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Recently, it was realized that anomalies can be completely classified by topological orders, symmetry
protected topological orders, and symmetry enriched topological orders in one higher dimension. The anomalies
that people used to study are invertible anomalies that correspond to invertible topological orders and/or
symmetry protected topological orders in one higher dimension. In this paper, we introduce a notion of
noninvertible anomaly, which describes the boundary of generic topological order. It is characterized by two
features. First, a theory with noninvertible anomaly has a multicomponent partition function. Second, under
the mapping class group transformation of space-time, the vector of partition functions transform covariantly.
In fact, the anomalous partition functions transform in the same way as the degenerate ground states of the
corresponding topological order in one higher dimension. This general theory of noninvertible anomaly may
have wide applications. As an example, we show that the irreducible gapless boundary of 241D double-semion
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topological order must have central charge c =¢ > 2.
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I. INTRODUCTION

A classical field theory described by an action may have
a gauge symmetry if the action is gauge invariant. The
corresponding theory is called a classical gauge theory. A
gauge anomaly is an obstruction to quantize the classical
gauge theory, since the path integral measure may not be
gauge invariant [1,2]. Similarly, a classical action may have
a diffeomorphism invariance. Then a gravitational anomaly is
an obstruction to have a diffeomorphic invariant path integral
[3]. So the standard point of view of anomaly corresponds to
the obstruction to go from classical theory to quantum theory.
This kind of gauge anomaly and gravitational anomaly are
always invertible, i.e., can be canceled by another anoma-
lous theory. The examples include 14-1D U(1)-gauged chiral
fermion theory

S = fdxdt Ui, +iA — 8 —iADY, (1)

which has both perturbative U(1) gauge anomaly and pertur-
bative gravitational anomaly. We like to remark that anomaly
defined as such is not a property of physical systems, but a
property of a formalism trying to convert a classical theory to
a quantum theory.

There is another invertible anomaly—’t Hooft anomaly,
that can be defined within a quantum system with a global
symmetry, and is a property of physical systems. It is not an
obstruction to go from classical theory to quantum theory, but
rather an obstruction to gauge a global symmetry within a
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quantum system [4]. It is quite amazing that the obstruction to
quantize a classical gauge theory (gauge anomaly) is closely
related to the obstruction to gauge a global symmetry within
a quantum system.

Motivated by some early results [5,6], in recent years, we
started to have a new understanding of anomaly as a physical
property of quantum systems [7-9], rather than an obstruction
to quantize a classical theory: (1) gravitational anomaly in a
theory directly corresponds to topological order [10,11] in one
higher dimension; (2) 't Hooft anomaly for global symmetry
G in a theory directly corresponds to symmetry protected
topological (SPT) order [12—-14] with on-site symmetry G in
one higher dimension, and (3) such an anomalous theory is
realized as a boundary theory of the corresponding topological
order and/or SPT order [see Fig. 1(b)].

So an anomaly is nothing but a topological order and/or
a SPT order in one higher dimension, and the anomalies can
be classified via the classification of topological orders and
SPT orders in one higher dimension [7,15]. The boundary of
topological order realizes all possible gravitational anomaly,
and the boundary of SPT order realizes all possible 't Hooft
anomaly and mixed gravity/’t Hooft anomaly. The boundary
of symmetry enriched topological order will corresponds to
new types of gravitational anomaly with symmetry. This point
of view of anomaly plus Atiyah formulation of topological
quantum field theory [16] allow us to develop a general theory
of anomaly [7-9].

The anomaly from this new point of view is not the same
as the previously defined anomaly before 2013, and is more
general. This is because the previously defined anomalies are
always invertible (i.e., can be canceled by another anomaly).
Those anomalies are classified by invertible topological orders
and/or SPT orders in one higher dimension, and are realized
by the boundary of the invertible topological orders and/or
the SPT orders. We know that generic topological orders are
usually not invertible [8,17]. Hence, the anomalies realized
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FIG. 1. (a) A particular time ¢ evolution produces a particular
ground state in the degenerate ground-state subspace on the space
S! x S'. (b) A particular extension of a space-time S! x S! as the
boundary of a bulk D?> x S' produces a particular anomalous parti-
tion function in the vector space of partition functions on space-time
S' x S! (i.e., the boundary).

by the boundary of generic topological orders are usually
noninvertible (i.e., cannot be canceled by any other anomaly).
Those noninvertible topological orders will give rise to a
new kind of gravitational anomalies on the boundary, which
will be called noninvertible anomaly. For example, the chiral
conformal field theory (CFT) on the boundary of a generic
Chern-Simons theory is an example of noninvertible anomaly
[18].

We like to mention that, in addition to the above general
point of view proposed in Refs. [7-9] that include non-
invertible anomalies, Refs. [19,20] also proposed a similar
general point of view based mathematical category theory and
cobordism theory. In particular, those general points of view
suggest that the partition function becomes a vector in a vector
space for a theory with noninvertible anomaly, as suggested in
Refs. [16,21]. In fact, the vector space that contains partition
functions of an anomalous theory can be identified with the
degenerate ground-state subspace [10,11] [see Fig. 1(a)] of the
topological order in one higher dimension that characterizes
the anomaly. This is because if we regard a space direction
as time direction, the space manifold can be viewed as a
boundary of space-time, and the ground degenerate subspace
becomes the vector space of partition functions (see Fig. 1)
[8,22].

In this paper, we will study some simplest noninvertible
anomalies—bosonic global gravitational anomalies in 141D
which correspond to a 2+1D bosonic topological order. We
will first give a general discussion, in particular the physical
meaning of “multicomponent partition functions as a vector in
a vector space.” Then we will discuss some examples of 1+1D
bosonic theories with noninvertible gravitational anomalies
that correspond to (1) 241D bosonic Z, topological order
[23,24] (i.e., the topological order described by the Z,-gauge
theory). (2) 241D bosonic double-semion (DS) topological
order [25,26]. (3) 2+1D bosonic semion topological order
(i.e., v =1/2 quantum Hall state) [27]. (4) 2+ 1D bosonic
Fibonacci topological order [25,26].

We will also discuss an application of invertible and non-
invertible anomalies. There is a general belief that a gapless
CFT has a partition function that is invariant under mapping-
class-group (MCG) transformations of the space-time (the
modular transformations for two-dimensional space-time),
provided that the CFT can be put on a lattice. Being able
to put a CFT on a lattice is nothing but the anomaly-free
condition. This suggests that the MCG invariance of the

partition function corresponds to the anomaly-free condition.
So an anomalous CFT will have a partition function which is
not MCG invariant, but MCG covariant." Since the anomaly
corresponds to a topological order in one higher dimension
that is described by a higher category, the change of anoma-
lous partition function can be described by the data of this
higher category. In this paper, we will derive one such result.

Consider a CFT in d-dimensional closed space-time M d
whose gravitational anomaly is described a (d 4+ 1)D topo-
logical order. The (d + 1)D topological order has N-fold
degenerate ground states on M¢. Let Gy« be the MCG for
M. Under a MCG transformation g € Gy, the degenerate
ground states transform according to a projective represen-
tation R'P(g) of Gy« [8,11,28,29]. Such a projective repre-
sentation R'P(g) is the data that characterize the (d + 1)D
topological order (and hence the anomaly). It was conjectured
[11] that such data fully characterizes the topological order.
From the correspondence described in Fig. 1, we find that a
CFT with gravitational anomaly in d-dimensional space-time

has several partition functions Z (g, i),i =1, ..., dim(R'P),
which transform as
Z(g- &> 1) = BT (DZ(guvs ), )

where g,,, is the metrics on the d-dimensional space-time M d
which describes the shape of M?, and g- g,, is the MCG
action on gy, .

When d = 2 [Eq. (2)], becomes Eq. (24), which we will
explain in detail. We like to remark that, in some dimensions
(for examples, when d = 2 or when there is no perturbative
gravitational anomaly), R"P(g) can be a representation of
MCG Gy [8]. In particular, in Eq. (24), the partition func-
tions transform as a representation of MCG SL(2, 7).

For an anomaly-free CFT, the corresponding (d + 1)D
topological order is trivial and R'P = 1 are 1-by-1 matrices.
In the case, the above becomes the usual MCG invariant
condition on the partition function:

Z(g : g/w) = Z(g/w)~ 3)

It is likely that the MCG invariant partition functions on M¢
completely classify anomaly-free CFTs. Thus, it is also likely
that the modular covariant partition functions (2) completely
classify anomalous CFTs [i.e., the boundaries of (d + 1)D
topological order described by R™P(g)].

We would like to point out that Eq. (2) also covers the
cases of gapped boundaries of (d + 1)D topological order.
In this case Z(g,, i) = Z(i) becomes g,, independent. The
d = 2 case is studied in detail in Refs. [30,31], where Z(i) is
denoted as W' and is called fusion matrix or wave function
overlap. Thus Eq. (2) is a unified description for both gapped
and gapless boundaries.

As another application, we point out that anomaly-free
fermionic theories exactly correspond a subset of the bosonic
theories with the noninvertible gravitational anomaly de-
scribed by the bosonic Z, topological order with emergent

'The partition functions of a fermionic CFT on a d + 1D lattice
are MCG covariant in a special way, so that the sum of the partition
functions are still invariant under the fermionic MCG. For example,
in 141D, the fermionic MCG is generated by 7% and S.
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fermion (i.e., the twisted Z, gauge theory) in one higher
dimension. Thus we can construct anomaly-free fermionic
theories, such as their partition functions, by constructing
bosonic theories and their partition functions with this par-
ticular noninvertible gravitational anomaly.

The general theory developed here is for both purely chiral
and nonchiral CFT’s on the boundary. A related work [32]
has given a comprehensive theory of purely chiral CFT’s on
the boundary of a 2+1D topological order, based on tensor
category theory. When the boundary is purely chiral, our
theory is just a subset of the full theory developed in Ref. [32].
Both theories provide a unified approach for gapped and
gapless boundaries. Recently, some nonchiral CFT’s on the
boundary of 241D topological order were studied in an in-
dependent work [33]. In particular, multicomponent partition
functions on a 141D gapless boundary of 24-1D double-Ising
topological order were calculated. A connection between the
modular transformation of boundary partition functions and
the S and T matrices that characterize the modular tensor
category for the 241D bulk topological order was noticed.
Our paper generalizes those results and provides a more
systematic discussion.

We also like to remark that, in the presence of symmetry,
there are also several partition functions from the different
symmetry twisting boundary conditions in d-dimensional
space-time [34-36]. Those partition functions with different
boundary conditions also transform covariantly under MCG
transformations. If the anomaly is not invertible, there will be
several partition functions for each twisted boundary condi-
tion. This generalization and its MCG transformations will be
discussed in Ref. [37], for d = 2 case.

II. TOPOLOGICAL INVARIANT AND PROPERTIES
OF BOUNDARY PARTITION FUNCTION

First, let us describe the topological path integral that
can realize various topological orders. The boundaries of
those topological orders realize invertible and noninvertible
anomalous theories. This way, we can relate anomalies with
topological invariants in one higher dimensions.

