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String condensations in 3+1D and
Lagrangian algebras

JIAHENG ZHAO, J1A-QI Lou, ZHI-HAO ZHANG,
LING-YAN HUNG, LIANG KONG, AND YIN TIAN

We present three Lagrangian algebras in the modular 2-category
associated to the 3+1D Z, topological order and discuss their
physical interpretations, connecting algebras with gapped bound-
ary conditions, and interestingly, maps (braided autoequivalences)
exchanging algebras with bulk domain walls. A Lagrangian alge-
bra, together with its modules and local modules, encapsulates
detailed physical data of strings condensing at a gapped boundary.
In particular, the condensed strings can terminate at boundaries in
non-trivial ways. This phenomenon has no lower dimensional ana-
logue and corresponds to novel mathematical structures associated
to higher algebras. We provide a layered construction and also ex-
plicit lattice realizations of these boundaries and illustrate the cor-
respondence between physics and mathematics of these boundary
conditions. This is a first detailed study of the mathematics of La-
grangian algebras in modular 2-categories and their corresponding
physics, that brings together rich phenomena of string condensa-
tions, gapped boundaries and domain walls in 3+1D topological
orders.
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1. Introduction

The idea of anyon condensations [BSS02), BSH09, BS09] plays an important
role in the study of 2+1D (spacetime dimension) or 2d (space dimension)
topological orders, especially in the study of gapped boundaries and defects
[BSS02, BSH09, BS09, KK12| Lev13, BJQ13b, BJQ13a]. It provided pre-
cise descriptions of bulk-boundary duality, and led to novel applications
of defects in constructing quantum gates based on (projective) braiding
properties between defects [BJQI13b, [BJQ13a, [JQ14, [CCW16], opening up
new possible realizations of robust quantum computing. The mathemati-
cal theory of anyon condensations is based on condensable algebras and
their representations in modular 1-categories [Konl4]. How to generalize it
to higher dimensions, particularly 3d, is a fundamental theoretical ques-
tion that would promise myriad possibilities of applications. Earlier discus-
sions of string condensations or membrane condensations [KW14, [LKW18)]
lacked mathematical precision and were limited mostly to physical intuitions.
While there were explicit 3d lattice model realizations of the Dijkgraaf-
Witten theories [DW90L, [HZW05, WWHI5] and their gapped bound-
aries [WWHI5, WLHW18| Del22], boundary and bulk ex-
citations constructions, and other physical interpretations of these gapped
boundaries in terms of string condensations and condensable algebras are yet
to be understood. Only very recently, the modular 2-categories associated to
3+1D Dijkgraaf-Witten theories were explicitly computed [KTZ20D]. This
progress makes an explicit study of the precise relation between Lagrangian
algebras, string condensations and gapped boundaries in 341D possible.
Every 3d topological order has infinitely many gapped boundaries (or
Lagrangian algebras) because we can always stack a gapped boundary with
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a 2d topological order and introduce some coupling (or condensation) be-
tween two layers to get a new one. In this work, we focus on three gapped
boundaries of the 3d Z5 topological order. More precisely, we explicitly con-
struct three Lagrangian algebras A., A1, A2 in the modular 2-category TC
associated to the 3d Zs topological order and show that these algebras, to-
gether with their modules and local modules, embody the physics of three
string condensations which produce three gapped boundaries of the 3d Z5
topological order, respectivelyﬂ By [KLWZZ20bl, [KLWZZ20a, KZ22|, the 3d
74 topological order with the gapped boundaries associated to A, A1, As are
holographically dual to the trivial symmetry-breaking order, the trivial SPT
order and the non-trivial SPT order with Zs onsite symmetry in 241D,
respectively. We discuss more general gapped boundaries and Lagrangian

algebras in Remark and

2. A physicist’s sketch of the modular 2-category associated
to the 3d toric code model

The 341D toric code model realizes physically the Z5 topological order. Its
macroscopic observables forms a modular 2-category TC (see [KTZ20a] for
details), which consists of three levels of data.

1) At ground level — we have a set of objects a,b,.... TC has 4 different
simple objects {1, 1., m, m.}. Physically, they are four different kinds
of string-like excitations (or 1-codimensional defects) — 1 is the trivial
string, 1. the electric charges condensed along a string (i.e., a 1.-
string), m the magnetic string (or an m-string), and m. a ‘dyonic string’
(or an m.-string). Direct sum of simple objects (e.g. a @ b) are called
composite strings.

2) At level one — we have a set homtc(a,b) of 1-morphisms (denoted by
arrows f,g: a — b) between any two objects a and b. Physically, they
are 0d domain walls (i.e., defects of codimension 2) connecting an a-
string with a b-string. In particular, 1-morphisms in homtc(1,1) are
usual particles. We illustrate all simple 1-morphisms in the following

IThe relation between two of the algebras and associated boundaries were
sketched in [KTZ20al.
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diagram:
{11176} {lllc 73} {lmve} {lmc ’Z}
W O O ()
2.1) 1 1w/
{v} {v}

where 1, is the trivial particle on the a-string, the z-particle on the 1.-
string can be obtained by winding an m-string around 1. [KTZ20a].
There is no domain wall connecting 1,1, with m,m,.. Namely, TC
splits into two connecting component. These 1-morphisms can be
fused (composed) along strings. The rules of composition in the first
connecting component are ece =14, zoz =17, z0y =17, G 2z and
yox =1p e

3) At level two — we have a vector space homtc(f,g) of 2-morphisms
between any two 1-morphisms f and g. We denote a 2-morphism by
a 2-arrow §: f = g. Physically, 2-morphisms are codimensional-3 de-
fects (also called instantons). We have homtc(f,g) = C-dy,4 if both f
and g are simple.

String-like excitations can be fused as follows:

1. ®1l,=1.01,, m®®m=1,
(2.2) me@m.=1.®1, 1.0m=m..

Fusions are associative up to some linear maps characterized by the 15j-
symbols, which are trivial for TC.

Two parallel strings can be fused into one. This fusion provides a
monoidal structure on TC. Two 1-morphisms (i.e., defects on strings) can
be fused “vertically” — when two defects on a string are slid close together,
and “horizontally” when two parallel strings are fused (defects on them also
merge to become defects on the fused string). Two 2-morphisms (i.e., in-
stantons) can be fused in 3 directions.

Particles or strings can braid around strings. The braiding structure in
TC was summarized in [KTZ20b, Example 3.8]. Its most important ingredi-
ent is the Aharanov-Bohm phase ‘-1’ whenever e winds around m.

Mathematically, the braided fusion 2-category TC is given by the Drin-
feld center 31(2Rep(Z2)) or 31(2Vecz,). These categorical data can be vi-
sualized explicitly in the 3d toric code model [KTZ20a], where excitations
are effected by string and membrane operators. In Appendix [D] we review
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the 3d toric code model as a Zj lattice gauge theory with spin-1/2 degrees
of freedom populating edges of a triangulation of space.

