equation, which is equivalent to the above equation:

Wp = p4D,
372 _

WaIE =1,

WL sp = 1.
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On the other hand, the defect commutation relations associated with D and N boundary conditions de-
picted by Figures 5.4(a)—(f) are given, respectively, by

Wgzgs%pﬁ = nggs%p%, (5.1.15)
2ng]1~)2s%p25 = W%l]l)ls%p%, (5.1.16)
23W]gz]£)2s%p% = W%l%s%p%, (5.1.17)
22Wgz]‘32s%p% = W%lg’s%p%, (5.1.18)
WAL sS p = 22WS1L2sE pi, (5.1.19)
Wi spp = 28 WSIL2s8 po (5.1.20)

where, 6™°¢ 2 and summations of link variables common to both sides are omitted. The numerical coeffi-
cients 2" in Egs. (5.1.16)—(5.1.20) are the numbers of the configurations of the link variables that satisfy the
boundary condition. Egs. (5.1.15)—(5.1.20) are not independent. Sorting out these equations, we obtain the
following equation, which is equivalent to the above equation:

Ws = p%, (5.1.21)
ng]%) =1, (5.1.22)
2W]%l%s5 =1. (5.1.23)
5.1.3 D3 expectation values
X X
Y S .
) =0(X:Y)
X

Figure 5.5: Derivation of the D3 expectation value. The gray region represents the bulk on which the Z,
gauge theory lives. The black or blue vertical lines represent boundaries. The green line represents the
KWW duality defect on D3 whose edge is S on the boundary. The black lines represent the X boundary
condition. The blue line inside the S? represents the ¥ boundary. When no other operator is contained
inside the D3, we can replace it with D3 expectation value Q(X;Y).

We consider a KWW duality defect on D3 whose edge is S? on the boundary, as shown in Figure 5.5.
On the boundary of the spacetime, the inside of this S is ¥ boundary and the outside of it is X boundary
where Y is N and X is D or D, or vise versa by the propriety of duality defect. When this D3 contains no
other operator, it can be replaced by a topological local operator on the boundary. This topological local
operator is found to be c-number times the identity operator. This c-number is called “diskv” and is denoted
by Q(X;Y). In this subsection, we compute the D3 expectation values. In the following, the D3 expectation
values is determined by considering the duality defects placed in on all the square pyramids of a cubic cone,
as shown on the left side of Figure 5.6.

First, we consider Q(N; D) and Q(D; N). The relations of Figure 5.6 implies the following equations,

WIS pS = Q(N; D), (5.1.24)
WSILZsE pSs = Q(D;NYWS I sE. (5.1.25)
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(a) (b)

Figure 5.6: Configurations used to obtain D3 expectation values. The KWW duality defect connects the
N boundary condition with the X boundary condition, where X is D or D. In the left-hand side, all the
square pyramids on the surface of a cubic cone are filled by the KWW duality defect. On the other hand,
there is no KWW duality defect in the right-hand side. The roles of X and N are interchanged between

(a) and (b).
Here, s = \/li By using Egs. (5.1.12), (5.1.13), (5.1.14), Q(N; D) and Q(D; N) are expressed in terms of Wp,
as
3
Q(N;D) = W, (5.1.26)
1 3
Q(D;N) = —=W,. (5.1.27)

V2

Consider Q(N; ]3) and Q(IS; N). The relations of Figure 5.6 implies the following equations,

27ng]152s]83p% = Q(N;D), (5.1.28)
Wgzgs%p%s =Q(D; N)ng]l)zs%. (5.1.29)

Here, the coefficient 27 on the left side of Eq. (5.1.28) is the number of possible configurations of the boundary
link variables that satisfy lhe bogndary condition. By using the relations (5.1.21), (5.1.22), (5.1.23), the D3
expectation values Q(N; D), Q(D;N) are expressed in terms of Wg as

~ 1 3
O(N;D) = EWD’ (5.1.30)
OBN) = W
;N) = —=W2.
\/z D
The above calculations show that the duality defect with D3 topology with no other operator inside can
be replaced by the D> expectation value times the identity operator. We represent the D expectation values
in terms of the Boltzmann weight on the boundary.