A. Topological partition function as topological invariant

A very general way to characterize a topologically ordered
phase is via its partition function Z(MP) on closed space-time
MP with all possible topologies. A detailed discussion on how
to define the partition function via tensor network is given in
Ref. [8] and in Appendix C. From this careful definition, we
see that the partition function also depends on the branched
triangulation of the space-time (see Appendix C), as well as
the tensor associated with each simplex. We collectively de-
note the triangulation, the branching structure, and the tensors
as 7. Thus the partition function should be more precisely
denoted as Zrn(MP, T). In a very fine triangulation limit
(i.e., the thermodynamic limit), we believe that the partition
function depends on 7 via an effective metric tensor g,
of the space-time manifold, if the tensor network describes
a “liquid” state, as opposed to a foliated state (a nonliquid
state) [38—42]. Thus the partition function can be denoted
as Zged(MP, g,,v) in the thermodynamic limit. Zgea(M?, g,0)

correspond to the partition function of a field theory where
the different lattice regularizations 7 are not important as
long as they produce the same equivalent metric g,,,. Here,
guv and g, are regarded as equivalent if they differ by
a diffeomorphim since Zgea(MP, g,0) = Zseta(MP, g,,)- Let
My be the space formed by all metrics g,, of MP (up
to diffeomorphic equivalence), which is called the moduli
space of MP. Thus the partition function Zgea(MP, g,,,) is a

complex function on the moduli space M » Zasa M.~} C.

However, Ztn(MP, T) [or Zmn(MP, guw)] is not a topo-
logical invariant since it contains a so-called volume term
e~ Jur 4% where € is the energy density. The volume term
can be factored out. And we can obtain a topological partition
function Zp%(MP) which is believed to be a topological
invariant [8,22]:

Zon(MP, Ty = e Jur <% 720 P ). )

Appendix C4 describes the way to fine-tune the tensors to
make the volume term vanishes (i.e., ¢ = 0). In this case, the
path integral directly produces the topological partition func-
tion. Such a topological invariant may completely characterize
the topological order.

Let us describe topological invariant,
cal partition function of the field theory,

the topologi-
ftgljd(MD’guv)
[i.e., Z;(E(MD 7)] in more details. The “topological prop-
erty” of Zih (MP, g,,) may appear in two ways [8]. (1)
Z:» (MP, g,,) is a local constant function on Mymo. In

this case, the topological partition function only depends on

To(Myp): mo(Myo) Zuea M7, ) C. Such a complex function
on 7o(Myp) is a topological invariant, since Zgr,(MP, g,,)
does not depend on any smooth change of g,,. In this case,
the boundary has a global gravitational anomaly.
(2) The reduction from lattice partition function
ZM(MP,T) to the field theory partition function

Z:r (MP,g,,) may have a phase ambiguity. However,

we can define the change of phase for Zi» (MP, g,.,) as we
go along a segment / in M ;» without ambiguity:

phase change = ¢/ 2" i @ = /27 fur.1 2, &)

where « is a 1-form on M and Q is closed D + 1 form
constructed from the curvature tensor on MP x I. In this
case, the boundary has a perturbative gravitational anomaly.
For example, when D =3, Q = ?fpl, where p; is the first

Pontryagin class on 4-manifold. Z» (M3, g,.,,) is given by

ft'l(;l])d(M% g;u)) = el 24 .fMD (UZ (6)

where the 3-form ws satisfies dws = p; and corresponds to
the gravitational Chern-Simons term. The coefficient Ac is
the chiral central charge of the boundary state. In this case,

Zsh (M3, g,,) depends on the smooth change of g, and is
not a topological invariant in the usual sense.

B. Invertible and noninvertible topological orders
Most topological orders are not invertible under the stack-

ing operation. (Here, by definition, an invertible order [8,17]
can be canceled by another order, i.e., the stacking of the two
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orders gives rise to the trivial order.) The invertible topological
orders form a subset of topological orders. The topological
invariant for invertible topological orders, Ztr(ﬁ(MD ,T),is a
pure phase factor: |Zph (MP, T)| = 1 [8,43-45].

The boundaries of invertible topological orders can have
(standard) perturbative gravitational anomalies, which are the
most studied in the literature. The boundaries of noninvertible
topological order can have different gravitational anomalies.
We will call the latter as noninvertible gravitational anomalies,
and call the standard gravitational anomalies as invertible
gravitational anomalies. In this paper, we will concentrate on
the noninvertible anomalies.

To give an example of invertible anomalies, let us consider
a Eg bosonic quantum hall state described by the following K
matrix [46,47]:

2 -1 O 0 o0 0 0 o0

-1 2 —1 0O 0 0 0 0

0 -1 2 -1 0O 0 0 o0
k| 0 0o -1 2 -1 0 0 0
EB=1 0 0 0 -1 2 —1 0 -1}

0O 0 0 0 -1 2 —1 0

O o0 o0 o0 0 -1 2 0

0O 0 o0 0 -1 0o 0 2

7

which has an invertible topological order, since det(Kg,) = 1.
Its boundary is described by the (E3); CFT that has a pertur-
bative gravitational anomaly, due to its nonzero chiral central
charge ¢ = 8. It is a chiral CFT whose partition function has
a single character,

®K58 (Q)

o =T ®

Z(r) = xB(r) =

where n(q) = q714 ]_[Zil (1 — ¢") is the Dedekind eta function,
and Oy is the theta function for a lattice characterized by an
integer symmetric matrix K:

Oklg)= Yy q" ", ©)
neZdimK

and K, is the Eg root lattice, given by Eq. (7). The first a few
terms in the expansion is

xB =g 31 4+ 248¢ + 41244% + 0(¢*)),  (10)

where the 248 generators of Eg are counted in the second
term in this single sector. x% transforms according to the
one-dimensional representation of the modular group

KB (=1/0) = xB@), xBa+D=e 5 xB(). (1)

The 141D perturbative gravitational anomaly character-
ized by the chiral central charge Ac constrains the boundary
partition function in 14-1D:

lin})Z(q) = integer x q_ﬁa_%, Ac=c—C. (12)
q—)

Thus, knowing the 1+1D boundary partition function, we can
also determine its perturbative gravitational anomaly Ac. In

(@

FIG. 2. (a) Space-time D? x S' (solid cylinder). (b) I x S' x §!
(cylinder) and D? x S' (solid cylinder). (c) Gluing the cylinder
with solid cylinder, along the S x S' = T2 boundary, reproduces
the space-time D? x S'. The tensor networks on the solid cylinder
and the cylinder define the path integral. The tensors on the inner
solid cylinder are the bulk tensors that describe a topological path
integral. The tensors on the outer cylinder can be anything, which
may describe a gapless CFT at long distance. Different choices of
boundary tensor network on the outer cylinder give rise to different
types of boundaries.

this paper, we will try to go one step further. We will de-
termine the global gravitational anomaly of 1+1-dimensional
theories from its partition function.

C. Properties of boundary partition function

To concentrate on global anomaly, we will assume that
there is no perturbative anomaly. In this case, the global
anomaly is characterized by the bulk topological invariant
Zsh (MP, T), which can be realized by the topological path
integral described in Appendix C4 [8]. In this paper, we
assume the bulk theory is always described by the topological
path integral, whose partition function directly corresponds to
the topological invariant Zy b, (MP, T).

To link such a topological invariant (i.e., topological path
integral), KE (MP, T) to the partition function on the bound-
ary B?, d = D — 1, we note that the boundary partition func-

tion is given by [Fig. 2(a)] [8,22]

ZBYMP,T) = Zph(MP, T), B = aMP. (13)

The boundary is the so-called natural boundary described in
Appendix C 3, but here we sum over the boundary degrees of
freedom. We note that the bulk is gapped. Thus the low-energy
properties of the boundary (below the bulk gap) are described
by the above Z(B¢, Tp).

We may obtain a more general boundary by stacking a
d-dimensional system described by a d-dimensional tensor
network, Zmn(B?, Tz), to the boundary [see Fig. 2(b)]. The
resulting boundary partition function has a form

Z(BY, Tg;MP, T) = Zew(BY, Tp)Zie(MP, T)  (14)

We may also allow the boundary and bulk degrees of freedom
to interact with each other by gluing the boundary to the
bulk as in Fig. 2(c). We see that the boundary partition
function Z(B¢, Tz; MP, T) is not purely given by a tensor
network on the boundary B?, which gives rise to a partition
function Zmn (B9, Tp). It may contain a bulk topological term
Z%) (MP, T). The nonvanishing bulk topological term implies
the boundary quantum system defined by Z(B?, Tg; MP, T) to
be potentially anomalous. If the boundary partition function is
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FIG. 3. The space-time D? x §' with a world line of type-i
topological excitation, wrapping in the S! direction. The path integral
on the inner solid cylinder is a topological path integral with world
line, as described in Appendix CS5.

given purely by a tensor network Zrn(B¢, Tz) on the boundary
[i.e., when ZW(MP, T) = 1], such a quantum system will be
anomaly-free.

D. 1+1D anomalous theory on space-time torus T2

In this section, we will concentrate on 141D anomalous
theories. To define its partition function on a space-time torus
T2, we consider a 2+1D tensor network path integral (see
Appendix C) on a simple extension of T2 — D? x S' [see
Fig. 2(c)]

Z(T*D* x Sy =ZR(D* x 8Y, aD*=S'.  (15)
The tensors on the inner solid cylinder define a topological
path integral described in Appendix C that realizes a topolog-
ical order corresponding to the anomaly under consideration.
The tensors on the outer cylinder [see Fig. 2(b)] can have more
than one choice, representing different kinds of boundaries.

We can define a more general partition function for 141D
anomalous theory by extending T2 to more complicated M?,
T? = 3M? Ref. [8]. Furthermore, in M>, we can insert a world
line of a topological excitation, and the partition function is
generalized to (see Fig. 3)

Z(T% D} x S') = Z1% (D} x S*). (16)

Note that the surface of the inner solid cylinder in Fig. 3
(after integrating out only the bulk degrees of freedom as
in Appendix C 3) corresponds to a wave function, |y;), that
describes one of the degenerate ground states of the bulk
topological order on the torus. If the path integral on the inner
solid cylinder is a topological path integral, |;) automatically
normalizes to 1: (y;|v;) = 1 (as discussed in Ref. [31]). Thus,
more precisely, the 141D partition function for an anomalous
theory is given by

Z(T?, |Yy) = Zi(Df x SY). 17)

Here the degenerate ground-state wave functions |y;) are
labeled by the type-i of the topological excitations. For
the trivial excitations labeled by 1, Z(T?2, |4/1)) correspond
to the partition function for the space-time in Fig. 2(c)
without any world-line insertion.

The dependence on the ground-state wave function |[v;)
of the topological order on the torus is the key character of
anomalous partition function [8,16]. (1) If |¥;) is a product
state, then Z(T?2, |;)) is a partition function of an anomaly-
free theory. (2) If |;) is unique (i.e., the topological order has
anondegenerate ground state on the torus), then Z(T?, |y;)) is
a partition function of a theory with invertible anomaly. (3) If

[¥;) is not unique (i.e., the topological order has degenerate
ground states on torus), then Z(T2, |/;)) is a partition function
of a theory with noninvertible anomaly.