3. Lagrangian algebras in TC and their lattice realizations

We are now ready to discuss the topological boundaries of the 3d toric code
model based on the condensation of Lagrangian algebras in TC. In 2d, a
Lagrangian algebra in the modular 1-category associated to a 2d topological
order controls an anyon condensation that produces a gapped boundary
[KonI4]. In 3d, a Lagrangian algebra in a modular 2-category controls or
defines a string condensation that produces a gapped boundary.

To define an algebra in a modular 2-category C, we need a composite
object A € C, the direct summands of which play the roles of condensed
strings. To define the algebraic structure on A, one needs a 1-morphism
p: A® A — A describing the multiplication of the algebra and a unit 1-
morphism u: 1 — A. In 3d, the multiplication of A is associative up to a
2-morphism « called the 2-associator. Similarly, the multiplication is unital
up to 2-morphisms A, p called the left and right 2-unitors, which are often
omitted in the description of an algebra. For a commutative algebra, there
is also a 2-commutator (. Altogether, the collection of data is given by
(A, u, u, o, B). Again, they satisfy a set of compatibility conditions analogous
to those satisfied in anyon condensation in 2d (see Definition & in
Appendix Bf for their defining axioms). Boundary excitations are described
by A-modules. An A-module is also a composite object in C equipped with
an A-action (see Definition in Appendix |C| for the definition). These A-
modules form a 2-category denoted by C 4. If composing the A-action with a
double braiding leaves the A-action invariant, then the A-module is deemed
“local” (see Definition in Appendix |C| for the definition). All local A-
modules also form a 2-category C};’C, which describes the topological defects
in the condensed phase. A Lagrangian algebra is a commutative algebra A
whose only local module is A itself (and its direct sums thereof) — signalling
that the condensed phase is indeed a vacuum state with no other deconfined
excitations.

Although there are infinitely many gapped boundaries of the 3d toric
code model, in this work we only focus on three simplest gapped bound-
ary conditions [WLHWTS]|. Following [KTZ20a], we call them the rough
boundary, smooth boundary and twisted smooth boundary in this work. By
[KLWZZ20b|, KLWZZ20al, KZ22], the gapped boundaries of the 3d toric code
model are holographically dual to anomaly-free 2d gapped quantum liquids
with Zo-symmetry, including Zo SPT/SET orders and symmetry-breaking
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orders. The smooth boundary and twisted smooth boundary are correspond-
ing to the trivial and nontrivial 2d Z, SPT order, respectively, and the rough
boundary is corresponding to the Zs symmetry-breaking order. In this sec-
tion, we demonstrate that above three boundaries are incarnations of the
three string condensations, or equivalently, three Lagrangian algebras in
TC, which are defined below with the full set of data (A, u, u, o, ). We give
their (local) modules but leave the detailed calculation of the modules in

Appendix [Cl

3.1. The algebra A, and the rough boundary

The algebra A, = 1. or 1.-string is itself a Lagrangian algebra in TC. Its
multiplication, trivially associative, is defined by

1,00
1. ®1l. =11, ——

1.
The unit 1-morphism is defined by x: 1 — 1.. The 2-associator, 2-unitors
and 2-commutator are identity 2-morphisms. There are two simple A.-
modules: 1. and m.. The former corresponds to the trivial string excitation
on the boundary and the latter corresponds to the fact that the magnetic
strings and its bound state with the electric strings have non-trivial braid-
ing with the condensate, and together form a non-trivial stringy excitation
on the boundary. Since e particles could disappear into the boundary, the
non-trivial morphisms existing on m and m, become trivial at the boundary,
confirming the mathematical result that homrc, (m¢,m.) = Vec.

This rough boundary is the direct analogue of the well-known rough
boundary in the 2d toric code model [KK12].

3.2. The algebra A; and the smooth boundary

The second Lagrangian algebra is A; = (1 @ m);, where we use the sub-
script 1 because there are two distinct algebra structures on 1 @& m. The
multiplication 1-morphism of uy: A1 ® A1 — A; is defined component-wise
as follows:

I1®1 m® 1 m&m

1®m
lln llm llm lln
m

1 m 1
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The unit morphism u of Ay is 1 ﬂ 1 & m. The 2-associator and 2-unitors
are identity 2-morphisms. The 2-commutator is trivial on all components ex-
cept Bm,m = *1, which define two commutative algebra structures that are
isomorphic to each other. More explicitly, the commutative algebra isomor-
phism (see Definition in Appendix [B|for the definition) is defined by the
1-isomorphism

3.1 1em 22 16m
(3.1)

and 7, £ are identity 2-morphisms. Note that an m-string in the bulk can end
at the boundary, and the end point can carry either a bosonic m charge or
a fermionic f charge. The commutative algebra homomorphism defined in
means that moving an e-particle along an m-string to its end point at
the boundary can change the bosonic m charge to the fermionic f =e® m
charge and vise versa. This algebra A; defines the condensation of magnetic
strings analogue to the smooth boundary in 2d.

There is again only one non-trivial simple Aj-module X, = 1. & m, =
(L & m) ® 1., which corresponds to moving a 1.-string to the boundary.
Electric particle e in the bulk can move to the boundary and become
€= (1®m)®e. They play the role of defects between the condensate A;
and A;. The defects {x, y} are mapped to {Z, y} that are defects between A;
and X.. The z excitations living on 1. become excitations Z on X,. The lat-
tice realization are illustrated in Appendix [E] The edges along the boundary
surface can fluctuate freely and this is the analogue of the “smooth” bound-
ary in 2d toric code model. One can see that m-strings can end on the
boundary without energy cost, and a string parallel to the boundary can be
annihilated entirely there.

3.3. The algebra A, and the twisted smooth boundary

The algebra Ay = (1 @ m)y has the same multiplication 1-morphism and
unit 1-morphism as those of A;. The 2-associator « has only one non-trivial
component:

mm=—1
(3.2) v _Smmn = V

The 2-commutator 3 is trivial on all components except Sm m = £i. These
two choices of fmm define two commutative algebra structures that are



590 Zhao, Lou, Zhang, Hung, Kong, and Tian

isomorphic. Again, the commutative algebra isomorphism is defined by
and n, ¢ are identity 2-morphisms.

The algebra As does not have an analogue in 24+1D. It provides a new
way to condense the magnetic strings. Now we give a physical interpretation
of the non-trivial 2-associator &m mm = —1 and fm m = +i. Note that an m-
string in the bulk can end at the twist smooth boundary. The end point is
again non-trivial and now carries either a semion s or anti-semion s charge
with self-statistics 7 and —i, respectively. This is precisely the physical mean-
ings of fm m = £i. Moving an e-particle to the boundary can change the end
point from the semion to the anti-semion and vise versa. This is again the
physical realization of the commutative algebra homomorphism defined in
, analogous to the case of the algebra Aj. It further suggests that the e
particle becomes a bound state of the ss bound state at the boundary.

