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ABSTRACT: Topological orders are a prominent paradigm for describing quantum many-
body systems without symmetry-breaking orders. We present a topological quantum field
theoretical (TQFT) study on topological orders in five-dimensional spacetime (5D) in which
topological excitations include not only point-like particles, but also two types of spatially
extended objects: closed string-like loops and two-dimensional closed membranes. Espe-
cially, membranes have been rarely explored in the literature of topological orders. By
introducing higher-form gauge fields, we construct exotic TQFT actions that include mix-
ture of two distinct types of BF topological terms and many twisted topological terms.
The gauge transformations are properly defined and utilized to compute level quantiza-
tion and classification of TQFTs. Among all TQFTs, some are not in Dijkgraaf-Witten
cohomological classification. To characterize topological orders, we concretely construct all
braiding processes among topological excitations, which leads to very exotic links formed
by closed spacetime trajectories of particles, loops, and membranes. For each braiding pro-
cess, we construct gauge-invariant Wilson operators and calculate the associated braiding
statistical phases. As a result, we obtain expressions of link invariants all of which have
manifest geometric interpretation. Following Wen’s definition, the boundary theory of a
topological order exhibits gravitational anomaly. We expect that the characterization and
classification of 5D topological orders in this paper encode information of 4D gravitational
anomaly. Further consideration, e.g., putting TQFTs on 5D manifolds with boundaries, is
left to future work.
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1 Introduction

As the most notable examples of beyond-symmetry-breaking orders, topological orders
have attracted a lot of attentions for decades [1-4]. One of most prominent features of the
research in topological orders is joint efforts from inter-disciplinary fields. Triggered by the
condensed matter side, e.g., the fractional quantum Hall effect, topological orders have also
shed light on frontiers of high-energy physics, mathematical physics, and quantum infor-
mation science [5-9]. In condensed matter physics, topological orders are gapped phases
of matter and lack of any local order parameters that characterize symmetry-breaking



patterns, which calls for a new revolution on the traditional solid-state physics and sta-
tistical physics of phases and phase transitions. The low-energy effective field theories
of topologically ordered phases of matter are usually topological quantum field theories
(TQFTs) [10, 11]. The 2D boundary of 3D topological orders is governed by conformal
field theory (CFT) [12] and gravitational anomaly in a more general sense [13, 14].! The
algebraic theory of topological orders in 3D belongs to a subclass of tensor category [15],
which play a very fundamental role similar to group theory in symmetry-breaking orders.
As a generalization of fermionic and bosonic statistics, anyonic statistics in 3D turns out to
be described by the mathematics of braid group, which was previously discovered through
the path-integral of indistinguishable particles [16]. The field of topological orders has
also borrowed many exciting ideas from quantum information science, which leads to rapid
developments we have been witnesses to, such as the long-range entanglement nature of
topological orders and stabilizer codes as exactly solvable lattice models that admit topo-
logical orders [17-20].

Topological excitations are a central concept of topological orders. Above the topologi-
cally ordered ground states, topological excitations look very odd and behave like fraction-
alized degrees of freedom. For example, anyons, a kind of exotic particles in 3D world, carry
fractionalized electron charge and fractionalized statistics, which can be regarded as a con-
sequence of electron fractionalization in the fractional quantum Hall systems. In addition
to point-like excitations, spatially extended excitations, e.g., string-like loop excitations and
two-dimensional closed membrane excitations have been constructed in topological orders
of 4D and higher dimensions. Their exotic entanglement, symmetry enrichment, braiding
statistics, TQFTs, and higher-category theory have been studied intensively [21-46]. Re-
cently, the so-called “fracton physics” of spatially extended excitations is also discussed,
where both mobility and deformability of spatially extended excitations are restricted either
partially or completely [47-49].

Braiding statistics among topological excitations is served as a topological order pa-
rameter to classify and characterize topological orders [2]. In 3D, braiding statistics among
anyons is known to form S and 7" matrices. In 4D, particles cannot be anyonic but the pres-
ence of loop excitations makes braiding statistics even more bizarre. First, we can consider
a discrete gauge group G = [[; Zn,. All particles carry and thus are labeled by periodic
gauge charges. Likewise, all loops carry and thus are labeled by periodic gauge fluxes.
Then, braiding statistics can be particle-loop braiding [50-55], multi-loop braiding [25],
and particle-loop-loop braiding (i.e., Borromean-Rings braiding) [23]. Recently, ref. [46]
exhausted all possible combinations of braiding processes in order to obtain a complete list
of topological orders in 4D. The basic guiding principle there is to find TQFTs that have
well-defined gauge transformations. All TQFTs for describing these braiding processes
have structures of a multi-component BF term [56] in the presence of some twists. The
BF term in 4D has a form of BdA where B and A are respectively 2- and 1-form gauge
fields. Twists consist of AAdA, AAAA [42], and AAB [23].