(5.1.31)

5.1.4 Relations between g-functions

In this subsection, we find the ratio of g-functions with different boundary conditions. In the AMF approach,
it is not easy to obtain a fusion rule for the boundary and duality defects. Therefore, the ratio is obtained
using the the D3 expectation values Q(X;Y) obtained in the previous Subsec. 5.1.3.

We consider the Z; lattice gauge theory on a 4-dimensional hemisphere. Next, we place a duality defect
on D3 ending on S? on the boundary of the 4-dimensional hemisphere. The boundary conditions change
from D to N or from D to N at the edge of this KWW duality defect. We denote the partition function with
this defect by (V). This defect can be replaced by the D expectation value. In particular, since this spacetime
is a 4-dimensional hemisphere, as shown in the Figure 5.7, this identity can be used in two different ways.
As a result, we obtain the relation:

gxQ(X;Y) =(V) =gy Q(Y; X), (5.1.32)
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Figure 5.7: The derivation of the relation between g-functions. The green line represents the KWW
duality defect on D? ending on S? on the boundary of the four-dimensional hemisphere on which the
Z, lattice gauge theory lives. This KWW duality defect connects the boundary conditions X and Y. The
black boundary represents the boundary condition X, and the blue boundary represents the boundary
condition Y. We use the identity in Figure 5.5 in two different ways: the left-hand side and the right-
hand side.

where X and Y denote the two boundary conditions connected by the duality defect. From Eq. (5.1.32) for
(X,Y) =(D,N) and (X,Y) = (D, N), we obtain the following relations,

gpQ(D;N) = gnQ(N; D), (5.1.33)
95Q(D;N) = gnQ(N; D). (5.1.34)

Here, gp, g5, and gn denote the g-functions of D, ]3, and N, respectively. From these equations and the
expressions of the D3 expectation values (5.1.26), (5.1.27), (5.1.30), (5.1.31), we obtain the relations between
g-functions:

1 1
59D = —=9N = Jp- (5.1.35)
\/z D

2

According to the 4-dimensional g-theorem, the g-function is monotonically increasing along the bound-

ary renormalization group flow. Therefore, the relation (5.1.35) implies that the boundary renormalization
group flows from D to N and from N to D are prohibited.

It is not easy to obtain the fusion rules for the boundary and duality defects in the AMF approach. But

we obtain them indirectly from Eq. (5.1.35) and the S° expectation value of the duality defect %:

DxK=N, NxK=D, (5.1.36)

where K is the KWW duality defect. This is also consistent with the bulk fusion rule K X K = C, where C is
the codimension one condensation defect of the Z, one-form symmetry [43, 47]; the fusion rule DX C =D
derived from this bulk fusion rule and Eq. (5.1.36) agrees with the definitions of D and D.
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Chapter 6

Conclusion and discussion

Here we summarize this Ph.D. thesis. In chapter 2, we reviewed generalized symmetries. Traditionally,
symmetry has been considered as an invariance of the action associated with a transformation. Then, when
there exists a continuous symmetry, we can define a conservative current from Noether’s theorem and use
the current to derive the WT-identity. The WT-identity then implies locally global symmetry transforma-
tions for the field. In order to consider such local global transformations for symmetries including discrete
symmetries, we define a symmetry defect from the variation of the action of a global transformation on a
region of spacetime. Symmetry defects are topological because the region over which the global transfor-
mation is performed can be changed by replacing the labels of the integral variables. The symmetry defects
have codimension-1 and are invertible. In generalized symmetry, we consider general topological defects
as symmetries. As concrete examples, this chapter introduces, in particular, higher-form symmetries whose
codimension is not 1 and non-invertible symmetries consisting of non-invertible defects.