Consider three m-strings ending at the twisted smooth boundary with
three endings attached to three semions. The end points have trivial mutual
statistics. The semions at the boundary are known to have fusion satisfy-
ing the associativity up to a non-trivial 3-cocycles in H?(Z,,U(1)). This
3-cocycle is inherited by the m-string that ends with a boundary semion,
physically realizing the 2-associator ommm = —1 of As.

The above physical interpretation can be visualised explicitly in lattice
realizations. It was known that in the 3d toric code model, apart from the
rough and smooth boundaries, there is also a twisted smooth boundary in
which the vertex term A, in the boundary Hamiltonian is modified by a 3-
cocycle a € H3(Z5,U(1)) [WLHWIS|. We make use of membrane operators
constructed in the bulk and string operators constructed at the boundary
and demonstrate the above physical picture in Appendix [E]

3.4. An invertible domain wall exchanging A; and As

There is a braided autoequivalence ¢ of TC fixing the connecting com-
ponent consisting of {1,1.} and exchanging the algebras A; and Aj. It
is involutive (i.e., $? ~ Idtc) and is defined by the identity functor to-
gether with a braided monoidal structure such that ¢(a) ® ¢(b) — ¢(a ® b)
is the identity 1-morphism and the 2-isomorphism ¢,p. between two
composed 1-morphisms from (¢(a) ® ¢(b)) ® ¢(c) to ¢(a® (b® c)) is non-
trivial only for the component ¢mmm = —1. Physically, ¢ should corre-
spond to a nontrivial gapped invertible 2d domain wall My in the 3d
toric code mode]ﬂ Fusing My with the smooth boundary gives the twisted

2The lattice model realization of My is not yet available.
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smooth boundary (see [KLWZZ20b] for more discussions). According to
[IKEWZZ20b, [TER23), [KZ21], this ¢ precisely corresponds to the non-trivial
2+1D Z5 SPT order, or equivalently, the non-trivial minimal modular ex-
tension of Rep(Zs).

4. Boundary conditions from layered construction

These boundary conditions can also be understood in more intuitive terms
via the layered construction of topological orders from lower dimensional
ones [JQ14]. As illustrated in Figure |1} the 3d Zs topological order can be
constructed from stacking 2d Zy topological orders. Consecutive layers are
glued together by condensing anyons — in this case the tensor product state of
e1 X ey, where the subscript indicates the layer the electric charge belongs
to. The pattern is repeated in an indefinite number of vertically stacked
2d Z5 topological orders. The e particles and the m-strings are unconfined
anyons under the condensation of paired electric charges in the stack. To
describe different boundary conditions, it comes down to special treatment
at the last layer as illustrated in Figure

@ —fe m
14+ 1 €i+1 €i41 m
i+ 2 Cit2 €it2 € m
1+ 3 €i+3 €43 m
i+ 4 €it4 m
(a) condensed anyons (b) unconfined anyons

Figure 1: Layered construction of the 3d Zy topological order: (a) Each
blue line represents a layer of the Zs topological order and the numbers on
the left label these layers. Each red circle represents a tensor product state
between the electric charges of consecutive layers. The condensation of these
tensor product states will introduce coupling between consecutive layers. (b)
Besides the trivial string, the unconfined anyons are the e-particle and the
m-string.

e The rough boundary: It is obtained where the last layer labeled b of
the stack is still a 2d Z, topological order. In addition to condensing
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the interlayer e, x es, we condense also e, separately. In this case,
the m-string is confined at the boundary. An e-particle moved to the
boundary would become part of the condensate and disappear.

The smooth boundary: The setup is similar to the rough bound-
ary, except that e, remains uncondensed. Collecting the unconfined
excitations at the boundary, one can see that m strings can end on
the boundary, even though isolated m at the boundary is confined.
Electric charges remain independent particles at the boundary, fur-
nishing the non-trivial 1. @& m. excitations at the boundary, and also
the automorphism in A;.

The twisted smooth boundary: This is achieved with the last layer
replaced by a doubled semion order. To glue this layer with the next
layer of a Z5 topological order we condense the tensor product excita-
tion s5 X e. One can check that an m-string can end on the boundary
layer with its end point attached to a semion or an anti-semion, thus
remaining unconfined. Since s§ X e is condensed, a single ss-particle
can hop into the bulk and become an e-particle (see Figure . The
boundary free ss particle realizes the automorphism structure of As.

€p €p b €p b (s8)p
eo eo 2 €2 €2 2 €2 €5
€3 €3 3 €3 €3 3 e3 €3
eq eq 4 eq eq 4 €4 €4
€5 5 €5 5 €5

(a) The rough boundary (b) The smooth boundary (¢) The twisted smooth

boundary

Figure 2: Boundary conditions from layered construction: The layer labeled
by b is the boundary layer. (a) Besides the tensor product states of electric
charges, e itself is also condensed to make sure that the electric charges
can be absorbed into the boundary. (b) Only the tensor product states of
electric charges are condensed. Then one can readily see that the m-string
can end on the boundary. (¢) Here the boundary layer is a double semion
order instead of a Zy order. The related condensed tensor product state is
$8 X e. An m-string can still end on this boundary as long as its end point
on the boundary layer is either s or s.
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More general boundary conditions can be obtained by stacking an
anomaly-free 2d topological order on the last layer and introducing some
coupling (or condensation). We do not give any explicit construction of such
generic gapped boundaries (see a few works [JTX22| [Luo22] appeared after
this work). However, we provide more examples of the fusion 2-categories
and Lagrangian algebras associated to the gapped boundaries of the 3d Zs
topological order in the following remark.

Remark 4.1. By [KLWZZ20bl KLWZZ20al, KZ22], a 3d finite gauge theory
(with a gauge group () with a gapped boundary is holographically dual to a
2d SPT/SET order or spontaneous symmetry-breaking (SSB) order with a
global symmetry G. As a consequence, 2d Zo SPT/SET/SSB orders provide
more examples of the gapped boundaries of the 3d Zs topological order.

A 2d SPT/SET order with a finite group G symmetry can be mathemat-
ically described by a braided fusion category € with the Miiger center given
by Rep(G) and a minimal modular extension of € [LKWT6]. The data of a
minimal modular extension is equivalent to that of a braided equivalence
31(3€) ~ 31(2Rep(G)) [KLWZZ20b), JER23], where X€ := RMode(2Vec)
is the delooping of € [DR18]. According to [KLWZZ20bl JER23] and the
fact that H*(Zy,U(1)) is trivial, every braided fusion category € with the
Miiger center given by Rep(Z3) admits a minimal modular extesion, and
thus XC can be realized as the 2-category of topological defects on a gapped
boundary of the 3d Zs topological order by the boundary-bulk relation
IKWZ15, KWZ17]. In particular, when € = Rep(Z3), there are two mini-
mal modular extensions given by 31(Rep(Z2)) ~ 31(Vecz,) and 3;(Vecy, ),
where w represents the nontrivial cohomology class in H3(Z2,U(1)) ~ Zs.
These two minimal modular extensions describe the trivial and nontrivial
2d Zo SPT order respectively, and the corresponding 2d gapped boundaries
of the 3d toric code model are the smooth and twisted smooth boundaries
respectively.