E. Modular transformations of the partition function
for an anomalous theory

Let us fine tune the action of the 1+1D anomalous theory,
so that it has a vanishing ground-state energy density. In this
case, its partition function on T2 will not depend on the size
of the space-time, but only depend on the shape of the space-
time. The shape of a torus 72 can be described by a complex
number 7. Thus we may write the 141D partition function as

Z(1, %, [yi) = Z (D? x §). (18)

The complex parameters T and t/ =t + 1 describe the
same shape of a torus, related by a coordinate transformation.
Therefore we expect the partition function of an anomaly-free
1+1D theory to satisfy

Z(t,T)=Z(t+ 1, T+ 1). (19)
On the other hand, for an anomalous 1+1D theory, it satisfies
Z(o, T, ) =Z(t + 1, T+ 1, [¥),  (20)

since the coordinate transformation acts nontrivially on the
bulk ground-state wave function |y;) on torus. Here the
unitary matrix Ti;.‘)p describes such a nontrivial action, which
is a modular transformation of the torus ground states of
the 241D bulk topological order [11,28]. Similarly, T and
7t/ = —1/t also describe the same shape after a coordinate
transformation. Thus

Z(v, T, 7)) = Z(=1/7, = 1/T, ¥, 2D

where the unitary matrix S;?p describes another modular
transformation of the ground states on a torus of the bulk
topological order.

The partition function Z(z, 7, |v;)) depends on |¥;) in a
linear fashion

Z(t. T, Mijl)) = Mi;Z(z, T, |$))). (22)

To see this, note that the path integral that sums over the
degrees of freedom in the bulk and the outer surface of outer
cylinder [see Fig. 2(b)] gives rise to a wave function (¢| that
lives on the inner surface of the outer cylinder. The partition
function Z(z, T, |;)) is simply

(DIVi) = Z(z, T, [¥)). (23)

Thus Z(z, 7, |;)) is a linear function of [i;). As a result,
Egs. (20) and (21) can be rewritten as

TPZ(x, 7T, j) = Z(t + 1, T+ 1),

SPZ(x, T3 ) = Z(=1/7, —1/T;0), (24)
where Z(7,7T,i) = Z(7, T, |¥;)). Equation (24) is a key result
of this paper. It describes the modular transformation proper-
ties of the partition functions for an anomalous theory, i.e., a

boundary theory of a 241D topological order characterized
by T'°P and S*P.
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For a gapped anomalous theory, the partition functions do
not depend on t. Equation (24) becomes

Z() = T;°Z()),  ZG) = SZ()). (25)

We recover a condition for gapped boundary of a topological
order obtained in Refs. [30,31], where Z(i) was denoted as
Wi Note that for the gapped case, the partition functions Z (i)
are ground-state degeneracy of the system with a world line of
the type-i topological excitation inserted in the bulk and are
nonnegative integers.

The above is a general discussion of 141D anomalous
theory, which can have a noninvertible anomaly. In particular,
the boundary CFT may have separate right-moving part and
left-moving part, and each part (i.e., the corresponding set of
characters) transforms according to certain Sg ;. and Tz ; ma-
trices. Those boundary Sk ;, and Tk ;, matrices may be different
from the S*P and T'°P matrices for the bulk topological order.
However, after we combine the right movers and left movers
to construct multicomponent partition functions Z(t, 7; ), we
find that Z(t, T;i) transform according to the bulk S and
T'°P matrices. In the following, we will discuss some simple
examples of 141D noninvertible anomaly.

We like to remark that equation of form Eq. (24) has
appeared before, but in different physical context. For ex-
ample, the characters (the conformal blocks) of a purely
chiral CFT transform according to Eq. (24), which relates the
purely chiral CFT to a modular tensor category since both
as characterized by the S and 7 matrices. If we include the
defect lines in a CFT, we may also obtain multiple partition
functions labeled by the defect lines [48]. Those partition
functions also transform as Eq. (24). The defect lines asso-
ciated with symmetry twist are always invertible. Reference
[48] also described noninvertible defect lines which is beyond
the symmetry twist. Many multicomponent partition function
discussed in this paper are directly related to the partition
function with those noninvertible defect lines.

The new prospect offered in this paper is the connection
between the boundary CFT and the bulk topological order. In
other words, in this paper, we view Eq. (24) as a constraint
on the boundary theory of a 241D topological order, char-
acterized by S'P and T'P. This helps us to classify different
possible boundaries of a given 241D topological order. The
character point of view, the defect line point of view, and
the topological order point of view for Eq. (24), although
different, have some close relations. In this paper, we give the
CFT characters and the partition functions induced by defect
lines another physical interpretation, by viewing them as
noninvertible anomaly (i.e., as boundary of 241D topological
order).

III. A NONINVERTIBLE BOSONIC GLOBAL
GRAVITATIONAL ANOMALY FROM 2+1D Z,
TOPOLOGICAL ORDER

A 2+1D Z, topological order has four type of excitations,
1, e, m, f, where e, m are bosons and f is a fermion.
e, m, f are topological excitations with 7 mutual statistics
respect to each other. (Remember that a topological excitation
is defined as the excitation that cannot be created by any
local operators). Such a topological order can have many

different boundaries, which all carry the same noninvertible
gravitational anomaly. In this section, we will discuss some of
those boundary theories [8].

A. Two gapped boundaries of the 2+1D Z, topological order

A gapped boundary of the 241D Z, topological order
is induced by m particle condensation. This boundary has
only one type of topological excitations e. The topological
excitation e has a Z, fusion e ® e = 1, and is described by
a symmetric fusion category Rep(Z,) (which is the fusion
category formed by the representations of Z, group). Such a
boundary described by Rep(Z,) has a nondegenerate ground
state. Its partition function is given by Z(z,7,1) = 1 (where
1 means that there is no insertion of world line, i.e., i = 1 in
Fig. 3).

The insertion of a world line of m-type topological exci-
tations (see Fig. 3) produces another boundary, where ¢ on
the boundary S' acquires a 7 phase as it goes around the
boundary. The partition function for such a boundary is still
given by Z(r, 7, m) = 1.

If we insert a world line of e-type or a f-type, the resulting
boundary will carry an un-paired e excitations. Such an un-
paired e costs a finite energy €,. These boundaries will have
partition functions Z(7,7,e) = Z(z, 7T, f) = #e*f/3|ﬂ_>Oo =
0, when the size of space-time 8 approaches to infinity.

So the first gapped boundary of Z, topological order is de-
scribed by four partition functions in the basis of topological
excitations (1, e, m, f)

1
Z(t,7,e) = Z(z, 7, f) = 0. (26)

They can be viewed as the partition function for an anomalous
¢ =0 CFT (i.e., a gapped theory). One can check that these
four partition functions in the excitations basis satisfy Eq. (25)
[30,311], since for Z, topological order, S*°P and TP are given
by

1 00 0
01 0 0
top _
=10 0o 1 of
00 0 —I
o111
11 1 -1 -1
top _ *
Sz =311 -1 1 -1 @7
-1 -1 1

Let us obtain another gapped boundary of the 2+1D Z,
topological order, by lowering the energy of e to a negative
value. This will drive a “Z, symmetry” breaking transition and
obtain an e-condensed state, which have a twofold ground-
state degeneracy on a ring. (If we condensed e particle on
an open segment on the boundary, we will also get a twofold
ground-state degeneracy.) This new boundary is described by
the following four partition functions

Z(t,T, 1) =Z(t,7T,e) =2
Z(t,T,m) =Z(,T, f)=0. (28)

They again satisfy Eq. (24).
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Here Z(t, T, 1) = 2 means the Z, topological order on D?
[i.e., the boundary state on S I see Fig. 2(c)] has a twofold
degeneracy. This twofold degeneracy comes from the emer-
gent mod-2 conservation of e particles on the boundary, and
subsequently the spontaneous breaking of this emergent Z,
symmetry. However, since the Z, symmetry is emergent, when
the boundary S' has a finite density n, of the e particles,
the emergent mod-2 conservation may be explicitly broken
by an amount e~!'/"¢ where & is a length scale. In this case,
the twofold degeneracy is lifted by an amount e !/, So the
boundary described by Eq. (28) is unstable. After the lifting
of the degeneracy, the boundary is actually described by

Z2(t,7,1) = Z(1,7,e) = |,
Z(t,7,m) = Z(1, T, f) = 0, (29)

which correspond to the boundary of the 2+ 1D Z, topological
order induced by e condensation [while the boundary induced
by m condensation is described by Eq. (26)].

B. A gapless boundary of the 2+1D Z, topological order

A gapless boundary of the 2+1D Z, topological order is
given by a 141D gapless system described by a Majorana
fermion field

H = /dx ()LRZ aka — )\,Ll BX)»L). (30)

We like to stress that such a 14-1D gapless system is actually
a bosonic system where the states in the many-body Hilbert
are all bosonic (i.e., contain an even number of Majorana
fermions). We refer such a 141D gapless system as the boson-
restricted Majorana fermion theory. It is different from the
usual Majorana fermion theory.

We can give the Majorana fermion a mass gap to obtain a
gapped boundary:

H = /dx (ARIOAR — AL IO AL + IimAgAL). (1)

This gapped boundary corresponds to the gapped boundary
described above. If we lower m to a negative value, we
should drive the “Z, symmetry” breaking transition described
above and obtain a twofold ground-state degeneracy on a ring.
This is different from the standard Majorana fermion theory
where the negative m also gives rise to nondegenerate ground
state. So for our boson-restricted Majorana fermion theory, a
positive m gives rise to nondegenerate ground state while a
negative m gives rise to a twofold ground state degeneracy on
a ring. If we only change the sign of m on an open segment,
then both the standard Majorana fermion theory and our
bosonic Majorana fermion theory will give rise to a twofold
ground-state degeneracy.

So when m = 0 the gapless bosonic Majorana fermion
theory describes the critical point of the Z, symmetry break-
ing phase transition mentioned above. The gapless boson-
restricted Majorana fermion theory describes a conformal
field theory (CFT) with a noninvertible gravitational anomaly.
In this paper, we like to understand this anomalous CFT in
detail. In particular, we would like to compute its partition
function and their properties under modular transformations.

To understand the critical CFT for the “Z, symmetry”
breaking transition, let us introduce a 1d lattice Hamiltonian
on a ring to describe the gapped boundary in Sec. III A

H=-UY oi=J) oo}, U.J>0, (32

where 0!, [ = x, ¥, z are Pauli matrices. Here an up-spin o7 =
1 correspond to an empty site and an down-spin o} = —1
correspond to a site occupied with an e particle. Since number
of the e particles is always even, thus the Hilbert space V of
our model is formed by states with even numbers of down spins
o = —1. Note that our Hilbert space is nonlocal, i.e., it does

l
not have a tensor product decomposition:

V # QV;, (33)

where V; is the two dimensional Hilbert space for site i. It
is this property that make our model to have a noninvertible
gravitational anomaly.

We like to mention that, we can view the 241D Z, topo-
logical order as a gauged Z, symmetric state with a trivial SPT
order. The boundary of the 241D Z, symmetric state can be
described by a transverse Ising model (32) with the standard
Hilbert space (i.e., without the [[,o7 =1 constraint). The
boundary can be in a symmetric phase [described by Eq. (32)
with U > J] or a Z, symmetry breaking phase [described
by Eq. (32) with U <« J]. We see that after gauging the Z,
symmetry to obtain the Z, topological order in the bulk, the
only change in the boundary theory is the addition of the
constraint [ [, o7 = 1[49] that changes the many-body Hilbert
space to make it nonlocal (i.e., make the boundary theory to
have a noninvertible gravitational anomaly).

In our model (32) for the boundary, the J term is allowed
since the e particles have only a mod-2 conservation. In the
U > J limit, the above lattice model describes the gapped
phase in Sec. Il A. As we change U to U < J, we will
drive a “Z, symmetry” breaking phase transition. The critical
point at U =J is described by a CFT with noninvertible
gravitational anomaly. Such a CFT is described by the boson-
restricted Majorana fermion theory mentioned in Sec. IIIB.
The Majorana fermion theory is obtained from Eq. (32) via
the Jordan-Wigner transformation.