! Important convention: in this paper, when we mention 2D, 3D, etc., we refer to the dimension of
spacetime. If the 3-dimensional space, instead of spacetime, is considered, we would emphasize it as 3D
space, etc.



Although topological orders in 4D and 3D are already interesting and directly relevant
to experimentally realizable systems of condensed matter physics, in this paper, we move
forward to investigate topological orders and TQFTs in 5D, which turns out to exhibit
highly unexplored features of both physics and mathematics. Firstly, one of the most
attractive features in 5D topological orders is the existence of membrane excitations, which
are geometrically two-dimensional compact manifolds and form three-dimensional world-
volumes. Membrane excitations can participate in nontrivial braiding processes that are
expected to go beyond braidings in 3D and 4D. Secondly, understanding 5D topological
orders is also useful for understanding gravitational anomalies in 4D according to Wen’s
definition [13, 14]. In general, the boundary of a topologically ordered state on an open
manifold has gravitational anomaly, which strictly forbids the consistent existence of the
boundary theory alone by removing the bulk topological ordered state. This fact is true
and robust even though all global symmetries are broken. Therefore, we are allowed to
investigate gravitational anomalies in 4D by means of topological orders in 5D. Thirdly,
when gauge group is still G = [[i; Zy,, TQFTs in 5D may contain two types of BF
terms, i.e., CdA and BdB, where C is 3-form, B and B are two different 2-form, A is
1-form. Therefore, for each Zy, subgroup, there are two choices for assignment of gauge
charges and corresponding BF' terms. In such a mixed BF theory, if we further add twisted
terms (i.e., twists), e.g., AAAAA, AAAdA, AdAdA, AAC, AAAB, ABB, BAdA, AAdB,
the resulting gauge theories are expected to be very complex and host exotic topological
orders. Given BF terms, the additional twists are not always compatible with each other,
as some of combinations of twists unavoidably violate gauge invariance of either usual type
or large type. This phenomenon is similar to but much more intricate than that in 4D
studied in ref. [46] due to the presence of two types of BF' terms.

In this paper, for understanding low energy physics of 5D topological orders, we con-
struct gauge-invariant TQFT actions and define gauge transformations for all gauge fields.
More specifically, TQFT actions consist of two distinct types of BF' terms with twisted
topological terms, dubbed BF theories. By means of gauge transformations, we obtain the
quantization and periods of the coefficients of all topological terms, which leads to TQFT
classification. Some of TQFTs are beyond Dijkgraaf-Witten cohomological classification
H% (G, R/Z). Furthermore, we construct gauge-invariant observables (generalized Wilson
operators) of TQFT actions. In 5D topological orders, a braiding process results in a
nontrivial link formed by the closed world-lines of particles, world-sheets of loops, and/or
world-volumes of membranes. It is natural to expect a linking number or link invariant
in 5D to characterize such a braiding process. For our 5D BF theories, we relate the
expectation value of a Wilson operator to counting intersections of sub-manifolds in 5D. It
should be noted that the link invariants are obtained from our physical theory via the prin-
ciple of gauge invariance. In this sense, our physical theory provides an alternative route
to understand link theory of higher-dimensional compact manifolds. The latter manifolds
are physically realized as closed spacetime trajectories of topological excitations in our 5D
condensed matter systems.

This paper is organized as follows. In section 2, we define topological excitations in
the hydrodynamical approach, and then introduce two types of BF' terms. We also add



twisted terms to BF terms and study the resulting TQFT. Typically, we calculate the
expectation values of Wilson operators and reveal their geometric interpretation. Next, in
section 3, we exhaust all possible TQFTs that are gauge invariant such that all braiding
processes encoded in a given TQFT are mutually compatible. Classification of these TQFTs
is discussed for different gauge groups, collected in table 1 (Zy,, Zx, X Znx,, and [[3_; Zx;, ).
For G =[]i~, Zn, with n > 4, details are presented in section 3.4. Section 4 is devoted to
a conclusion and outlook. Some technical details are collected in appendices.