Given a gapped boundary condition X, one can physically determine the
associated Lagrangian algebra by cutting a cylinder-shaped hole in the bulk
and imposing the boundary condition X on the hole. This hole viewed from
far away is precisely the (usually composite) string or the underlying object
of the associated Lagrangian algebra. By viewing TC ~ 3;(2Rep(Z2)) as the
2-category of braided modules over Rep(Z2) [DN21], the Lagrangian alge-
bras in TC are given by nondegenerate braided fusion categories M equipped
with braided functors Rep(Zz) — M [JFR23]. Then the Lagrangian al-
gebras associated to the rough boundary, smooth boundary and twisted
smooth boundary are given by the forgetful functor Rep(Zs) = Vec, the
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trivial minimal modular extension Rep(Z3) < 31(Rep(Z3)) and the non-
trivial minimal modular extension Rep(Z2) — 31(Vec%,), respectively. The
gapped boundaries associated to a minimal modular extension (€ < M)
of the braided fusion category C with the Miiger center given by Rep(Z2)
can be understood as the Lagrangian algebra associated to the composed
braided functor (Rep(Z3) — €< M). If the braided functor factors as

(Rep(Z3) ~ Rep(Zy) X Vec I, Vee KM ~ M), where 1y denotes the
unique braided functor from Vec to M, the associated gapped boundary
of the 2d toric code model is obtained by stacking the 2d topological order
associated to the modular 1-category M on the rough boundary.

5. Conclusions

In this paper, we present three Lagrangian algebras in TC, which is the mod-
ular 2-category associated to the 3d Zs topological order. Similar to the 2d
case, these Lagrangian algebras characterize distinct topological boundaries
of the bulk topological order. We provide the physical meanings of these
algebras, illustrating how the mathematical structure of these generalized
Lagrangian algebras corresponds to properties of string condensations char-
acterizing the gapped boundaries. Particularly, there are new structures in
these higher algebras unknown to lower dimensions, namely the non-trivial
associator and commutators. They signify non-trivial topological charges
that can be attached to end points of strings belonging to the condensate
that can terminate at the boundary. When there is more than one way of
terminating these condensed strings at a given topological boundary, one
finds correspondingly multiple algebra characterizing the same boundary
that are related to each other by a commutative algebra homomorphism.
Such a homomorphism between commutative algebras is physically realized
as bulk charges that can be pushed to the boundary and be attached to the
end points of strings, changing their braiding and fusion properties there.
We also show how the module categories correspond to bulk excitations that
are confined at the boundary. These mathematical structures can either be
visualised in a layered construction of the 3d Zs topological order, or an
explicit lattice realization. As in 2d, the notion of a Lagrangian algebra in
3d supplies the correct mathematical structure that describes the condensa-
tion of strings characterizing each gapped boundary. We believe the string
condensation picture we presented here applies to all 3d topological orders.
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Appendix A. Modular 2-category TC

It was shown in [KTZ20a)] that all topological defects of codimension 2 and
higher form a braided fusion 2-category TC = Z(2Vecz,), which was explic-
itly computed in [KTZ20b]. We briefly summarize the braided 2-category
structures of TC below.

e There are four simple objects in TC: 1, 1., m, m.. All other objects are
direct sums of simple objects.

e For each pair of objects a and b, there is a 1-category homTc(a,b).
The objects in the homtc(a,b) are 1-morphisms in TC, denoted by
f,g: a — b. The 1-morphisms in homrc(a, b) are called 2-morphisms in
TC, denoted by ¢,v: f = g. We illustrate these categories homtc(a, b)
for simple objects a, b in the following graph,

Rep(Z2) Vecz, Rep(Z2) Vecz,

O Vec O O Q
1 C c \_/ Me
Vec Vec

where Rep(Z2) is the 1-category of finite dimensional representations
of the group Zs, Vec is the l-category of finite dimensional vector
spaces and Vecz, is the 1l-category of finite dimensional Zs-graded
vector spaces. The simple 1-morphisms in TC are illustrated in .

Note that TC is disconnected, in the sense that the only 1-
morphisms between 1,1, and m,m, are zero morphisms. In other
words, TC splits into a direct sum:

(Al) TC = 2Rep(Z2)0 H 2Rep(Zg)1.
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where two connecting components are entirely same and denoted by
2Rep(Z2), and two subscripts 0 and 1 endow TC with a Zs-grading.

e Composition of l-morphisms: The rules of composition 2Rep(Z2)o
are eoe =17, zoz=15, xoy=15 &2z and yoxr =15 ®e. Those
in 2Rep(Z3); are similar.

The monoidal structure of TC is strict and is defined by the fusion rules
in (2.2). The braiding structure can be found in [KTZ20b, Example 3.8].
Moreover, it was shown in [KTZ20b] that the braidings of TC are non-
degenerate. The precise definition of a modular 2-category is not yet known.
However, a reasonable definition of a modular 2-category should include TC
as an example. Therefore, we use the term ‘modular 2-category’ freely.

Appendix B. Commutative algebras in a braided
monoidal 2-category

The definition of an algebra in a semistrict monoidal 2-category (i.e., a
pseudo-monoid in a Gray monoid) can be found in [DS97], and that of an
algebra in a weak monoidal 2-category can be found in [Dé21]. For simplicity,
we hide some necessary coherence data (e.g. 1-associators) in the following
definitions.

Definition B.1. Let M be a braided monoidal 2-category with the ten-
sor product ® and the tensor unit 1. An algebra in M is a sextuple
(A, u, pu,a, A, p), where A€ ob(M), u: 1 — A and u: A A— A are 1-
morphisms, and «a, A, p are invertible 2-morphisms (called the 2-associator,
the left 2-unitor and the right 2-unitor, respectively) as depicted in the fol-
lowing diagrams

ARARA™ L AgA 1048 A04 Ax1

1@ {a 1 Y ‘LM Nl
AéA K :g 1\>A</1

or equivalently, by the following graphs:

AA A A AA A A A
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such that the following diagrams are commutative.

(B.2) N 2

We often abbreviate an algebra to (A4, u, m) or A.