To obtain the partition function of the anomalous CFT, let
us first consider the partition function of the transverse Ising
model (32) at critical point U = J. There are four partition
functions Z, ,, for the transverse Ising model, with different
Z, boundary conditions @, = %1 and a; = £1. The partition
functions are given by the characters x1(7), xy (7), Xo(7), of
two Ising CFTs (see Appendix A 3), one for right movers and
the other for the left movers. We find

Zia = al? + Ixel? + 1%

Zio =l + |Xx//|2 — %o 1%
Zo1a = XXy + xXa + Il

)

Zoi1 ==Xy — xeXa+ xul’. (34)
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This means that the partition functions for the even and odd
Z, sectors are given by

Zi+ 2y,
2
Zi — 21—

Zog = ———— = %o |- (35)

For the anomalous CFT on the boundary of 2+1D Z, topo-
logical order, its partition function is given by the partition
function of the Ising model for the even Z, sector

Z(t, 7, 1) = [l + lxyl (36)

If we insert the e world line in the bulk (see Fig. 2), the corre-
sponding partition function Z(z, T, e) is given by Zoq4(7, T):

= Ix1l* + lxy 1%

Zeven =

Z(r, 7. e) = |xo|*. (37)
Similarly, we find
Z(t.T.m) = |xul’ (38)
and
Z(t.T. ) = x1¥y + Xy X1- 39)

We find that the above partition functions Z(z, 7, i), i =
1, e, m, f, indeed satisfy Eq. (24). Those partition functions
describe a 141D gapless theory with a noninvertible gravita-
tional anomaly, which can appear as a boundary of the 241D
Z, topological order.

IV. A NONINVERTIBLE BOSONIC GLOBAL
GRAVITATIONAL ANOMALY FROM 2+1D DS
TOPOLOGICAL ORDER

Now let us consider the boundary of the 241D DS topo-
logical order. Since the DS topological order can be viewed
as a gauged 241D Z, symmetric state with the nontrivial Z,
SPT order. Let us first review a boundary theory of the 241D
Z, SPT state on a 1d ring with even number of sites, with the
following Hamiltonian [50]:

H=-U Zaizoiil —JZ (O’ix + (rf_lcri"af_H), U,J>0.

(40)

The above Hamiltonian has a non-on-site Z, symmetry gener-

ated by
U=[]oi[[CZi. @1

where CZ;; acts on two spins as

DTN I = DA
14+o0f+0f—0f0}
= ! d (42)
2

From Appendix B, we see that the above Hamiltonian in
Eq. (40) is Z, symmetric. However, the Z, symmetry has a
’t Hooft anomaly.

To have a theory that is defined on rings with both even
and odd sites, we should consider different (but equivalent)

CZ;;

non-on-site Z, symmetry:
U=[]o[]siir- (43)
i i
where s;; acts on two spins as

sij = 1M =TT+ DAL

=1(1-of+ o +0/07). (44)

The Z, transformation has a simple picture: it flips all the spins
and include a (—)V1~+ phase, where N;_ | is the number of
+— | domain wall. From Appendix B, we see that the follow-
ing Hamiltonian is invariant under the new Z, transformation:

H=-U Zafoiil —JZ (aix — Uiiloj‘aﬁrl), U,J >0.

(45)

The boundary of 241D Z, SPT state described by Eq. (45)
has a symmetry breaking phase when U > J. The boundary
can also be gapless described by a ¢ =¢ =1 CFT when
U =0. Equation (45) has no symmetric gapped phase, since
the Z, symmetry is not on-site (i.e., has a "t Hooft anomaly)
[13].

When U = 0, the model (45) can be mapped to the XY
model on 1d lattice [50]:

Hxy = —J Z (Uixalj_l + oiyoiyﬂ). (46)
In this case, the anomalous 141D theory is gapless and is

described by a uly x ul, CFT (see Appendix A 1). It has a
partition function

3
Zxy(0.9) = Zzoser(q. 9 = Y |6 @ @D
i=0

with primary fields of dimension (4;, Ei) = (%, %). The above
partition function can be rewritten as

1 La2_1b2
> > g, (48)
@ 5.

Zz,sp1(q, @) =

where (a, b) form a lattice I" (see Fig. 4):

(a,b)y =1 +2m,1 —=2m), I,meZ. (49)

So all the U(1) vertex operators in our XY model can be
labeled by (/, m) which have scaling dimension

2 _ 2

This is the labeling scheme used in Ref. [50]. It was found that
the U(1) vertex operator labeled by (/, m) carry the Z, charge
I + m mod 2.

We see that each character | Xi”“ |2 contains U(1) vertex
operators with different Z, charges. Thus it is more convenient
to rewrite the partition function in terms of the u1,¢ characters

7

7

2 —

Zoeser(@) = D e + D wake e (51
i=0 i=0
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FIG. 4. The lattice I" formed by points (a, b). Each point cor-
responds to a U(1) vertex operator with scaling dimension (i, ) =
(3@, $b%). The “x” points give rise to |44, The “o” points give
rise to |x,"4|%. The “+” points give rise to |xs'*|2. The “o” points
give rise to | x5 la |2. We also mark the directions of the / and m labels.
The shaded points carry the Z, charge / +m = 1 mod 2, and the

unshaded points carry the Z, charge / + m = 0 mod 2.

The U(1) vertex operators in | X;‘il 162

2. The U(1) vertex operators in 7;3;(‘4 X;il”’

i+ 1 mod 2.

In the presence of the Z, symmetry, we can define 4-
partition functions for different Z,-symmetry twists in the
space and time directions (ay, a;) = (£1, £1). Zz,_spr is the
partition function with no symmetry twist (a, a;) = (1, 1):

carry the Z, charge i mod
carry the Z,-charge

7 7
/) 2 /2 —Uu
Zy = Z |X§i1m| + Z Xé,«i"gx;}“’- (52)
i=0 i=0

with a Z;-symmetry twist in time direction the terms with Z,
charge 1 acquiring a — sign:

7 7
P 2 i —
Zi= ) (Ve =Y gl (63)
i=0 =0

After an § transformation of ul ¢ (see Appendix A 1), we get

7 7
_ ulyg—ulg ulyg —ulyg
Zoa = Zx2i+1X2i+5 + § :X2i+1X2i+13' (54
i=0 i—0

From Z_; ; we find
7 7
. o e
Zoror =) (Vs = ) (I ke 9)
i=0 i=0

by adding a — sign to the terms with Z, charge 1.

Now we gauge the Z, on-site symmetry in the 24-1D SPT
state to obtain the 241D DS topological order. The 241D DS
topological order has a gapped boundary which contains topo-
logical excitation s that satisfies a Z, fusion role s ® s = 1.
The 1d particles with Z, fusion rule are described by one of the
two fusion categories. The first one is Rep(Z;) mentioned in
the last section. The second one is a different fusion category,
which we refer as the semion fusion category [25,26]. Such
a gapped boundary can be described by Eq. (45) in U > J

limit (i.e., in the Z, symmetry breaking phase), where the
Z, domain walls correspond to the boundary particle s. The
fusion of those domain walls is described by the semion
fusion category, provided that the fusion processes preserve
the nonon-site Z, symmetry (43),

However, there is one problem with the above picture:
in the Z, symmetry breaking phase, all the domain wall
configurations have twofold degeneracy induced by the Z,
transformation (43). To resolve this, we need to modify the
many-body Hilbert space on a ring by imposing the constraint

[To: [Tsiin=1. (56)
i.e., we include only even Z,-charge states in our many-body
Hilbert space. The model Eq. (45), together with the Z,-
even Hilbert space, describes the boundary of the 2+1D DS
topological order. Such a 1+1D theory has a noninvertible
gravitational anomaly described by 2+1D DS topological
order.

Now we see that using the partition functions Z,_,, of the
model (45) with different Z,-symmetry twists, we can con-
struct the four partition functions for the gapless boundary of
2+1D DS topological order. For example, the partition func-
tion of the model (45) in the even Z, charge sector, %,
corresponds to the partition function for the boundary of
the DS topological order without inserting any anyon world
line, Z(z, 7, 1). Note that the DS topological order has four
types of excitations: trivial excitation 1, semion s, conjugate
semion s*, and topological boson b. Thus the boundary has
four partition functions Z(z, 7, 1), Z(7, 7, s), Z(7, T, s*), and
Z(t, T, b), which are given by

Z(1)=21,1+Zl,—1’ Z(s) = Z—11+Z—1—17
2 2
Z11—721_ Z11—2Z_1_
Z(b) = %, Z(s*) = % (57)

The 241D DS topological order is characterized by (in the
basis of 1, s, 5%, b)

1 0 0 0
0 i 0 0
top __
s=lo 0o - of
00 0 1
o111
11 -1 1 -1
top _ *
Ss=31 1 -1 -1 (58)
1 -1 -1 1

Using the above S5% and 7,57 and the modular transformations
of uljs in Appendix A 1, we can explicitly check that the
four boundary partition functions (57) satisfy the modular
covariance Eq. (24).

V. NONINVERTIBLE GRAVITATIONAL ANOMALY
AND “NONLOCALITY” OF HILBERT SPACE

In Ref. [7], it was stressed that the ’t Hooft anomaly of
a global symmetry in a theory is not an obstruction for the
theory to have an ultraviolate (UV) completion (i.e., to have
a lattice realization). Such an anomalous theory can still be
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realized on a lattice, however, the global symmetry has to be
realized as an nonon-site symmetry in the lattice model.

In this section, we would like to propose that a noninvert-
ible gravitational anomaly in a theory is not an obstruction for
the theory to have a UV completion. The anomalous theory
can still be realized on a lattice, if there is no perturbative
gravitational anomaly. However, the Hilbert space of UV
theory V is not given by the lattice Hilbert space Viuu: V #
Vlatt-

The lattice Hilbert space Vi, has a tensor product decom-
position

Viae = ®iV;, (59)

where V; is the Hilbert space for each lattice site. We call the
Hilbert space with such a tensor product decomposition as a
local Hilbert space. A system with such a local Hilbert space
is free of gravitational anomaly, by definition.

In contrast to an anomaly-free theory, the UV completion
of a theory with noninvertible gravitational anomaly does not
have a local Hilbert space (i.e., with the above tensor product
decomposition). In other words, a noninvertible gravitational
anomaly is not an obstruction to have a UV completion,
but for the UV completion to have a local Hilbert space.
This understanding of noninvertible gravitational anomaly is
supported by the example discussed in the last section.

In last section, we pointed out the boundary of 241D
Z, topological order (which has a noninvertible gravitational
anomaly) has a UV completion described by a lattice model
(32), with a constraint on the Hilbert space [ [, o7 = 1. Itis the
constraint [ [, o7 = 1 that makes the Hilbert space nonlocal.

Let us describe the above result using a more physical
reasoning. One boundary of 2+1D Z, topological order has
a single type of topological excitations e, which is mod 2
conserved. The Hilbert space always has an even number of
e particles. On the other hand, when there is no e-particle
excitations, the boundary ground state is not degenerate. Here
we like to point out that the even-particle constraint (i.e., Z
fusion) plus the nondegeneracy of the ground state is a sign of
141D noninvertible gravitational anomaly.