2 Topological excitations and braiding statistics in 5-dimensional topo-
logical orders

Besides the robust ground state degeneracy, topological excitations and their braiding
statistics also serve as part of the definition of topological orders. In section 2.1, we
intuitively explain what topological excitations in 5D look like and how to understand
the braiding processes among them after reviewing the cases in 3D and 4D. Then, in
section 2.2, we introduce two types of BF terms that describe braiding processes of two
topological excitations. Last, as shown in section 2.3 and 2.4, by adding a twisted term to
BF terms, we construct TQFT actions that describe braiding processes involving multiple
topological excitations. Especially, for each braiding process, we find a gauge-invariant
observable (generalized Wilson operator) whose vacuum expectation value is expressed by
the intersection of some sub-manifolds in 5D. We find that such gauge-invariant observables
are closely related with linking numbers of spatially extended topological excitations in 5D
topological orders.

2.1 Topological excitations and their braiding processes in 3D, 4D, and 5D
spacetime

It is beneficial for us to review topological excitations and their braiding processes in 3D
and 4D before we move into the 5-dimensional spacetime. Anyon in the fractional quantum
Hall effect (FQHE), a typical 3D topological order, may be the most well-known example
of topological excitations in 3D. The self-statistics of anyons is captured by the phase dif-
ference after exchanging two anyons in the 2D space. If viewed in 3D, the world-lines of two
anyons form a braid during the exchange. Geometrically, anyons are particle excitations,
the only possible excitation in 3D topological orders.? In 4D topological orders, topological
excitation spectrum is composed by particle excitations and loop excitations [21, 22]. Braid-
ing processes in 4D topological orders can be divided into three classes [46]: particle-loop
braiding [11, 50, 56-59], multi-loop (three or four) braiding [25, 42], and particle-loop-loop
braiding [23]. In particle-loop braiding, a particle excitation moves around a loop excita-
tion such that its spatial trajectory and the loop excitation form a Hopf link. This Hopf
link can also be identified from the intersection of the world-line of the particle and the

2In 3D topological orders, loop excitations are regarded equivalent to particle excitations. More con-
cretely, because a loop excitation is impenetrable in 2D space, it actually behaves like a particle excitation.
Therefore, we do not consider loop excitations in 3D topological orders.



world-sheet of the loop.? In multi-loop braiding, three or four loops are linked in a special
manner and their intersecting world-sheets indicate the topological invariant characteriz-
ing such braiding. In particle-loop-loop braiding, one particle moves around two unlinked
loops such that its spatial trajectory and these two loops form Borromean rings [23, 60],
or in general a Brunnian link.

In 5D, besides particles and loops, there is a kind of exotic topological excitations,
dubbed as membranes, which look like closed 2-dimensional surfaces.* The membrane ex-
citations in 3D space have not been considered because they are impenetrable. However, in
4D space, the interior of a membrane excitation becomes accessible due to the extra dimen-
sion. Therefore, nontrivial braiding processes involving particles, loops and membranes are
possible in 5D.

In a braiding process of 5D topological order, excitations move in 5D spacetime in
a particular manner, resulting in their 1D world-line, 2D world-sheet, and/or 3D world-
volume intersecting in a corresponding fashion. The 5D TQFT can tell us about how
these manifolds intersect in 5D though which is not easy to imagine for us living in 3D.
To visualize braiding processes in 5D topological order, we need to present them in lower
dimensions. For this purpose, we can perform the following procedures. First, noticed
that only the relative motion of excitations matters in a braiding process, we can assume
one of the excitations to be static in 4D space, then we project the world-lines/world-
sheets /world-volumes from 5D spacetime to 4D space. For the static excitation, it is just
fixed in 4D space; for other excitations doing relative motion, their spatial trajectories are
left in 4D space after projection. An intuitive example is the anyon braiding in 3D, shown
in figure 1, in which the world-lines of anyons can be projected to spatial trajectories in
2D plane. Yet, the static excitation and spatial trajectories in 4D space are still strange to
observer in 3D space. Our strategy is to furthermore project these spatial trajectories to
slices of 4D space, i.e., 3D space. As an example, figure 2 shows the projection of spatial
trajectory of particle-loop braiding from 3D space to 2D plane. This example shows how
an observer in 2D space can understand braiding process in 4D spacetime. In summary,
by projecting the general world-lines in 5D spacetime to spatial trajectories in 4D space,
then viewing them in 3D slices, we can observe the braiding processes in 5D topological
order. This method will be explained by several pictures when discussing braiding and 5D
TQFT in the following main text.

2.2 Two types of BF terms

As the effective theory of topological order, TQFT describes braiding processes by re-
vealing how the world-lines (in general meaning) of excitations intersect in spacetime. A
braiding process is nontrivial only if the world-lines of excitations form a link that is ho-
motopic invariant. By constructing gauge-invariant observables, we know how to count the
intersections of world-lines to obtain a result that is invariant under homotopic mapping

3For simplicity, when we mention particle, loop, or membrane, we refer to topological excitations in
topological orders.