Definition B.2. A commutative algebra (also called a braided pseudo-
mononid in [DS97]) in M is an algebra A equipped with a 2-isomorphism
(called the 2-commutator)

AA

A4, £
(B.3) Y —— ? :
such that the following two diagrams are commutative,

KﬁﬂiV%p\
sl <
e

(B.4)
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V“Vﬂ?\
5] o
Fogey Dy

Definition B.3. Let A and B be two commutative algebras in M.
An algebra homomorphism A — B is a triple (f,n,&), where f: A — B
is a l-morphism, n: fous = up and &: pupo(f® f)= fous are 2-
isomorphisms as illustrated below,

(B.5)

A

A A A
4 U 3
B
B B B
such that the following diagrams are commutative:

Y=Y Y=Y
il

(B.6) P [Jpa
Y AB Y PB *
\Q RN QRN K)
(B.7)
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Y —Y
Bl |8
Vs % ’
$—¢=7

Appendix C. Module categories of the Lagrangian algebras

The notions in this subsection are standard (see for example [DN21] [JER23|
Dé21]).

Definition C.1. Let A be an algebra in a monoidal 2-category. A right
A-module is a quadruple (M, uar, apr, 7ar), where M is a an object, the 1-
morphism ppr: M ®@ A — M defines the right A-action on M and is depicted

as follows,

and the 2-associator «jp; and the right 2-unitor rj; are invertible 2-
morphisms depicted as follows,

o

such that the following diagrams are commutative.

JE——
aMﬂ ﬂaM
p o o

=Y
4
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Here a4 is the associator of A, and A4 is the left unitor of A. For convenience
we simply write M for the quadruple. The definition of a left A-module is
similar.

Definition C.2. Let M, N be right A-modules. An A-module 1-map from
M to N is a pair (f,¢) where f: M — N is a l-morphism and ¢ is an
invertible 2-morphism depicted as:

=1

such that the following diagrams are commutative:

Definition C.3. Let (f,¢) and (g,¢’) be two A-module 1-maps from M
to N. An A-module 2-map from (f,¢) to (g,¢’) is a 2-morphism 6: f =g
such that the following diagram is commutative:

f+/ AN 1y
|
g*/ o
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Definition C.4. The 2-category of right A-modules is defined as follows:
the objects are right A-modules, 1-morphisms are A-module 1-maps, 2-
morphisms are A-module 2-maps. This 2-category is denoted by M 4.

Definition C.5. An A-A-bimodule M is a left A-module and a right A-
module, equipped with a 2-isomorphism

§: ppo (1@ pay) = piy o (nyy ® 1)

such that (uf;,8) defines a left A-module 1-map and (uf;,57!) defines a
right A-module 1-map. Graphically § can be depicted as follows:

Y =
Definition C.6. Let M, N be A-A-bimodules. An A-A-bimodule 1-map is

a triple (f,#',¢") such that (f,#')/(f,¢") is a left/right A-module 1-map,
and the following diagram is commutative:

Y

If A is a commutative algebra in M, then a right A-module M is also
equipped with 2 different structures of left A-modules, defined in the follow-
ing two diagrams respectively:

$ \F
and we denote the them by M, and M_ respectively. The 2-associator of
M can be written as the composition of the following 2-morphisms:

R A A
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The 2-associator of M_ can be written down in a similar way. We denote
these two associators by a;\r/l and a, respectively. Both left A-module struc-
tures are compatible with the right A-module structure in the sense that they
can be upgraded to two A-bimodule structures. This compatibility for M,
is defined by the composition of the following 2-isomorphisms.

Yoy s s Y=y

The bimodule constraint for M_ is can be written down similarly. We denote
the two bimodule constraints by Hj\r/[ and 0, respectively.

Definition C.7. Let A be a commutative algebra in a braided monoidal 2-

category M. A local A-module is a pair (M, ), where M (actually a quadru-
ple) is a right module over A, and + is an invertible 2-morphism depicted as

follows,
| N\
\P ,

such that the following diagrams are commutative:

P
axfﬂ ﬂa&

Remark C.8. The notion of a local A-module can be equivalently defined
as follows.
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If M be a right A-module, then (17,1,,,) is automatically a right A-
module 1-map. A local module over A is a pair (M,v) where v is a 2-

morphism depicted as
LN\
>

such that the triple (1a7,7,1,,,) defines a bimodule equivalence
(1Ma77 ,U«M) M+ — M_.

If we write down the compatibility relations in detail, we obtain Defini-

tion [C.71

Definition C.9. Let (M,~) and (M’,+") be local A-modules. A local A-
module 1-map is a right A-module 1-map (f,¢): M — M’ such that the
following diagram is commutative.

» ??
\L:bk

Definition C.10. Let A be a commutative algebra in a braided monoidal
2-category M. The 2-category of local A-modules is defined as follows: the
objects are local A-modules, 1-morphisms are local A-module maps and
2-morphisms are A-module 2-maps. This category is denoted by I\/IljC

Now we compute the 2-categories of the right modules of the three
Lagrangian algebras A., A1 and A,. The following theorem was proved in
[Dé21l Lemma 3.2.13].

Theorem C.11. Let M be a monoidal 2-category and A € M be an algebra.
Recall that M 4 is the category of right A-modules. Then there is a free gen-
eration functor Fqp = —® A: M — My and a forgetful functor U: M 4 — M.
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The pair (Fa,U) forms a 2-adjunction
Fp:-MS My:U

More explicitly, given X € M and M € My, there is an equivalence of cate-
gories:

hOmMA(X(X)A,M) = hOInM(X,M).

Recall that the 2-category TC = 2Rep(Z2) B 2Rep(Z3) can be illustrated
in the following graph:

Rep(Z2) Vecz, Rep(Z3) Vecz,

Mmc

(1) The 2-category TCa, = TCy,:
e There are two simple objects (up to equivalence) in TC4_, that is
1. itself and m, = m ® 1.. The action of 1. on them is obvious.
homrc, (1c,1.) = homtc(1,1.) = Vec.
homrc, (1., m:) = homTc (1, m.) = 0.
hOHlT(:jlc (mc, ]lc) = hom-rc(m, ]lc) =0.
homrc, (m¢,m;) = homtc(m, m.) = Vec.
We conclude that TC4_ ~ 2Vecz,.

(2) The 2-category TCy,:
e There are two simple objects (up to equivalence) in TCy«,, that is
1@ m itself and 1, & m, =1, ® (1 & m).
hOIIlTCA1 (Al, Al) = hOmTc(]l, 16 m) = Rep(ZQ).
homrc,, (A1,1. ® Ay) = homtc (1, 1. © m.) = Vec.
hOInTCA1 (]lc ® Ay, Al) = hOHch(]lc, 16 m) = Vec.
homc,, (1. ® A1,1.® Ay) = homtc (L, 1o @ me) = Rep(Z2).
We conclude that TCy4, ~ 2Rep(Z2).

(3) The 2-category TCa,:
e There are two simple objects (up to equivalence) in TCy4,, that is
1@ mitself and 1, & m, = (1 ®m) ® L.
e These two simple modules are still free. Similar to the case of Ay,
we conclude that TCy4, ~ 2Rep(Z2).

It remains to show that the 2-categories of local modules of these three
algebras are trivial. We have the following theorem, the proof of which is
tautological.
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Theorem C.12. Let A be a commutative algebra in a braided monoidal 2-
category M and X € M be an object. If the double braiding ca x o cx a is not
isomorphic to the identity 1-morphism, then the free right A-module X ® A
s not a local A-module.