The example in the last section supports such a claim.
The even-particle constraint is imposed by [[;o7 = 1. The
nondegenerate ground state is given by ®;|c* = 1). Such a
theory describes a boundary of 241D Z, topological order
and has a noninvertible anomaly. The Ising model may also
be in the symmetry breaking phase. Due to the constraint
®;lo* = 1), the symmetry breaking phase also has a unique
ground state ®;|c* = 1) + ®;|c* = —1). In such a symmetry
breaking phase, there are always an even number of domain
walls, that correspond to an even number of topological
excitations.

On the other hand, an even-particle constraint plus twofold
degenerate ground states will lead to an anomaly-free theory.
We can consider an Ising model in symmetry breaking phase
and without the constraint on Hilbert space. Such a phase has
twofold degenerate ground states and the number of domain
walls (which correspond to the e particles) is always even.
Thus even-particle constraint plus twofold degenerate ground
states can be realized by a lattice model with local Hilbert
space and is thus anomaly-free.

There is also a mathematical way to understand the above
claim. The e particles with mod 2 conservation in 141D can
be described by a fusion category with a Z, fusion ring. There
are only two different fusion categories with a Z, fusion ring,
both have 14-1D noninvertible anomaly. One fusion category
describes the boundary of 241D Z, topological order, and the
other describes the boundary of DS topological order. Both
noninvertible anomalies can be described by the following
Ising model (in a gapped phase)

H=-Y oio}, (60)

but with different constraints on Hilbert space. The anomaly
corresponds to the Z, topological order has a constraint
[[; 0 = 1, and the anomaly corresponds to the DS topologi-
cal order has a constraint [, 07" [; si.i41 = 1 [see Eq. (43)].

VI. SYSTEMATICAL SEARCH OF GAPPED AND GAPLESS
BOUNDARIES OF A 2+1D TOPOLOGICAL ORDER

A. Boundaries of 2+1D topological order

In this section, we want to systematically find gapped
and gapless boundary theories of a 2+1D topological order
by solving Eq. (24) from the data S'P and T'P of the bulk
topological order. This is a generalization of finding possible
1+1D critical theories via finding modular invariant partition
functions. Note that, regardless of whether the boundary is
gapped or gapless, it always has the same anomaly character-
ized by the bulk topological order.

To solve Eq. (24), we may start with a CFT with partition
functions Zy4y(7, T, I), which transform as

111 Zoay(T, T, J) = Zoay(t + 1, T+ 1, 1),
S11Zbay(T, T, J) = Zopay(—1/7, = 1/7, I). (61)

We then construct Z(t,7,i) as a linear summation of
Z(T’f71)’s’

Z(t,T,i) = MyZpy(t, T, I). (62)
Now Eq. (24) becomes
M Zogy(t + 1, T+ 1, 1) = My Ty Zigy (1, T, J)
= (T');jM ) Zoay (7. T, J). (63)
We see that M;; must satisfy
My = (T'®);T5M ;. My = (S*P);;S7,M ;. (64)

We also note that, for a fixed i, Z(z, T, i) can be zero,
indicating the always presence of gapped excitations on the
boundary. Z(z,7T,i) can also be a t-independent positive
integer. It means that the ground states are gapped and have
a degeneracy given by Z(z, T, i). Otherwise, Z(z, 7, i) has an
expansion

o0
Z(1,%,i)=q %g Z D,z ()g" g,
n,n=0

i2nt

g=¢e , D, (i) = nonnegative integer, (65)

where (h;, h;) are the scaling dimensions for the type-i topo-
logical excitation. Such an expansion describes the many-
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body spectrum of the gapless boundary of the disk D?, with
a type-i topological excitation at the center of the dlSk Here
the subscript i in Dl-2 indicates the type-i excitation on the disk.
Let us assume the boundary §' = BDi2 has a length L. Then
D, (i) is number of many-body states on D? with energy (n +
h+n+ 71,~)2T”, and momentum (n + h; — n — E)%”. Here we
have assumed that velocity of the gapless excitations is v = 1.
Thus D, 7(i) are nonnegative integers.

Also Dy o(7) is the ground-state degeneracy on the bound-
ary of the disk Diz. Since the boundary can be gapless, the
ground-state degeneracy needs to be defined carefully. Here,
we view two energy levels with an energy difference of
order 27 /L as nondegenerate. We view two energy levels
with an energy difference smaller than (27 /L)*, @ > 1, as
degenerate. It is in this sense we define the ground-state
degeneracy Dy (i) for a gapless system in L — oo limit. We
believe that the ground state degeneracy on disk D? is always
1. Therefore, we like to impose a nondegeneracy condition
on the boundary Dy o(1) = 1. Zygy(7, T, I) satisfies a similar
quantization condition.

From Eq. (62), we see that M;; is the multiplicity of the
number of energy levels in the many-body spectrum of the
boundary theory. Therefore, for a fixed i, if M;; # 0, then

M;; are quantized to make D), 7 (i)

to be nonnegative integer and D, 5(1) = 1. (66)

In practice, to find M;;, we may compute the eigenvectors
of TP @ T* + $' ® §* with eigenvalue 2, that satisfy the
above quantization condition.

B. Z, topological order

To find a CFT that describes a boundary of 2+1D Z,
topological order, we need to solve Eq. (24) with §'°P and T'°P
given by Eq. (27) that characterize the 241D Z, topological
order. Let us first try to find gapped boundaries by choosing
Zygy(T, T) = 1, the partition function of a trivial gapped 141D
state. Now Eq. (64) reduces to

z() = (T,") ;2. Z() = (S7)), 2D (67)
So we need to find common eigenvectors of ;¥ and T,
both with eigenvalue 1. We also require the solutlons to
satisfy the quantization condition (66), i.e., the components
of the solutions are all nonnegative integers. The condition
Dy (1) = 1 becomes Z(1) = 1. This agrees with the fact that
the ground state of 2-+1D Z, topological order on a disk D? is
nondegenerate if there is no accidental degeneracy. This can
be achieved by finding eigenvectors of Stop + Tzlfp that satisfy
Eq. (66).

We find that ;" + T,F has two eigenvectors with eigen-
value 2, given by

(Zm—cond(i)) = (17 07 17 0)7 (ZE-COIld(i)) = (17 11 07 O)v (68)

where i = (1, e, m, f). They are the only two nonnegative
integral eigenvectors with Z(1) = 1. Thus the 2+1D Z, topo-
logical order has only two types of gapped boundaries, an e
condensed boundary described by Z, conq(i) and an m con-
densed boundary described by Z,,, cona (i) [30].

If we choose Zygy (7, T, ) to be the partition functions (the
characters) of Is ® Is CFT (see Appendix A 3), then S and T
will be 9 x 9 matrices:

SIS®E = Sl*s ® SIS’ TIS®E = Tlf ® TIS’ (69)

where Syg, Tis are given in Eq. (Al1). We find eigenvalue 2

for T, ® Trwt SP® Sy s o be threefold degenerate. We

obtaln the following three solutlons of Eq. (24)

Z(x,7,1) Ix1 (O + [xy (OF + [xo (0)?
2@ 7o) | _ [ ba@P + D @F + P | o0
Z(t,T,m) | 0 ’
Z(t,7,f) 0
Z(x,7,1) Ix1 (O + [xy (OF + %o (0)I?
Z(t,T,e) | _ 0 1)
Z,T,m) |~ | Ix@P + Ixp©OP + x|
Z(t,7,f) 0

Z(z,7T,1) Ix1(0)> + |X£//(T)|2

Z(t,T,e) | _ |Xo (T)I

Ze.Tm)| = PGk - 02

Z(t,7, f) X1(T) Xy (T) + Xy (T)X1(T)

that satisfy the quantization condition (66).

The first two solutions correspond to the two gapped
boundaries of the 2+1D Z, topological order induced by
e and m condensation respectively, and then stacking with
a transverse Ising model at critical point. So the first two
solutions are regarded as gapped boundaries. Here we would
like to introduce the notion of reducible boundary. If the
partition functions Z(t, T, i) of a boundary can be factorized
into a form

Z(t, T, i) = Ziny(z, T)Z (7, T, ©), (73)

then we say the boundary is reducible. We will call the
boundary described by Z'(z, T, i) as the reduced boundary.
Here, Z(z,7,i) and Z'(7,T, i) are partition functions sat-
isfying (24) and Eq. (65), and Zj,,(7,T) is a modular in-
variant partition function satisfying Eq. (65). Noticing that
Ix1()1> + 1y (T)I* + %o (z)* is modular invariant, so the
first two boundaries are reducible and their reduced boundary
are gapped boundaries described by Eq. (68).

The third solution (72) corresponds to an irreducible gap-
less boundary. Let us consider the stability of suchc =¢ = %
gapless boundary. To begin with, we review the stability of the
critical point of transverse Ising model described by

Zi(7,0) = 1x1(@OP + lxy OF + 1% (D (74)

From the above partition function, we see that there are
two relevant operators: ¥ with scaling dimension (h, h) =
(%, %), and o with scaling dimension (A, h) = (%, %).
Among the two, ¢ is odd under the Z, symmetry of the
transverse Ising model.

In analogy, to examine the stability of the gapless boundary
(72), we examine the partition function Z(z, 7, 1). We do not
consider other partition functions, since the partition function
Z(t,7,1) describes the physical boundary of Fig. 2 without
the insertion of the world line. From Z(z, T, 1), we see that
gapless boundary (72) has only one relevant operator 1 with
scaling dimension (h, h) = (%, %). So the gapless boundary
(72) can be the phase transition point between two gapped
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boundaries. In fact, according to the discussion in Sec. III B,
the third gapless boundary is the critical transition point be-
tween the gapped e condensed boundary and the m condensed
boundary.

We can also use the characters X,’l““ of the (4,5) minimal
model (or tricritical Ising model [51], see Appendix A 3) with
central charge ¢ = ¢ = 1, to construct the boundary partition
functions Zyqy (7, T, /) that have the Z, noninvertible anomaly
[i.e., satisfy Eq. (24)]. We obtain

| +\X'1’4\ +\X'"“\ HX’"“!

zZ)

Z(e) B |Xm4| + |Xm4|
Z(m) m4 mé4
Zeh) e e

Xm4Xm4+an14Xm4+Xm4Xm4+Xm4Xm4

(75)
If we choose Zyay(7, T, 1) to be built from the characters of

u(1)yr ® u(1),, CFT, we obtain the following simple solution
of gapless boundary

|Xul4| +| ul4|
Z(t,7T;1) | |
Z(1,T;e) !x““! + |x ”4|
_ = . (76)
Z(T T m) M14 M14 + u14 u14
Z(1. T f) X1 X3
X14147314+Xu14 —uly
Note that Z(z, T, ) and Z(z, T, m) are no longer identical, but

differ by a charge conjugatlon whose action induce on the
characters is C : x;' MX‘I”M — qu Mﬂ‘/’]

C. Double-semion topological order

To find gapped boundaries of 24-1D DS topological order,
we need to solve

Z(i) = (Tpg) ;2D Z() = (Sps),;Z(D. (D)

where 7,)F and ;3% are given by Eq. (58). We find that S5% +
has only one eigenvector with eigenvalue 2, given by

(Zp(i)) = (1,0,0, 1), (78)

where i = (1, s, s*, b). Thus the 241D DS topological order
has only one type of gapped boundary, a b condensed bound-
ary [30].