4We only consider membrane excitation that has a shape of a 2-sphere in this paper. Membrane excita-
tions with other shapes, e.g., 2-torus, may have more fascinating properties.
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Figure 1. Braiding of two particles (e.g., anyons) in 3D spacetime, world-lines of particles and
their projection in 2D space. (a) At t = 0, two pairs of particles (solid circles) and antiparticle
(empty circles) are created. Two particles (a and b) move in 3D spacetime such that their world-
lines (solid lines) cross each other. At ¢t = 1, two particles meets their own antiparticles (a and b).
The a-a and b-b pairs are annihilated. Since the world-line of an antiparticle (dash line) can be
understood as that of a particle with a reverse direction, the particle-antiparticle pair’s world-lines
can be viewed as a single closed one of the particle. For a braiding process of two particles in
3D, the two closed world-lines are linked. (b) One of the two particles (e.g., a) can be assumed
static in the xy-plane. By slightly modifying the world-line of b and keeping the two closed world-
lines linked, the braiding process contributes the same phase shift. (¢) The world-lines of a and b
illustrated in (b) are projected to the xy-plane. After that, b’s world-line is appeared as a closed
spatial trajectory encircling the static particle a. In FQHE, an anyon moving around another one
is exactly the braiding of them.

of world-lines. In this and following sections, we use TQFT actions and gauge-invariant
observables to study braiding processes in 5D topological order.

The study of BF term has a long history [56]. Discovered from quantum gravity and
high energy physics, now BF' theories have been introduced into frontiers of condensed
matter physics. In an n-dimensional spacetime manifold M, the BF term is the wedge
product of a p-form % and an (n — p)-form . = do/ where & is an (n —p — 1)-form:
A Nde/. BF term in 3D and 4D reads AdA and BdA respectively, where A and A are
1-form, B is 2-form. Theories with BF terms have been applied to many different physical
systems [26, 31, 32, 43, 50, 59, 61, 62]. It is easy to verify that AdA (BdA) is the only BF
term in 3D (4D). However, in 5D, by taking p = 2 or p = 3, there are two types of BF
terms, i.e., CdA and BdB which are respectively called type-I and type-II in this paper.
Here, C is a 3-form, B and B are two different 2-form’s. These two types of BF' terms in
5D are the cornerstone of this paper. With the action S ~ [,, #d.</, one can calculate the
linking number of a p and (n — p — 1)-dimensional sub-manifolds [42, 56]. In this section,
we study the action with type-I and type-II BF term in details, revealing the connection

between braiding processes in 5D topological orders and BF' terms.
We first look at the action with type-I1 BF term:

N
s :/—101dA1, (2.1)
2
which is invariant up to boundary term under gauge transformations

A 5 AV axt, ¢t = Ct +dTt, (2.2)
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Figure 2. A particle-loop braiding in 3D space and its projection on 2D planes. (a) Particle-loop
braiding is one important braiding process in 4D topological order. In this braiding process, if we
assume the loop m to be static, what we see is that the particle e encircles the loop such that its
spatial trajectory and loop m form a Hopf link. (b) For an observer living on the zy-plane with
z = 0, the particle-loop braiding in 3D appears as a particle e encircling a flux that penetrates
this plane. (c) The same particle-loop braiding in 3D space as that in (a). The particle’s positions
at different moments are labeled. (d)-(e) Snapshots of particle-loop braiding observed in xz-plane
with y = 0 at different moments. In this plane, the loop excitation appears as its complete form
while the spatial trajectory of the particle is not continuous any longer. An observer living on this
plane can only see the particle at ¢t = 0,2,4. At t =1 or t = 3, this particle is located at xz-planes
with different y-coordinates. To this planar observer’s knowledge, a particle cannot cross a loop
excitation to reach its interior area. What illustrated in (d)-(h) happens due to an extra dimension
(the particle is able to move in y-direction) that cannot be seen by this observer. On the other
hand, an observer in 2D plane can detect a 3¢ dimension by such an “anomalous” phenomenon.
This inspire us that we can learn about braiding process in 4D space (5D spacetime) by observing
it in different 3D spaces with a fixed 4*" coordinate.

where 0-form y! and 2-form T are U (1) gauge parameters with ¢ dx!' € 277 and § dT" €
277Z. We consider the following gauge invariant observable (Wilson operator)

W (w1,71) =exp <im1 /w1 C1> exp <161 /71 A1>
—exp [iml / CVASL () +ier / AL g (71)] , (2.3)

where wy is a closed 3D volume and +; is a closed 1D curve; charges my,e; € Z.° The
expectation value is given by (W (wi,m)) = % [ ZAZCW (w1,7)exp (iS) where the