Since the double braiding of 1. and m is not isomorphic to the identity
1-morphism, the free module A, ® m is not a local A.-module. For the same
reason, the free module 1. ® A; is not a local Ai;-module, and the 1. ® Ag
is not a local As-module. We obtain the following results.

° TC{XS ~ 2Vec. This is because TCE"S is generated by a single object
A, = 1. and the hom-category of the generator is Vec.

. TClof ~ 2Vec. TCIXT is generated by a single element A; = 1 & m. The
non-trivial 1-morphism (e,ey): 1@ m — 1 & m is not a morphism of
local Aj-modules.

. TC{X; ~ 2Vec. TCIXS is generated by a single element Ay = 1 & m. The
non-trivial 1-morphism (e,ey): 1@ m — 1 & m is not a morphism of
local Ay-modules.

Remark C.13. The Lagrangian algebras in 2Vec are non-degenerate
braided fusion 1-categories [DN21, [JFR23|. Physically, the boundary of
the trivial 3+1D topological order induced by the condensation of a non-
degenerate braided fusion 1-category B € 2Vec is precisely the anomaly-free
2+1D topological order associated to B.

Given a Lagrangian algebra A € TC, we obtain a new Lagrangian algebra
AN B e TCX 2Vec ~ TC for a non-degenerate braided fusion 1-category
B. Physically, the boundary corresponding to A X B is the stacking of the
boundary corresponding to A and the anomaly-free 241D topological order
corresponding to B.

Appendix D. The 3d toric code — Lattice model

The 3+1D Dijkgraaf-Witten model is defined on a triangulation I' of an
orientable 3-manifold with vertices assigned by ordered labels and it is in-
dependent of this assignment as long as the relative order is kept during the
calculation. Each edge < a,b > with adjacent vertices a and b is assigned by
a group element of Zo, which can also be viewed as putting a space of spin-
1/2, H. = C2, on each edge. The spin pointing up and down corresponds to
Z5 elements 1 and m respectively. Hence the total Hilbert space consists of
all possible configurations of group elements on the edges, i.e., Hiot = RcHe-
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For simplicity we first take the 3d square lattice and then trangulate
each cube as Figure

Figure D1: Trangulation of the cube

In the bulk, for every vertex i and plaquette [i, j, k] we define a vertex
operator AY and a plaquette operator By; j k) acting on every adjacent edges
respectively. They are defined as

_ w(<hi > <!>, <6,5>, <G > w (< i>, <85>, <6 k>, <k, 1>)
w(<h,1ﬂ’>,<i’,i>,<7‘,,j>,<j,k>)w(<h,,2’>,<i’,7ﬁ>,<i‘k>,<k,l>)

(Dl) X6 it i> g >
h — k
J
7 )
Bli,j,k] A >_51,<i,j>-<j,k>-<k,i> A >
j K ] k

where h<i<j<k<l and <7#,j >=<14',i>-<1,j>. When the 4-

cocycle w is trivial, one can readily see that Al is trivial and A™ is exactly
the vertex operator A; — H<i,j> o277 of 341D toric codg meap:vhilef[i’j’k]
is also related with the plaquette operator B'.J’k] = g7 st g s by

[z
Biijk = (Bfi,j,k} +1)/2. The Hamiltonian of the 3+1D Dijkgraaf-Witten



String condensations in 3+1D and Lagrangian algebras 607

model is given by

(D.2) Hpw = —,(1;| 2.2 A=) Bigw

i geG [4,5,k]

when G = Zo with trivial 4-cocycle, it reduces to

(D.3) Hpw = —%(Z(l +Ai) + D (L+ Big )

i [4,4,k]

which is exactly the familiar 3+1D toric code. The set of operators
{A;, sz.j 1} is much convenient to visualize on the lattice, for example
in Figure @

o <142> _<143> _<145> _<14,6> _<14,10> _<14,11>
Ay =0} o fop lop o o

% 0_;14,13>0_;14,15>0_;14,17>O_;l4,18>o_z<14,22>0.z<14,23>

D.4
(D-4) x g S1428> 5 <14.25>  <14,26>

/ __<2,10> _<2,14> _<10,14>
B[2,10,14] =0, P 0,

All the vertex operators A; and plaquette operators sz'j K] commute with

4\
- . g
7/ 7/
22" | 23/ .
[ N T,
/i 7 |
s I p I 2 |
| | 7’ | 7’
0 . S0 I
PRGN N VA oy | |
I ! ! | I
I I I
I I !
‘ I | I 17 | 1:8
| [ W J P B
| 2
‘ o | | I = :
| 1:3/ ! l ) 1\5’ |
| + 7l I
1‘ AN 1 ! : L I
[ ! S0 I
MRS 7 B J,,,:, | |
RS b
pon YIS \ I I
| NN ! | I I
i N |
N Lo N N
! ! s\ N s | ! 4
/A \ . , | v
i 1,7 \ 4 |
A | S W
s v
I ) )
1,0 - L.

Figure D2: Local operators, A14 and Bf2 10,14]> in the bulk of 3+1D toric
code

each other and have eigenvalues 1. Hence the total Hilbert can be decom-
posed into the common eigenspaces of these operators. Then the subspace
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of ground state corresponds to the common eigenspace which all the A; and
LJ ] have +1 eigenvalue.

The topological excitations in this model have already been worked out in
[KTZ20a]. The well known e-particle and m-string are shown in Figure
Similar to the 241D toric code the state with an e-particle at vertex v is
the state which all the A; and B[ LK) have eigenvalue +1 except A, which
has eigenvalue -1. A pair of e-particles can be created on the end points
of a string operator H<i7j>ep 05" where P is a continuous path on the
edges. However the m-string is somewhat not similar to the m-particle in
the 2+1D case which is defined by B[’i%k] = —1 at plaquette [i, j, k]. Due to
the constraint ]_[[z Jklet [’Z K= 1, where t is any tetrahedron, there must be
an even number of plaquettes where By, . . —1 in a tetrahedron. Hence it
forms a string which can not be broken i in the bulk. The m-string can be cre-
ated on the boundary of an membrane operator, H<i,j>eM afw> where M
is a membrane and < ¢,j > are the edges which the membrane cut through.
The e-particle and m-string are both self-dual. Namely

(D.5) mem=1 eoce=1g

where 1 and 13 are the trivial string and the trivial 0d excitation on the
trivial string respectively.