Next, we consider possible gapless boundaries of DS topo-
logical order described by Is ® Is CFT, by solving Eq. (64) for
solutions satisfylng Eq. (66). We find only one eigenvector for

ngp QT ls®l mp s ® S ok with eigenvalue 2. We obtain the
following unique solutlon of Eq. (24):
Z(t,7,1) X1 (O + [xy (OF + 1 X0 (DI
Z(z,T,8) | _ 0
Z 7| = 0 . (79
Z(f,t,b) X1 (O + [xy (OF + 1 X0 (DI

Such a solution corresponds to the gapped boundary of 24-1D
DS topological order, and then stacking with a transverse Ising
model at critical point. So this solution is regarded as a gapped
boundary. There is no irreducible gapless boundary described
by Is ® Is.

Actually, we can obtain an even stronger result 2+1D DS
topological order has no irreducible gapless boundary with
central charge c = ¢ < 28 This result is obtained by realizing
that the DS anomalous partition functions, for irreducible
gapless boundary, has a nonzero component Z(zt, 7, s). Other-
wise, the gapless boundary can be viewed as a gapped bound-
ary stacked with an anomaly-free 141D CFT. The condition
(24) for the T'°P transformation requires that the excitations
in the partition function has topological spin & — i = % mod
1. This constrains the central charge of the anomalous CFT.
If the unitary CFT has a central charge ¢ =¢ < 1, then the
boundary CFT must be given by a chiral-antichiral minimal

model Cft bl X " ».p+1- The topological spm for the operators
in such CFT is given by s, ¢ = h.s — hy ¢ [see Eq. (A10)].
We find that, for p < 7, s, ¢ cannot be }‘ mod 1. Thus the
condition Eq. (24) cannot be satisfied for 7'°P transformation.

Last, we consider possible gapless boundary theories of DS
topological order described by u1,; ® uly CFT, by solving
Eq. (64) for solutions satisfying Eq. (66). This includes many
cases, one for each choice of M. So we need to consider each
case separately.

For M = 16, we have found an irreducible gapless bound-
ary described by uls @ ul ;s CFT:

ulyg —uls

1
i= 0|Xu ]6| +Z =0 X4i+10X 4i42

Z(l) 3 ulyg —ulie ullf,—ull(,

Zs) | D im0 Xaid1 Kais's +Zz =0 X4i+3 X 4i+15 (80)
Z(s*) | L6 —ul 11 —ul )

Z((b)) > 0 X443 X 3141:7"‘21 0 Xait1 X4it13

X beiital + Xl xiitgn

From the partition function Z(z, 7, 1), we see that there
is an relevant operator with scaling dimension (h, h) =
(2X16, 2X16) = (2, 2) So the gapless boundary (80) is un-
stable. It describes the transition point between two gapped
phases in Eq. (45). One gapped phase for U > 0 and other
gapped phase for U < 0. The gapless critical point is de-
scribed by U = 0.

For M = 4, we find that there is no irreducible gapless
boundary described by uly ® uly CFT.

For M =2, we find that there is only one irreducible
gapless boundary described by ul, ® ul, CFT:

_ x|
Z(T’ T’ 1) ulo—ulz
Z(t,7,8) | 1 Xo
Z(t,T,s%) uly—uly ®1)
Z(1,7, b) 0 12
x|

There is no other irreducible gapless boundary described
by ul, ® ul, CFT. But there is a reducible gapless boundary
described by

Z(t,7,1) |X”12| + |X”12|
Z(t,T,s) | _ 0
Z(t, T, s*) - O ’ (82)

which is a stacking of a gapped boundary described by
Eq. (78) and the CFT for spin-1/2 Heisenberg chain.

033054-12



NONINVERTIBLE ANOMALIES AND MAPPING- ...

PHYSICAL REVIEW RESEARCH 1, 033054 (2019)

From the partition function Z(z,7, 1), we find that the
irreducible boundary (81) has no relevant operator. It has only
several marginal operators, such as JJ, e¥V20e+iv20 with
scaling dimension (A, h) = (1, 1). Here, J is the U(1) current
operator and e V2% are U(1)-charged operators. Those opera-
tors can be marginally relevant. If there is only one marginally
relevant operator gO in the Hamiltonian, the renomalization
group (RG) flow of the coupling constant g is given by

dg

-2 = . 83

a5 = °F (83)
We see that regardless the sign of «, there is a finite region of
g where g flows to zero. In this case, the CFT can be stable.
When there are many marginally relevant operators g;0;, RG
flow of the coupling constants g; is given by [52]

dg;

ap
In Appendix D, we discuss the above RG equation in more
details and show that generic coupling constants g; always
flow to infinite. Thus the CFT is unstable, and the 241D DS
topological order always has a gapped boundary without fine
tuning.

We would like to remark that from this gapless boundary of
DS topological order, and apply the relations (57), we can find
another gapless boundary theory of Z, SPT, whose partition
function is given by

= k8 j8k- (84)

2

1
Zsor(a, D) = Y |x"(9) (85)
i=0

which is different from Eq. (47). The partition function (85)
can also be rewritten as

1
Zzsr(q. ) = @I Y 2 G (86)
i=0

where (a, b) form a lattice T2,

1
(a,b)=—U+m,l—m), I, mel. (87)
V2
The Z, charges of the vertex operators in | Xl.”lz |?isi mod 2,

or (I +m) mod 2 on the lattice.

From the Z,-even partition function | x'>(¢)|?, we find that
the gapless boundary (85) has no Z,-even relevant operator.
However, as mentioned above, there may be many marginally
relevant operators, and it is yet to be verified if the gapless
boundary (85) of 2+1D Z,-SPT order is perturbatively stable
or not. In some previous studies, a gapless boundary (47) for
the same 2+1D Z,-SPT order is found to be perturbatively
unstable against Z, symmetric perturbations [50,53], via rele-
vant perturbations (with total scaling dimension less than 2).
In this paper, we found a gapless boundary of Z,-SPT state
(85), which is more stable against Z, symmetric perturbations,
in the sense that the instability only come from potentially
marginally relevant operators (with total scaling dimension
equal to 2).

D. Semion topological order

There is a close relative of 241D DS topological order—
241D semion topological order, which has only two types
of excitations: trivial excitation 1 and semion s. The 2+1D
semion topological order can be realized by v = 1/2 bosonic
Laughlin state.

Let us describe the data that characterize the 241D semion
topological order. The topological spins and the quantum
dimensions of 1 and s are (s1,s;) = (0, }T) and (dy, dy) =
(1, 1). The topological Ssb, and Tyek matrices are

Ttop _ e—i% 1 0
sem — 0 ei%’ ’

1
sm=—(1 ) (88)

To obtain the possible boundaries of 241D semion topo-
logical order, we just need to solve Eq. (24). We find a simple
boundary described by the following partition function [in
terms of u1, characters (A1)]

Z(w, 7. D\ _ (% (@
— = . 89
(Z(t,r,s)) ()(;‘12(1:) (89)
The 1+1D theory described by the above partition functions
has both perturbative and global gravitational anomaly.

E. Fibonacci topological order

Another simple 241D topological order is the Fibonacci
topological order. It is characterized by the following topo-
logical data. The central charge is 15—4 mod 8. There are two
types of excitations 1 and y. Their topological spins and

the quantum dimensions are (sq, s, ) = (0, %) and (dy, d,) =
(1, ¢), where ¢ = @, the golden ratio. The topological
S and TP matrices are

Fib Fib
top izl 1 0
Ty =€ 25y iznl )

soo— L (1 2],
Fib m ¢ — 1
Solving Eq. (24), we can find several gapless boundary of

the Fibonacci topological order: (1) (G,); CFT with central
charge (c,¢) = (15—4, 0), with the partition functions

(Z(r, 1)) _ (xOGZ' (r))
Z(t,y) X2 (T)
B e_i?:?( 1+ 14q + 424> + 0(¢*) )
= NG T +34g+1192 + 0()) )
1)

where XiGz‘ () are the characters of level-1 G, current algebra,
see Appendix A 4. The first multiplicity equaling 7 appearing
in Z(t, y) implies that when there is a Fibonacci anyon in the
bulk, the boundary has sevenfold degeneracy. The degeneracy
cannot be split unless the anyon is moved to the boundary.

(2) su(2); x u(1)p CFT has a central charge ¢ = % +1=
15—4 and ¢ = 0. The su23 CFT has four chiral characters x j”23,

labeled by the spin j =0, 1, 1, 3 (see Appendix A 2) with S

(90)
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and T matrices

1 0 0 0
|0 e2m 0 0
Tsqu =e 5 0 0 ei2n§ 0 ’
0 0 0 el
1 ¢ ¢ 1

1 le 1 -1 —¢

Svu = T 92
TG (e -1 -1 ¢ 0
1 —¢ ¢ -1
When M = 2, we find a solution of Eq. (24):
uly auZ uly m21
(ﬂnn)_ %o Ko T E I (93)
Z(‘E, )/) Xi,tlz sus + Xu12 AMZq

In fact, we find the expansion of‘the Z(t,i) in Eq. (93) in
terms of modular parameter ¢ = /> to be the same as that
of Eq. (91).
(3) The same result also arises in su(2),g with ¢ = 15—4,
Z(T 1) — X(_)YMZZR + X;MZZR + X;MZZR + XSMZZR
Z(‘L’, )/) — Xg‘u%g + XguZZS + Xg‘uZzg + Xsu%g’ (94)

and see Appendix A 2 for explicit forms of characters.
(4) (Eg)1 x (Fy) CFT, with central charge (c, c) =
1?4. (F4)1 CFT has the S and T matrices:

8, %),
andc —¢ =

izl 0
DF:l)l =c 3 <0 eiZHg)’ S(F4)1 = S]tgg 95)

Therefore (Eg); x (Fy); is also a gapless boundary of the
Fibonacci topological order.

((?D) x B @ (@) 06
Z(t,7T,y) x s (T)X(IF4)](T)

VII. DETECT ANOMALIES FROM 1+1D
PARTITION FUNCTIONS

So far, we have discussed how to use anomaly to constrain
the structure of 14-1D partition function. In this section, we
are going to consider a different problem: given a partition
function, how to determine its anomaly? We have mentioned
that the 141D perturbative gravitational anomaly can be
partially detected via ¢ — O limit of partition function [see
(12)]. So here we will concentrate on global gravitational
anomalies.

Let us consider partition functions constructed using the
characters of Ising CFT:

Zu(t,T)= Y Ti@OMyx;(r). ©7)
i,j=1%,0
Under modular transformation Z, transforms as
Iyt + 1, T+ 1) = Zy, (1, 7),
Zu(=1/t, =1/7) = Zy,(z, 7),

where Sy and Ty are given by Eq. (A11).

My = T{MT,
Mg = SISMSIS7 (98)

A0

FIG. 5. The modular transformations on the partition functions
Zy,,n =1, 2, 3, for a gapless boundary of a 24-1D Z, topological or-
der. For example, the two red lines to the right represent the following
T transformations: My — M3 : Zy,(t +1,T + 1) = Zy;, (7, 7) and
M3y — M, : Zy,(t +1,T + 1) = Zy,(, T). The blue lines represent
the S transformations. The pattern of the transformations charac-
terizes an 141D noninvertible gravitational anomaly described by
2+1D Z, topological order.