®Subscripts (1,2, -, or general %, j) are used to distinguish manifolds that labeled by the same Greek
letter. In this paper, v; labels different 1D closed curves; o; and o; label different 2D closed surfaces; w;
stands for different 3D closed volumes. %;, Q;, and =; are the Seifert (hyper)surfaces: 9%; = v;, 9Q; = o3,
and 0=; = w;. ui\x, vi|x, and ;| x respectively stand for general 1D open curve, 2D open surface, and 3D
open volume on manifold X.



partition function is defined as Z = [ 2CZAexp (iS). By integrating out C! we get
dAY = —%%(V (w1) which can be solved by A! = —%}V%él (Z1) with 021 = wy, ie.,
21 is a Seifert hypersurface bounded by wi. §% (wp) is the 2-form valued delta function
distribution supported on w; and 6+ (Z1) is similarly defined. Plugging the solution back
to (W (w1,m)), we get

O (w1,70) = exp | -T2 [ (20) 16% ()

1277'617711
TP ITTR

i.e., (W (w1,7)) is determined by counting the intersection of Z; and ~;. In 3D, the linking

#(E1N 71)} ; (2.4)

number of two closed curves v; and +; is defined by the intersection number # (3; N ;)
where ¥; is a Seifert surface of 7;. Analogous to this, # (21 N ;) defines the linking num-
ber of 77 and w; (whose Seifert hypersurface is Z1) in 5D. In section 2.1, we mention that
5D TQFT describes braiding process via intersection pattern of world-lines of excitations
in 5D. The action (2.1) and (W (w1,v1)) describe the braiding process of a particle and
a membrane once we interpret y; (w;) as the closed world-line (world-volume) of parti-
cle (membrane). Figure 3 illustrates this particle-membrane braiding by projecting it in
different 3D space.
Next we focus on the action that consists of a type-II BF' term:

N1 501
S=[—-—BdB 2.5
/ 27 (2:5)
which is invariant up to boundary terms under
B! - B'4+av!, B' - B' +dv'. (2.6)

Here, 1-form V! and 1-form V! are U (1) gauge parameters with § dV! € 277Z and § av' e
277Z.. We point out that B! and B? are two independent 2-form gauge field variables. The
corresponding gauge-invariant observable is

W (c1,01) = exp (iml /E1 §1> exp (iel /01 Bl> , (2.7)

where o1 and o1 are two closed 2D surfaces; charges m1,e; € Z. Similar to the calculation
of (W (w1,71)) above, we get the solution B! = —27;\,%(9 (Ql) with 0Q1 = o1, i.e., O is
a Seifert hypersurface bounded by &;. Plugging this solution back, we obtain

W @) =exp [ [ 54 (80) 06% (o)

[ i2wre1my
=exp |————

N # (51 N Ul)} ; (2.8)

which indicates that (W (61, 01)) is determined by counting the intersection of ©; and ;.
Similarly, 1 and o1 can be viewed as closed world-sheets of two loop excitations whose
linking number is given by # ((Nh N 01). Therefore, the type-1I BF term BdB! describes
to the braiding process of two loops and the braiding statistical phase can be extracted from
(W (01,01)). Figure 4 provides a diagrammatic representation of this loop-loop braiding
by projecting the world-sheets to spatial trajectories of loops from 5D to 4D space.
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Figure 3. Observing the particle-membrane braiding described by C'dA term in 3D space. (a) A
membrane (red) with the shape of a 2-sphere in zyz-space with w = 0 and a particle (blue) are
illustrated. This membrane is assumed to be static in space. (b) If observed in xyw-space with
z = 0, this membrane appears as a “loop”. (c¢) In xyw-space with z = 0, the particle-membrane
braiding in 4D space looks like a particle-loop braiding. Starting at ¢ = 0, the particle moves
in the zyw-space with z = 0 and returns to its initial position at ¢ = 4. The particle’s spatial
trajectory forms a closed 1D curve that is linked with the “loop” (projection of membrane in this
3D space). The w-coordinate of particle, w,, varies in the following way: at ¢ = 0, w, = 0; for
0<t<2 wp,>0;att =2 w, =0 again; for 2 <t < 4, w, < 0; finally, the particle returns
to its initial position thus w, = 0 at t = 4. (d)—(h) Snapshots of particle-membrane braiding at
different moments in xyz-space with w = 0. At ¢ = 0, the particle is located outside the membrane.
At t = 2, the particle appears inside the membrane. At ¢t = 4, this particle returns to its starting
position; in xyz-space with 0, it appears outside the membrane again. For other moments, the
particle is located in xyz-space with w # 0. In 4D space, Z; in eq. (2.4) is projected to a 3D Seifert
hypersurface and 7; in that appears as a closed 1D spatial trajectory. In zyw-space with w = 0
shown in (c), the aforementioned 3D Seifert hypersurface appears as a 2D one whose boundary is
exactly the “loop”. The spatial trajectory and the 2D Seifert surface intersect at one point at t = 2
implying that |# (21 N~v1)| = 1 with a sign determined by orientation. In zyz-space with w = 0
shown in (d)-(h), the spatial trajectory is the union of particle’s positions at different moments
which intersects with the 3D Seifert hypersurface at ¢ = 2. This also indicates |# (Z2; N y1)| = 1.