Figure D3: The e-particle (red dot) and m-string (blue plaquettes) in 3+1D
toric code

Besides these elementary excitations, there are condensation descen-
dants, 1, and m, strings. The local space on the edges along 1. is C or
equivalently the spins on these edges are all fixed to be pointing up. The
1.-string along a path P is created by adding to the Hamiltonian the A;/2
and projection operators, (o, + 1)/2, on the vertices and edges respectively
along P. The e-particle condenses on the 1.-string. One can check that if an
e-particle moves onto the 1.-string, it will disappear. Hence it can be viewed
as a condensation of 15 @ e on the trivial string 1, a condensation descen-
dant of 1. m.-string is the fusion of m and 1. strings. It can also be viewed
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as the condensation descendant, 1 & e, of the m-string. Unlike the m-string,
the 1.-string can have end points, which are the 0d defects between 1. and
1. The 0d defect from 1 to 1. is denoted as x: 1 — 1. and the one from 1.
to 1 is denoted as y: 1. — 1. There is also one non-trivial 0d defect on the
1.-string, z, which is a m-string winding around the 1.-string as depicted as

in Figure [D4]

*******

R A e
]
[ ]
3,

---

Figure D4: The condensation descendant 1.-string which is denoted in black
dashed line. The 0d excitations between 1. and 1 strings: x, y are denoted
as circles and the 0d excitation between 1. and 1. strings: z is an m-string
winding around the 1.-string

The fusion rules are given by [KTZ20a

1.1, =1, ®1, 1,®&m=m, zoz=1g,

(D.6)
roy=11Pe yoxr=1;, Bz

where 17, is the trivial Od defect on 1.. The other fusion rules can be deduced
from these.

Appendix E. Lattice realization of the twisted
smooth boundary

In this section, we would like to give the complete details of the lattice
realization of the three boundary conditions.
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E.1. The (twisted) smooth boundary condition

The boundary Hamiltonian was given in [HWW13] and in addition to re-
viewing that, we will bring together results of string operators of the Levin-
Wen model constructed before [LWO05] to obtain a membrane operator in
the 3d model that could end at the boundary.

Now we can move on to the twisted smooth boundary which is depicted
in Figure where we have hidden all the bulk edges. The labels of bound-
ary vertices are chosen to get bigger when we move from right to left and top
to bottom on the lattice, e.g. in Figure h<lb<.<lz<lg<.ln<
e < los.

-
o~
~
o~
~

Figure E1: The twisted smooth boundary (hiding the bulk edges) and the
local operators, A;,, and By, ;,,), on the boundary

Similarly, for every vertex and plaquette on the boundary we define an
operator. The plaquette operators B[i,j,kl are the same as what is in the
bulk, B/,

L while the vertex operators A; is similar to A7" twisted with a
3—cocycfe, as depicted in Figure

A _ <lg,liz> _<lg,liz3> _<li2,l13> _<lis,lia> _<lis,liz>
Al13 =07 Oy Oy Oy Oy 7

« O_;llg,llg> Ha;ll3’lB>
B

x (< g, 12 >, < li2,l13 > -9, 9)

X Oé(< l12,l13 >-q,9,< l13,l17 >)
(E'l) X a(g, < lig,l17 >, < li7,l13 >>
X Oé(< g, lg >, < lg,l13 > -g,g)
X a(< lo,l13 > -g,9,<li3,l14 >)
x af

g, < Uiz, lig >, < lig, lhig >)

o <lplg> _<l7li2> _<lg,lia>
B[l7,ls,l12] — Uz 7508 O-Z 75012 Jz 85012
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where < li3,lp > labels the adjacent bulk edges and « is the non-trivial
3-cocycle of Zy = {1, g}. The only non-trivial component of the twisted 3-
cocycle is given by a(g,g,g) = —1 . Notice that a~! = a, hence we do not
distinguish them in the above formula. Due to the labeling we choose all the
A; to have the same form. Then the boundary Hamiltonian is defined as

(E.2) Hyay = —%(Z(l +A)+ Y (14 Bjjw))

All the A; and B[i,j,k] commute with each other and have eigenvalue +1.

they also commute with all the A; and B[’i K] in the bulk. Hence the ground

state subspace is the common eigenspace of all the {A4;, sz',j,k]’ A;, B[Lj’k]}
with +1 eigenvalue.

In the case of the ordinary smooth boundary, it corresponds to a trivial
3-cocycle a, where it takes value unity when non-vanishing.

When « corresponds to the non-trivial component of H3(Z3,U(1)), the
boundary Hamiltonian this is exactly the 2-+1D 75 twisted quantum dou-
ble model, which is in fact the well-known double semion model[LWO05|
HWW13].

(€< R Plaquette

Figure E2: The string operator W(P). The path P is the red line. The
edges and plaquettes P pass through are in the path P. The edges of these
plaquettes on the left (right) side of P are L(R) — edges. The plaquette in
the path with L(R) — edge are L(R) — plaquette.
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Let’s take a detour to look into this 241D model. In the double semion
model there are only four simple string operators defined on a loop which
commute with the Hamiltonian[LW05]. They correspond to four simple ob-
jects of the double semion model, {1, s, 5, s5}, respectively.

As indicated in Figure the loop P is directed and defined on the
plaquettes of which P will pass through two adjacent edges, e.g. < l,n >
and < m,n > of [I,m,n]. We denote these edges crossing the loop P as the
edges in the loop P, e.g. <l,n>,<m,n>,<m,o>c P. Then depending
on whether the other adjacent edge is on the left or right of P, we denote
the corresponding plaquette as L — plaquette and R — plaquette respectively
and this edge is denoted as the L —edge and R — edge respectively. E.g.
[[,m,n] is a R — plaquette and [m,n,o| is a L — plaquette with < n,o > a
L — edge. Then Four simple string operator is defined as

Wiy=1
<p,q>
W= [] o7
L—edge
W, = H <] k> H (1 —gSP1>)/2
<jk>eP —edge
(E.3) 5 H (_1)s[z,m,n]
R—plaquette
Ws = H <]k> H 1 olP1>)/2
<jk>€eP —edge
X H (_1)S[z,m,n]
R—plaquette

where (., = (1—0s™"7)(1+ oY /4. <myn >, <l,n> are two
edges in P adjacent to a R — plaquette [I,m,n] and < m,n > is the edge
that P passes before < I,n >. Note that W,z is the same loop operator
as that of e-particle in the bulk. When the string operator is defined on a
string S instead of a loop it will create two excitations on two ends of S.
These open string operators will be denoted as W.

Now we can come back to the boundary. Note that these four string
operators commute with Hpg,. W3 and Wys also commute with the bulk
Hamiltonian Hpy while W, and W3 are not. Obviously they commute with
the vertex operators in the bulk, A;. However when the plaquette operators
in the bulk, B[/M’k], has one edge on the boundary and in the loop P, the
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H<j7k>€]5 agfj’k> part in W, and W3 anti-commute with them. Namely the

action of Wy and W5 on the boundary will create a m-string in the bulk
just beside the boundary as partly shown in Figure

SN 1\ I\~
R N N
8 "
AY A A
VI/ /4 ENR NN ! N ! N
S s N T I N I N
1\ LN N N
[T Ay A | (R W, o N
! ! \ N N ! " N
[ L LY
I | \ AN AN AN
[ e Nl i I S i N i A SN i
P v ’ 7
7/ - \ 7 - 7/
1, - S _-- ’ i

Figure E3: Action of the W, or W3 loop operator with the path denoted as
the red line partly. They create a m-string in the bulk denoted as the blue
dashed line and blue plaquettes.