Let us consider a particular partition function

I 0 O
Z(t,7,1) =2y, (zr,7T), Mi=\|0 1 0], 99)
0 0 O

which is not modular invariant. Starting from My, the modular
transformations (98) generate two other partition functions
described by

0

0 ) M3 = -
1

0
M, = o|. oo
1

O RI= =
[« NTENSTEN
S NI—I—
O NI— =

The actions of modular transformations on Zy,, Zy,, and
Zy, are described by Fig. 5. Such orbits of modular trans-
formations can be used to characterize the anomaly in the
partition function. At this point, it is not fully clear if such
a characterization is complete or not, i.e., it is not clear if
different anomalies always have different orbits. However,
the orbits in Fig. 5 are consistent with the 141D anomaly
described by 241D Z, topological order. This is because
the S, and T,;* transformations of the 2+1D Z, topological
order (27), when acting on

1
1) = 8 (101)
0
will generate
1
11 _l
2 =3[ 1] =300 +1e) +1m + 1)
1
1
1
m=2| =5 +0rm - oo
1

The actions of SZP and th:p on |1), |2), and |3) will generate
the same orbits as in Fig. 5.

We may also consider a partition function constructed
using u1,¢ characters:

3
Z(t. 7. 1) = le“'él ) aSeXas.  (103)

Starting from Z(t,7,1) = Z(z,T), using modular trans-
formations S and 7 in Eq. (A2), we can generate five
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2 4 6

FIG. 6. The modular transformations on the partition functions
Z,,n=1,2,...,06, for a gapless boundary of 241D DS topological
order. For example, the red lines in the middle represent the follow-
ing T transformations: Z, — Z, : Zy(v + 1,T+ 1) = Z,(7,T) and
Zs — Z4: Zs(t + 1,7 + 1) = Z4(z, T). The blue lines represent the
S transformations. The pattern of the transformations characterizes
an 141D noninvertible gravitational anomaly described by 241D
DS topological order.

additional partition functions Z,(z,7), n =2, 3,4,5, 6. Un-
der the modular transformations S and 7', the partition func-
tions Z,(r,7), n=1,...,6 change into each other. The
orbits are described by Fig. 6. Such orbits are consistent with
the 1+ 1D anomaly described by 241D DS topological order.

VIII. SUMMARY

In this paper, we study noninvertible gravitational anoma-
lies that correspond to noninvertible topological orders in one
higher dimension. A theory with a noninvertible anomaly can
have many partition functions, which are linear combinations
of N partition functions. For 141D noninvertible anomaly,
N is the number of types of the topological excitations in
the corresponding 24-1D topological order. The anomalous
1+1D partition functions Z(7,7,i), i=1,...,N, are not
invariant under the modular transformation, but transform in a
nontrivial way described by the modular matrices S;" and Ti;(’p
that characterize the corresponding 241D topological order.
Similarly, an anomalous theory on an arbitrary close space-
time manifold M¢ also has many partition functions Z(M¢, i),
which transforms according to a representation Ry, of the
mapping-class-group G of M¢. The G representation
Ry, describes how the ground states of the corresponding
(d + 1)D topological order transform on a spatial manifold
M¢?. As an application of our theory of noninvertible anomaly,
we show that for 241D DS topological order, its irreducible
gapless boundary must have central charge c = ¢ > 2

At the beginning of the paper, we mentioned that ’t Hooft
anomaly is an obstruction to gauge a global symmetry. How-
ever, if we include theories with noninvertible anomaly, then
even global symmetry with ’t Hooft anomaly can be gauged,
which will result in a theory with a noninvertible anomaly.
This is because a theory with ’t Hooft anomaly can be realized
as a boundary of SPT state in one dimension higher, where
the global symmetry is realized as an on-site-symmetry. We
can gauge the global on-site-symmetry in bulk and turn the
SPT state into a topologically ordered state. The boundary of
the resulting topologically ordered state is the theory obtained
by gauging the anomalous global symmetry. This connection
between 't Hooft anomaly and noninvertible gravitational
anomaly allows us to use the theory of gravitational anomaly

developed in this paper to systematically understand ’t Hooft
anomaly and its effect on low energy properties. Those issues
will be studied in Ref. [37].

We like to remark that in this paper, we only studied
the modular covariance of torus partition functions of 141D
anomalous systems. However, in order for the partition func-
tions to be realizable on a boundary of a 241D topological
order, just requiring the modular covariance of torus partition
functions is not enough. We should also require the partition
functions on high genus surfaces to transform properly under
the corresponding MCG transformations. The resulting parti-
tion functions should be realizable on a boundary of a 2+1D
topological order.
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APPENDIX A: CHARACTERS OF CHIRAL CFTS
1. uly CFT

uly current algebra is generated by the current 9,¢(z)
and e VM¢_ The primary fields of the current algebra are
e W 0 <m< M — 1. The character X of uly CFT is
given by

o
iy =7l g) Y g EFR

n=—oo

(A1)

where 0 < m < M and R?> = M. Under modular transforma-
tion S and 7', the characters transform as follows:
e—iZU%

1
ul ul

uly _Si' M (¢ , ,
Xi < t) 1% vM

cow i 2
XiulM(t +1) = EjX;IM(T)’ Tij = e—lzﬁeﬂﬂmau, (A2)

S,’j =

In the case of semion model, the left-moving part has
two sectors, the vacuum and semion sector. They are primary
fields of u1, current algebra:

— 1 -1 _ 2
X =@y ¢t =)y q",

neZ neZ

— 1 1
X{llz = n(q) 1 ZCI("+2)("+2).
neZ

(A3)

2. su2; CFT

The CFT of the level-k SU(2) current algebra, su2;, has
characters X;”Zk(t):

2j+1)% /4(k+2
q(J+)/(+)

()P
% 2[2] + 1 + 2n(k _’_2)]qn[2j+l+(k+2)n]’ (A4)

neZ

X" (q) =
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where j € {0, %, R ’5‘}. Their modular transformations are

G = Y8 (o),

leP

2. |:7t(2j+ D@L+ 1)

Sj = . (A5
TN k2 k+2 } (A5)

i 3k o jGHD
X;qu (t+1)=e L3 T ! 2n 555 X;qu (7).

3. The minimal model CFT

The chiral CFTs with central charge ¢ < 1 are called the
minimal models. They are labeled by two integers p, p’ with
p, P > 2 and an equivalence (p, p') ~ (p/, p). We demote
those CFTs as C™ . The central charge and the dimensions
of primary fields are given by

6(p—p')°
c=1-———
pp
;o 2 _ 2
hm _ (rp sp) /(P r) ’ (A6)
4pp
I<r<p—1. 1<s<p—1,
which satisfy
hr,s = hP*f,P'*S = hP*’aP’JFS (A7)

The CFTs are unitary if and only if |p’ — p| = 1. In this case,
the character for the primary field (7, s) is given by

s
qr" an[(11p+r)(p+l)—px](l _ q(2np+r)S)’

Xrs(q) = o

neZ

o0
ng) =g [J0—q" q=e""",

n=1

(A8)

where x,.,(q) = Xp—r,py—s(q). The § matrix is

8 /
-(— 1)+ sin (ngr,o) sin (JT E/sa).
pp p 14

(A9)

Srs;pa =

For unitary minimal models (p, p') = (p, p + 1), we have
6
=1-—,
pip+1)
_(r+rp—sp?—1

hy,s
4p(p+ 1)

I<r<p-11<s<p,

(A10)
|

l_[Uj)Fl_[CZjvj""l O’ix HO’;HCZ]"]‘_H
J J

J J

i i+1

Z Z_ 2 Z z [ A S 4
x1+0’i_1+0'l- (rl._1<71.1+(7i+0i_H ofo;

Forc =1/2 Ising CFT, p=3, p/ =4. (r,s) = (1, 1) and
(2,3) correspond to the identity primary field 1. (r, s) = (1, 2)
and (2,2) correspond to primary field o with i, = 11—6 (r,s) =
(1, 3) corresponds to primary field v with Ay, = % In the
basis of {1, Xy, Xs}, the modular transformation is given by

e 1 V2
Slsz5 1 1 -2,
V2 =V2 0
1 0 o0
Ty =e ‘|0 -1 0 |. (A1)
0 0 e

4. Exceptional current algebra CFT

Both (G»); and (Fj4); characters have the form as follows
[54]:

_/\(I—A)IG;XFI LN R TURS S
XO - 16 247 2 6x5 2 2x’ 3x7 )

_Nx(l—,\)%F LRI U TS N
A= 16 M Tty TaB T3t )

(A12)

4 . .
where A(7) = (%) , in terms of theta functions,

) =Ygt gy = Y (-1

neZ

(A13)

neZ

Under modular transformation 7 : A — A(A—1) and S:
A—>1—A,

[e.¢]

(@)n(b)n 7"
Fi(a, b,c;z) = —, Al4
2Fi(a, b;c;z) ;:0 ) nl (A14)
qhn = (q(:ﬁ:)l!) n>0

is the hypergeometric function defined for |z] < 1, and x =
1 + 5. The parameters for some examples are

(G :N=1, x=12
(Fa), :N =26, x=23

(Eg): N =2, (A16)

APPENDIX B: NON-ON-SITE Z, SYMMETRY
TRANSFORMATIONS

The first nonon-site Z, symmetry transformation (41)
transforms o} in the following way [see (42)]:

i+1

z 7 _ 7 .~z z 7z 7.z
_1+oi +of —oi 07 1 +o7 + 0, — 00
2 2

z z Z z Z z 22 z z z z z z z
4o, 407 —oi 07 1 07 +07 —oio, 1 +07, -0 +07 071 —07+0,+0/0;

1

2 2

z
+1 oF

2 2

2 2 i
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_ l+o+of—o0 07 1+07—0f+o 07\ (1+o;+0;, —ojo i, 1—0]+o;, +o/0, o
2 2 2 2 !
14+0%,)—(1—-0? 14+0%,)—(1—0?
_ ( l—l) > ( l—l) ( l+1) > ( l+l)o_ix — iz_lo_ixaiil. (Bl)
The second non-on-site Z, symmetry transformation (43) transforms o7 in a similar way [see Eq. (44)]:
[Tor [Tsism [ TTor [ Tsism
J J J J
_ -0, +o;+oi 07 1—0f+0i,+0/0, x -0, +o;+oi,071—0f+0i,+0/0,
2 2 ! 2 2
_ l—o,+o;+o 071 -0 +o0j, +ojo;, 1 -0, -0 -0l 07 1+0]+07,—0j0, o
2 2 2 2 !
_ l—o,+o0i+o 0/ 1—0 -0 —o 07\ (l—-0+0i, +oi0 i, 1+0 40}, —0i0, oF
2 2 2 2 !
-0 )= (14+0%,)(1+0%,)— (1 -0}
— ( l—]) ( l—l) ( l+l) ( l+l)o_ix — izilo,ixo_iil. (B2)

2 2

APPENDIX C: TOPOLOGICAL PATH INTEGRAL
ON A SPACE-TIME WITH WORLD LINES

1. Space-time lattice and branching structure

To find the conditions on the domain-wall data, we need
to use extensively the space-time path integral. Let us first
describe how to define a space-time path integral. We first
triangulate the three-dimensional space-time to obtain a sim-
plicial complex M?> (see Fig. 7). Here we assume that all
simplicial complexes are of bounded geometry in the sense
that the number of edges that connect to one vertex is bounded
by a fixed value. Also, the number of triangles that connect to
one edge is bounded by a fixed value, etc.

In order to define a generic lattice theory on the space-
time complex M?, it is important to give the vertices of
each simplex a local order. A nice local scheme to order the
vertices is given by a branching structure [14,55]. A branching
structure is a choice of the orientation of each edge in the
n-dimensional complex so that there is no oriented loop on
any triangle (see Fig. 8).