2.3 Braidings in type-I BF theory with a twist

So far we have investigated TQFT actions that consist of single BF' term. The coefficient
% of the BF term encodes the Zy, gauge group. If a [[i; Zy, topological order is con-
sidered, i.e., the gauge group is G = [[;—; Zy;,, there are twisted terms allowed in TQFT
actions besides BF terms. As examples, we present some TQFT actions that consist of
BF terms and one twisted term in 4D [[iL, Zy, topological orders [23, 32, 42, 44, 63, 64].
With twisted term AAdA or AAAA, TQFT actions S = [, 21BdA’ + qA'ATdA*
and S = [, %BidAi + qA* AT AR Al describe multi-loop braidings (three-loop and four-
loop, respectively; ¢ is the proper coefficient). With twisted term AAB, the action
S = [ %BidAi + qA'AIB* describes the particle-loop-loop braiding. It is natural
to expect that TQFT actions of BF terms and twisted terms in 5D are related to braiding
processes of topological excitations. We divide the TQFT actions into 3 classes according
to the type of their BF' terms, namely type-I BF' theory, type-II BF theory, and mixed
BF theory. In the remaining part of this section, we consider BF' theory with only one

twisted term. Consistent combination of all twisted terms will be explored in section 3.
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Figure 4. Diagrammatic representation of loop-loop braiding described by BdB term. (a) Loop-
loop braiding process viewed in xyz-space with different w- and t-coordinates. Loop « (blue) lives
on zy-plane with z, = 0 and w, = —1 at t = 0. Loop § (red) lives on yz-plane with x5 = 0 and
wg = 0. Loop S is assumed to be static in space. When ¢ = 0, loop a can only be observed in
zyz-space with w = —1 and so does loop S in xyz-space with w = 0; as for zyz-space with w =1,
neither of two loops could be observed. Starting at ¢ = 0, loop a moves in w-direction such that
at t =1 w, = 0 and loop « and f are linked in zyz-space with w = 0. Next, loop a continues
to move such that w, =1 at t = 2. At t = 2, loop « and 3 are not linked obviously. Then loop
« returns to its initial position in such a way that it would be linked with loop 8 again. During
this process, these two loops never intersect with each other since no points of them share a same
4D spatial coordinate. (b) Part of the spatial trajectory of loop «a (indicated by blue dash lines)
observed in zyw-space with z = 0. In this 3D space, loop 8 appears as two points (red solid circles).
In 4D space, 51 in eq. (2.8) is projected to a 2D Seifert surface and o1 becomes a 2D closed spatial
trajectory. A further projection to xyw-space with z = 0 makes this 2D Seifert surface appear as a
1D one (the green segment) whose boundary is two points (red solid circles, exactly the projection
of loop f in this 3D space). This 1D Seifert surface intersect with loop «’s spatial trajectory at
one point, which implies ‘# <§~21 N 01)‘ = 1 with a sign determined by orientation. (c) Viewed
in wyz-space with = 0, loop « appears as two points (blue solid circles) and part of its spatial
trajectory is shown as the blue dash lines. This spatial trajectory intersect with loop 3’s 2D Seifert

surface at one point, indicating that |# (ﬁl N 01)’ =1 as well.

We start with type-I BF terms with a twisted term formed by A and C, i.e., AAC,
AdAdA, AAAdA, and AAAAA.