In other words when a m-string is pulled towards the boundary, it can
be moved onto the boundary and vanishes by acting Wy, W3 or even
their linear combinations with a suitable loop }5, which indicates that the
m-string is condensed on the twisted smooth boundary. Now we can denote
the trivial string on the boundary as 1 & m.

What happened to the e-particle? Note that if we have a string operator of

N N N
SN AN AN
D fi N N
= v~
_ /: \ A
SS \ A
A
! \
o \ N
[ 1 \
/ I \ AN
i Valniiad e A
[ e
7 -
I, - \
- a a \

Figure E4: The e-particle on the boundary and its moving path is denoted
as the red dashed line. The string operator Wz is defined on the red string.

e-particle which has an end point p on the boundary, it will commute with
all thei Aj;, B[’m’k], /L- and B[mk] except flp at vertex p. It anti-commutes
with A, indicating that the e-particle survives on the boundary. Further on
the boundary we can move it by W,s as shown in Figure

Compared to the ordinary smooth boundary on which the m-string can only
be moved onto the boundary and annihilated by only one kind of loop oper-
ator, i.e., [[ o4, here it can be done by two kinds of loop operator. Note that

we can use the open string operators Wy, W3 and their linear combinations
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»

Figure E5: The overlap of W, and W3 is Wgs

to pull half of the m-string onto the boundary and annihilate them, while
leaving two excitations on two ends of the m-string on the boundary. From
the point of view of the double semion model, these excitations correspond
to the semions s and § respectively therefore two types of end points can
change into each other by fusing with the e-particle on the boundary. Fur-
ther if we only have a pair of end points then they must be of the same type.

N
SN I\ AN
\\ N ! \\
' \ N N \ N
/ol \ N ! N /I \ N
I \ N 1 N 1 N N
AN \ N ! N / \ N
I \ N ! N \ N
! I \ 1 1 \
l I \ AN [N \ AN
! ATTONCY L= B N i S i Nl ol o A7
[EEGTANN PSS 7N JIAN N
1,7 D = \ / N \
P RN s (SR ~
~ T~ \ \ -~
xr R AR IR Y
\ N ]]_é N \ N
I \ N 1 Q N 1 N N
1\ \ N (A \ > / \ N
I \ N \ N \ N
/ | \ Ao \ Ao \
! I \ /AN \ [N \ AN
! ST TN LT T TN e TN Y T L
/// N+ /// B ;,—/’// N T
I, - M, - M, - \
- \l, - -~ N, -~ \

Figure E6: 1.-sting on the boundary is also denoted as the black dashed
line. The 0d excitations between 1. and 1 strings on the boundary:  and g
are denoted as circles. The 0d excitations between 1.-strings: 2z is a half of
m-string winding around the 1.-string on the boundary.

Then what happens to the condensation descendants? When the 1.-
string is moved onto the boundary it survives as the Figure [E6| shows. The
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creation of 1. on the boundary is similar to the case in the bulk. Simply
add A;/2 and (o, + 1)/2 for the vertices and edges respectively in the path
of 1. to the boundary Hamiltonian. Due to the condensation of the m-
string, m. and 1. strings are now indinguishable. They are identified. We
denote them as 1. @ m.. Still it can have end points. The one from 1 & m
to 1. @ m, is denoted as T: 1 & m — 1. @ m. and the adjoint is denoted as
g: 1. ®m, — 1 & m. They are the corresponding 0d excitations of z and y
pulled onto the boundary. Further there is still one non-trivial 0d excitation,
Z, on 1. @ m, corresponding to z pulled onto the boundary. However now
on the boundary Z is half of the m-string winding around the 1.@® m, as
depicted in Figure [E6l The end points of the m-string can either be s, § or
their linear combination. As the e-particle condenses on the 1.-string, the
m-strings winding around the 1.-string with different types of end points
are identified.

The fusion of § and Z is depicted as Figure [E7]

T ~ T ~ T N
\\\\ |\\\ |\\\
) R R N
/
\ N \ N \ N\
IR NS H Y’5 ey
R NGUE Nu R N
\ N \\ N AY
N
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Figure E7: The fusion of § and Z is lggm @ e
which gives
(E.4) Y o1em T = lo,om, ® 2

where 15, gm, is the trivial 0d excitation on 1. @ m.. While for the fusion of &
and g, it can be viewed as a 0d 1. & m.. Namely only add to the Hamiltonian
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A; at vertex i. Hence it will be a superposition of states with A; = +1, which
means

(E5) T O1dm g = 11@,—” De

And for the fusion of Z and itself. As depicted in Figure there are four
end points.

= = . / /
N\ AN\ 51 <52
[ _ NN _ N
)
1, N of SR R
,’;2\\1:2:\ . J j]lc
! \ \
LS TR 83784 B
(a) (b)

Figure E8: The fusion of Z and Z is 11 gm,. (@) and (b): two Z on the 1.-
string with s; — s4 types of end points on the boundary. (¢): move the left
Z towards the right one by string operators Wsl and Ws3 on the boundary
together with the membrane operator M, in the bulk. (d): The remnant of
the fusion is s1 ® so and s3 ® s4 which can be either the vacuum or e-particle
on the boundary.

No matter what types four end points are, we can pull them together with
proper open string operators on the boundary and membrane operator in
the bulk, e.g. Wsl, WSS and M,, in Figure Then what left are s1 ® s9
and s3 ® s4 on the boundary which are either the e-particle or vacuum. If
there are e-particles left we can further pull them onto the 1.-string and
condense on it. Therefore this fusion is given by

(E6) 2 O1dm 2 = :[]]_C@mC

The last fusion rule we need to consider is between 1. @ m. and itself, which
is depicted in Figure [E9] where the m-string in the bulk just beside the



thicken 1. @ m. can be move onto the boundary and disappears. Hence

(E.7)
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(]]-c @ mc) ®]l€Bm (:H-c S>) mc) - (]lc 7] mc) s> (]]-c ©® mc)

Figure E9: The fusion of 1. and 1. on the boundary is 1. ® 1.
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Figure E10: Rough boundary of the 341D toric code model: There is no
degrees of freedom on the black dashed edges. Hence the B, operators near

the boundary is the product of two o, operators, e.g. B, = o5'o%2.

E.2. The rough boundary

The rough boundary corresponding to the electric charge condensation is
realized on the lattice by projecting the boundary links to the trivial element.
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This is represented as dashed lines in Figure The boundary Hamiltonian
contains B, terms that act on “incomplete” plaquettes where some links
are the dashed links. The analysis of excitations is the same as the rough
boundary of the 241D toric code model and we will not further belabour
about it here.
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