The branching structure induces a local order of the
vertices on each simplex. The first vertex of a simplex is
the vertex with no incoming edges, and the second vertex

FIG. 7. A two-dimensional complex. The vertices (0-simplices)
are labeled by i. The edges (1-simplices) are labeled by (ij). The
faces (2-simplices) are labeled by (ijk). The degrees of freedoms
may live on the vertices (labeled by v;), on the edges (labeled by ¢;;)
and on the faces (labeled by ¢ ).

(

is the vertex with only one incoming edge, etc. So the
simplex in Fig. 8(a) has the following vertex ordering:
“O7<17 <2 <3

The branching structure also gives the simplex (and its sub
simplexes) an orientation denoted by s;;.x = 1, . Figure 8
illustrates two 3-simplices with opposite orientations s¢j23 = 1
and sg123 = *. The red arrows indicate the orientations of the
2-simplices which are the subsimplices of the 3-simplices.
The black arrows on the edges indicate the orientations of the
1-simplices.

The degrees of freedom of our lattice model live on the
vertices (denoted by v; where i labels the vertices), on the
edges (denoted by e;; where (ij) labels the edges), and on
other high dimensional simplicies of the space-time complex
(see Fig. 7).

2. Discrete path integral

In this paper, we only consider a type of 2+ 1D path integral
that can be constructed from a tensor set 7' of two real and one
complex tensors: T = (wy,, d2°", Cigi)ffz?jggi‘;ffj’4’0‘24’[’“). The
complex tensor C01“nse12¢i3enidoizdns cap pe agsociated with a

Tvoviv2v3idor3dioz ;
tetrahedron, which has a branching structure (see Fig. 9). A
branching structure is a choice of an orientation of each edge
in the complex so that there is no oriented loop on any triangle

FIG. 8. Two branched simplices with opposite orientations. (a) A
branched simplex with positive orientation and (b) a branched sim-
plex with negative orientation.
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3
€13 €23
1 €1 2

FIG. 9. The tensor C°!®2%03¢12913¢2 “boi2d02s g agsociated with a

X 0V1V203500139123 3
tetrahedron, which has a branching structure. If the vertex-0 is above
the triangle-123, then the tetrahedron will have an orientation g3 =
. If the vertex-0 is below the triangle-123, the tetrahedron will have
an orientation sp123 = 1. The branching structure gives the vertices a

local order: the ith vertex has i incoming edges.

(see Fig. 9). Here the vy index is associated with the vertex-0,
the eg; index is associated with the edge-01, and the ¢p;, index
is associated with the triangle-012. They represent the degrees
of freedom on the vertices, edges, and triangles.

Using the tensors, we can define the path integral on any
3-complex that has no boundary:

3 vV
Z(M?) = 3 [T wo [ ]
Vo, 3€01, o1z, e+ Vertex edge
€01€02€03€12€13€233P0126023 150123
x l—[ [CU0U1U2U32¢013¢123 ] ’ (ChH
tetra
where Y .. sums over all the vertex indices, the
V0, 3€01,5° 3Po12,

edge indices, and the face indices, 59123 = 1 or * depending
on the orientation of tetrahedron (see Fig. 9). We believe such
type of path integral can realize any 241D topological order.

3. Path integral on space-time with natural boundary

On the complex M? with boundary: B> = 9 M?3, the parti-
tion function is defined differently:

2or= Y ] e T 4
{viseij;giji} vertexg B2 edge¢ 32

; s
x l_[ [Ceol802803612613623»%12%23] 0123’ (C2)

VoU1 V203300139123
tetra

where Zv‘_;e[/; ¢, Only sums over the vertex indices, the edge
indices, and the face indices that are not on the boundary. The
resulting Z(M?) is actually a complex function of v;’s, e; S,
and ¢;jr’s on the boundary B2 Z(M3;{vi;e[j;¢ijk}). Such
a function is a vector in the vector space Vp:. (The vector
space Vj: is the space of all complex function of the boundary
indices on the boundary complex B VY({v;; eij; dijk}.) We
will denote such a vector as |W(M?3)). The boundary is
attached with the tensors w,, and d;°"'. The boundary (C2)
defined above is called a natural boundary of the path integral.

We also note that only the vertices and the edges in
the bulk (i.e., not on the boundaries) are summed over in
|W(M?3)). When we glue two boundaries together, those
tensors w,, and d;]["jv" are added back. For example, let M? and
N3 to have the same boundary (with opposite orientations)
IM? = —dN? = B2, which give rise to wave functions on
the boundary |W(M?3)) and (W(N?)| after the path integral
in the bulk. Gluing two boundaries together corresponds to
the inner product (W(N?3)|W(M?)). So the tensors w,, and

1 4 1 4

FIG. 10. A retriangulation of a 3D complex.

d:, "/.U’ defines the inner product in the boundary Hilbert space

Vi Therefore we require w,, and d:,.;"’ to satisfy the following
unitary condition:

wy, >0, dg” > 0. (C3)

4. Topological path integral

We notice that the above path integral is defined for any
space-time lattice. The partition function Z(M?) depends on
the choices of the space-time lattice. For example, Z(M?3)
depends on the number of the cells in space-time, which
give rise to the leading volume dependent term, in the large
space-time limit (i.e., the thermodynamic limit)

Z(M3) — e—eVZtop(M3)’ (C4)

where V is the space-time volume, € is the energy density of
the ground state, and Z'°P(M?3) is the volume independent
partition function. It was conjectured that the volume inde-
pendent partition function Z'P(M?3) in the thermodynamic
limit, as a function of closed space-time M?, is a topological
invariant that can fully characterize topological order [8,22].
So it is very desirable to fine tune the path integral to make
the energy density € = 0. This can be achieved by fine-tuning
the tensors w,, and d.,’. However, we can do better. We

can choose the tensor (wy,, d20't, Cyleeenepeneidmndn)
be the fixed-point tensor-set under the renormalization group
flow of the tensor network [12,56]. In this case, not only
the volume factor e~V disappears, the volume independent
partition function Z9P(M3) is also retriangulation invariant,
for any size of space-time lattice. In this case, we refer the path
integral as a topological path integral, and denote the resulting
partition function as ZP(M?3). ZP is also referred as the
volume independent the partition function, which is a very im-
portant concept, since only the volume independent partition
functions correspond to topological invariants. In particular, it
was conjectured that such kind of topological path integrals
describes all the topological order with gappable boundaries.
For details, see Refs. [8,22].

2 2

FIG. 11. A retriangulation of another 3D complex.
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The invariance of partition function Z under the retriangu-
lation in Figs. 10 and 11 requires that
§ Em6‘02903612613823;¢012¢023Ce12613614623624634:115123(}5134

VU1 V2033¢013P123 V1 V203V43P124P234

123

— Vo U4
- 2 :dem

€04 Po14P024P034

E : Cem602604612614624;%12%24

Vo U1 V204500149124

*€01€03€04€13€14€343P013P034 (C02€03€04€23€24€34 300239034

x C . .
Vo U1 V3V43¢014P134 Vo V2V3 V430024234 ’

(C5)

€02€03€04€23€24€3430023$034
VU2 V3 V430024234

_ VU1 JUIV2 JUIV3 JUI V4
- Z wvldeol delz dfl} dem Z
ep1€12e13€14,V1 $0120013P014P123P124P134

x Cem602803612613623;%1245023 Creo epeoaei2€14€24300120024
VoU1 V203300130123 VO U1 V204500149124

6016036046]36]4634;¢013¢034 612(3]36]4623624634;¢]23¢]34
CUUU|U3U4;¢0|4¢7134 C01U2U3U4;¢|24¢234 : (C6)
We would like to mention that there are other similar con-
ditions for different choices of the branching structures. The
branching structure of a tetrahedron affects the labeling of the

vertices. For more details, see Ref. [57].

5. Topological path integral with world lines

In this paper, we also need to use the space-time path
integral with world lines of topological excitations. We denote
the resulting partition function as

) (C7)

where i, j, k,... € {1,2,---, N} label the type of topological
excitations, and «, B, y label the different fusion channels
(i.e., different choices of actions at the junction of three world
lines). The world lines are defined via a different choice of
tensors for simplexes that touch the world lines. In this paper,
we will choose the tensors very carefully, so that the path
integral with world lines is also retriangulation invariant (even
for the retriangulations that involve the world lines). The
different choices of re-triangulation-invariant world lines are
labeled by the different types of topological excitations. In this
paper, we will only consider those topological path integrals
with retriangulation invariance.

APPENDIX D: RENORMALIZATION GROUP FLOW
OF MARGINAL PERTURBATIONS OF SU(2); CFT

There are in total nine terms of marginal perturbations in
SU(2); CFT, composed of left and right currents. Let us first
consider the following three couplings:

3
Sint = Z / giOi, 0,‘ = .’,.7,
i=1

The renormalization group (RG) equations have the form

(D1)

gi= ®;jk8j8ks (D2)

(—++) (+++)
(- =+ (+-+)
gs
K (—+-) (++-)
g1
(-=-) (+--)

FIG. 12. The RG flow of 8§ =), ,,, [ d’xgiJiJ;. There are
only fixed lines, shown as the blue lines. There are no stable sheets
or regions, as indicated by the orange flow arrows. The corners are
labeled by (s, 2, 53).

where «; j; is proportional to the operator product expansion

ik = (0;0;0¢) = (JJjJ)Tid jTi) = ()’ (D3)
It follows that
81 =883 & =838, & =81 (D4)

The solution of the beta function has four fixed lines. To
solve them, take the form g;(¢) = A;f(¢), and one finds Mhy

B
Mds — MM Therefore A; = s;, where o > 0, s; = %1 to be

* X
determined. The RG equations become
f@t) = saf> ), (D5)
where s = s15253. The solution is
f0)
)= ———F——. D6
f@) 1= saf Oy (D6)
This leads to the RG solution of fixed lines
&i(0)
()= —>21— 0)| = 0)| = 0)]. (D7
&i(t) 1= slgi (O 1g1(0)] = |82(0)] = [g3(0)|. (D7)

We find that (1) when s > 0, the following four fixed lines
flow towards infinity:

g1(t) = (1) = g3(1) > 0,
81(1) = —g(t) = —g3(t) > 0,
—81(1) = g2(1) = —g3(t) > 0,
—81(t) = —g2(1) = g3(t) > 0.
(2) When s < 0, the following four fixed lines flow towards
g1=8=g=0
g1(t) = g2(t) = g3(t) <O,
81(1) = —g(t) = —g3(1) <0,
—81(t) = g(t) = —g3(t) <0,
—81(t) = —g2(1) = g3(1) < 0.

This allows us to show that there are no stable regions or
sheets in the (g1, g2, g3) parameter space, as illustrated in
Fig. 12.

Through the above example, we see a general pattern. If
there is only one marginally relevant coupling, i.e., if we are
on a fixed line, then there is a finite region, such that all
the couplings in that region flow to zero. This finite region
represents the region of stable gapless phase. If there are

(D8)

(DY)
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two marginally relevant couplings, i.e., if we are on a plane
spanned by two fixed lines, then there is no finite region where
the couplings flow to zero. When there are more marginally

relevant couplings, the system is getting even more unstable.
So we believe that, for our case with nine marginally relevant
couplings, the corresponding CFT is unstable.
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