AAC twisted topological term. By considering three C'dA’ terms, we can introduce
the twisted term A*A7C*. The corresponding TQFT action is

3
Ni .
S = Spr + Sanc = / Y SLCidAl +qAlAPCY, (2.9)
=1
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pN1 N2 N3
o (2m)? N1a3 ;
greatest common divisor of Ny, No and N3. The property of coefficient ¢ results from

where ¢ is a quantized and periodic coefficient, ¢ = s D € ZNyys, Ni2z is the
two requirements on the TQFT action: large gauge invariance and flux identification. In
appendix A we derive the quantization and periodicity of AAC' and other twisted terms.
It should be pointed out that the indices 4, j, and k in A’A7C* have to be mutually
different. For example, the A'A?2C? term is prohibited, because either A? or C? has to
be the Lagrange multiplier, which means that they cannot simultaneously appear in the
twisted term. A more rigorous explanation is that the an action with A'A?2C? term would
no more be gauge-invariant, which is similar to the 4D case S ~ [ 2, B'dA’ + A' A2 B2
studied in the section IV A of ref. [46].
This action (2.9) is invariant under gauge transformations:

2
A= Al dx!, O = O dTt = T (PO — AT 4 T,
1

2
A= A2 d?, O = O 4dT? + (1 CP = AT 4 xdT?),
2

2 1 1
C? = C?+dT 3, A3 — A%+ dx3 - —Nj [(XlA2 + 2X1dX2) — (X2A1 + 2X2dxl)] ,
(2.10)

where x* and 7% are 0-form and 2-form gauge parameters, respectively. The gauge-invariant
observable is

127mq /. _
_ : 1 - 1 A2,3 1,3 42
W—exp{l/wlel[(j 5N (d A2C3 g CA)}
. 127q /. _
2 1341 1 41,3
+1/w262{c +§E<d c3Al g AC)]
. 12mq / _ _
3, + 141 42 =142 41
+1L363[A +2N3 (d AYA* —d AA)” (2.11)

with ej, es, and es being integers. The derivation of gauge transformation (2.10) and
verification of gauge-invariance of (2.11) is detailed in appendix B. The operation d~! is
defined as d~1C3|,, = f/\3|wi C3 where \3l,, is an open 3D volume on w; with i = 1,2. As
a 2-form, d~'C? is well-defined on w; if and only if C?3 is exact on wj, i.e., fwi C3 = 0.
The action of d~! on A" is defined as d~1 A", = il A" and d71AY,, = fmlw, A’ where
pi is an open curve on w; or 3. As a O-form, d~1A? is well-defined on w; or 3 if and
only if the integral of A’ over any 1-dimensional closed sub-manifolds of wj or <3 is zero.
Since A, A2, and C? are required to be exact on specific manifolds, it is straightforward
that dA', dA?, and dC? are zero on corresponding manifolds. This in fact guarantees the
gauge invariance of (2.11). From a geometric perspective, the exactness condition implies
restrictions that some sub-manifolds are not linked. In other words, the gauge invariance of
observable is associated with the geometric interpretation of braiding process. The gauge
fields and their fluxes are defined on specific sub-manifolds. For example, consider a gauge
field .7 whose flux d./ is defined on a closed 1-manifold v;: d.o/ = 6+ (7). Say, & is exact
on another closed 1-manifold 72, this means that [y, do/ = [ &/ =0 with 0¥ = 75. Since
Jsdet = [+ (Z) A6t (11) = # (N 71), the linking number of 1 and 2 is 0 due to < is
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exact on 7. On the other hand, the gauge invariance of WV ensures that (W) is invariant
under homotopic mapping of world-lines of excitations. However, sometimes (V) does not
clearly show how world-lines are linked . The exactness condition, required to meet gauge
invariance, will give some hints since they reveal which sub-manifolds are not linked.

The expectation value is given by (W) = £ [ ZAZCW exp (iS). Integrating out C',
C?, and A3 implies A2 = —%(V (E1,2) and C3 = —2]7{[—6;5L (33) with 021 2 = w; 2 and
0Y3 = 3. Here, w stands for 3D closed volume, v stands for 1D closed curve, etc, as
explained in footnote 5. Putting these solutions back in (W), we have

142 3__ q€162€3 il J_ 1
/qAAC - N1N2N3 /5 )AL (Za) 5L (Dy),

B pN1NyN3 (277) e1ese3
(27T)2N123 N1N2N3

#(El N =y 023)

2 .
- %#(51 NN %), (2.12)
123
/ e [q (a-1a%c? —d—103A2)] = TPt [/fﬂ (w1) A G (85) AdTH0™ (B) |y
w L2 Nias

/5L (1) A SE (Z) Ad 16 (25) |,

(2.13)

By definition, d~15% (23) |, = fm‘w 61 (Z2) = [ 6% (ualw,) A0t (E2), ete. Thus

/ el[ (a7 a2c? - d—lc3A2)] = TP 54 () 5% (55) A [ (alon) 1 0% (22)
w L2 Nigs

- [5 e nst @) A 5 Ok 1ot (29)