In chapter 3 we have considered the 2-dimensional Ising model. First, we have proved KW duality, which
implies equivalence between the Ising model in the 2-dimensional, high-temperature phase (low-temperature
phase) and the Ising model with Z, symmetry gauged in the low-temperature phase (high-temperature phase).
Then, following the Aasen-Mong-Fendley approach, we introduced a dual lattice and a KW duality defect
placed between the KW dual theories. We imposed a commutation relation on this defect and solved it to
construct a topological defect. By calculating the expectation value of a topological defect placed on S',
we have confirmed that the topological defect is non-invertible. We have also constructed symmetry defects
corresponding to 0-form Z, symmetry and junctions between them and non-invertible defects, and considered
the relation between defects with different topologies.

In chapter 4, we introduced one of the results of our study, a non-invertible defect in the 4-dimensional
Z, lattice gauge theory. This model has 1-form Z, symmetry and KWW duality. By applying the Aasen-
Mong-Fendley approach, we have introduced a dual lattice and KWW defects placed between the KWW dual
theories. Specifically, we focus on a single 16-cell consisting of a pair of active and inactive plaquettes on our
setup, which consists of an active and inactive lattice. We defined a building block of KWW duality defects
on the tetrahedral prism, which is a doubling of the tetrahedron consisting of pairs of active and inactive
links on the surface of the 16-cell. Then, topological defects were constructed by imposing and solving
a commutation relation on the 16-cell to that defects, which implies the topological nature of the defects.
We also placed the defects on all the tetrahedrons existing on the surface of the 16-cell and calculated the
expectation value of the KWW duality defect with S3 topology. By comparing the expectation values with
the weights of the empty 16-cell, we proved that the KWW duality defects are non-invertible. We also
constructed a 1-form Z, global symmetry defect and a topological junction connecting the non-invertible
duality defect and the 1-form symmetry defect. We also have obtained relationships between defects with
different topologies and used these relationships to calculate the expectation values of non-invertible duality
defects in several configurations.
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In chapter 5, we consider gauge theories with boundary. We defined one type of Neumann boundary con-
dition on a boundary made of inactive lattices and two types of Dirichlet boundary conditions on a boundary
made of active lattices. The KWW duality was defined to have an edge on the boundary between the Neu-
mann and Dirichlet boundary conditions due to a defect that swaps the active and inactive lattices. We also
defined the edge of the defect to be topological on the boundary. We then considered a D3 KWW duality
defect with a S? edge on the boundary. Then, if no operator exists in the region bounded by this defect on D?
and the D? boundary, we could replace it with the c-number, the D3 expectation value. After the replace-
ment, the boundary conditions of the theory became the boundary conditions defined outside of S? before
the defect was replaced. This D expectation value depended on the boundary conditions inside the outside
of the edge of the defect before the deformation. We then considered a D3 defect in a 4-dimensional hemi-
sphere with S? edges at the boundaries. We then replaced the defects with D3 expectation values in two ways
to obtain the ratios of the hemisphere partition function for the Neumann boundary condition to the hemi-
sphere partition function for the Dirichlet boundary condition. Then, from the results and the g-theorem, we
obtained a restriction on the renormalization group flow.

Here we consider another solution to the duality defect of the Ising model in two dimensions. We used
the solutions of D (a, @) = 1/V2(—1)%% in Sec. 3.3, and these solutions with different signs are also solutions
of the defect commutation relation. One specific example is,

D(a,d) = —%(—1)“? (6.0.1)

These solutions are indistinguishable if the entire defect consists of an even number of building blocks, but
if it consists of an odd number of building blocks, they differ only in the sign of the whole. For example, the
odd number of defects are composed on the projective plane.

The following solutions are also alternative solutions,

D(a,d) = %(—1)“—“)(1—&), (6.0.2)
D(a,d) = %(—1)“—@5, D(a,d) = %(—1)““—@. (6.0.3)

The solution (6.0.2) satisfies D (a, @) = D(d, a). While the solutions (6.0.3) do not satisfy D (a, @) = D(d, a)
These solutions are considered to be identical if the defect does not have an edge. For example, consider
a another solution D(a,d) = 1/V2(-1)!"94_ To distinguish it from the original solution D(a,d) =
1/V2(~1)44, the another solution is marked with the tilde. Assuming that the defect does not have an edge,
there is another building block D (b, @) that contains the active site @. This makes it indistinguishable from
the original solution, as in the following equation.

D(a,a)D(b,a) = %(—1)“-“)&(—1)“—”” = %(—1)“5(—1)“1 = D(a,d)D (b, d). (6.0.4)

Next, we discuss the prospects for this study. One of the directions is to apply the AMF approach to dis-
cover more non-invertible symmetries. In this thesis, applying the AMF approach, we construct topological
defects corresponding to the KWW duality transformation. Another approach to construct KWW duality de-
fects is half space gauging. In half-space gauging, we consider gauging only for partial regions of spacetime,
as in the global transformation on partial regions performed in Chap. 2. Since the gauging is performed by
adding up the symmetry defects in all topologically different configurations, this region can be topologically
deformed. If the theory is self-dual to the gauging, the gauged region is equal to the original theory, so
the effects of the deformation remain as non-invertible topological operators at the boundaries of the region.
Thus, in half-space gauging, self duality is a necessary condition for constructing topological defects. On the
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other hand, in the AMF approach, the equality of two theories separated by a defect is set first. A topological
nature is then satisfied by imposing a defect commutation relation. Therefore, self-duality is not a necessary
condition for the construction of non-invertible topological defects. Therefore, we consider it to be a pow-
erful tool for finding non-invertible symmetries based on properties other than self-duality associated with
gauging. In fact, by the AMF approach, such defects are constructed in two and three dimensions [35, 84].
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Appendix A

appendix

A.1 Commutation relations on quarter 16-cell

We examine boundary defect commutation relations on a quarter 16-cell. A quarter 16-cell contains four
tetrahedrons and two square pyramids as three-dimensional elements. We focus on one quarter 16-cell and
consider placing building blocks of the duality defect on three-dimensional elements on it. There are four
boundary defect commutation relations of the KWW duality defect connecting boundary conditions D and

N or D and N as shown in Figure A.1.
ﬂ.. ’"

@.. @,.

(© (d)

Figure A.1: Boundary defect commutation relations on a quarter 16-cell. Black plaquettes represent
plaquettes on the boundary with D or D boundary condition and blue plaquettes represent plaquettes on
the boundary with N boundary condition. Black square dots and blue square dots represent active links
and inactive links in the bulk, respectively. Black circular dots and blue circular dots represent active
sites and inactive sites, respectively. green surfaces represent the KWW duality defects. Some of four
tetrahedrons are filled by the KWW duality defect. One square pyramid out of two is filled with KWW
defects, which are omitted in the figure.

(a) (b)

All of these boundary defect commutation relations are satisfied for arbitrary values of the weights of
the boundary elements if we use the bulk weights obtained in Sec. 4.2. For example, the boundary defect

65



commutation relations of Figure A.lc connecting D and N is the following equation.

_ e¢mod 2 A4
Z WD6a1+a2+a3+a4,Ostfjlfjs
ap,az,ds,aq

= Z Wﬁ6‘;f’fa§+a3+a4’0p5s%l%s211D(a5, ai1)D(as,a>)D(as,a3)D(as, as). (A.1.1)
ay,dp,as,d4,ds
Here a;, ay, as, a4 are boundary link variables, as is a bulk link variable and [ = s = \/% are weights in the

bulk. This equation is an identity with respect to Wg, pp. 55, l5-
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