= %Zeg [# (w1 N X3 N pigfw, NE2)
— # (w1 N=oN )\3’0_,1 N 23)] . (214)

In a similar manner, we can calculate the remaining parts of (W) and end up with

i2
W) :exp{—l mpeeses
Nios

irpeieses — —
T N [# (w1 N X3 N p2lw, NE2) — # (w1 NE2 N A3|wy N E3)]

iTpeiezes
Nio3

iTpeiezes
Ni23

#(El N =y 023)

[# (CL)Q N=1 N )\3‘0_,2 N 23) —# (WQ N3N Ml‘a@ N El)]
[# (3 N E2 N palys NE1) — # (13 N E1 N pizfys N 52)]} - (2.19)

Geometrically, (W) is determined by counting the intersections of several sub-manifolds
in 5D. According to their dimension, we can interpret their relations with excitations.
The 1D ~; can be understood as the closed world-line of particle. The 3D w; can be
regarded as the closed world-volume of membrane. ¥; and =; are Seifert (hyper)surfaces:
0Y; = v; and 0=; = w;. We can see that all these sub-manifolds are related to one
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Figure 5. Particle-membrane-membrane braiding described by AAC term. (a) Two membranes
and one particle viewed in xyz-space with w = 0. These two membranes are assumed to be static
in space. (b) These two membrane excitations appears as two loops in zyw-space with z = 0. (¢) If
viewed in zyw-space with z = 0, the spatial trajectory of particle and two loops (projections of two
membranes) form Borromean rings. In Borromean rings, any two of the two loops and particle’s
trajectory are not linked. This means that the particle’s spatial trajectory is not linked with any
of two membranes and neither the two membranes, which matches the exactness conditions that
imply specific sub-manifolds are not linked. This particle-membrane-membrane braiding can be
considered as the 5D analog of particle-loop-loop braiding described by AAB term in 4D [23].

particle and two membranes. In this sense, we believe that the AAC term along with
its gauge-invariant observable (2.11) describe the braiding process of one particle and two
membranes. Exploited with the exactness conditions, figure 5 illustrates this particle-
membrane-membrane braiding in 3D space.

In addition, the expectation value (2.15) is expressed as the sum of several terms:
(W) = exp (- Bmperezcs ¢} with

£ =# (El NZ=s ﬂzg)

1 — —_
— 5 [# (w1 N X3 N palwy, NE2) — # (w1 N E2 N Aglw, NE3)]

2
1 — _
— 5 [# (OJQ Nz=1N )\3|W2 N 23) — # (CUQ N3 ﬂuﬂm N :1)]
1 - - - -
=5 [# (3 NE2 Nl NE1) = # (33 NE1 N pzly, NE2)]. (2.16)

# (21 NE9 N X3) counts the signed intersections of Z1, =z and 33 and other terms have
similar geometric meanings. Each term in £ (2.16) is not homotopic invariant because it
depends on the choices of Seifert (hyper)surfaces. However, £ as the sum of these terms,
is homotopic invariant due to the gauge invariance of (W). We see that a mathematical
invariant is obtained via physical gauge-invariant field theory. The formula of £ is similar
to the equation (9) of ref. [23] which computes the Milnor’s triple linking number from a
4D TQFT. In fact, the Milnor’s triple linking number of 3 closed curves is also expressed
as the sum of several homotopic-variant terms [65, 66]. Analogously, eq. (2.16) can be
regarded as the “triple linking number” of closed world-lines (in general meaning) of two
membranes and one particle in 5D. In the following main text, we will see more observables
whose expectation values are expressed in a similar manner. It is interesting to reveal the
mathematical structure behind them.
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AdAdA twisted topological term. Next, we consider the AdAdA term, i.e., the Chern-
Simons term in 5D.% For a gauge group G = [[_; Zy;,, the type-I BF theory with AdAdA
term has the form of

"N o
S = Spr + Sadadn = / Y S CidAl + g Aid AT A" (2.17)
=1

with gauge transformations A — A’ + dx* and C? — C? 4 dT". The indices of A’dAJdA¥,
same or different, take values from {1,2,---,n}. The simplest type-I BF theory with
AdAdA term is N

S = / S CldAl + gAldAldA! (2.18)

with ¢ = #, p € Zn,. This action (2.18) describes a Zy, 5D topological order. The

gauge-invariant observable for (2.18) is

W = exp <iel/ C’l) = exp [iel /C’1 A&t (wl)] (2.19)
w1
with the expectation value
i2mpeierer —
= ———————#(ENw N . 2.2
(W) = exp [ NN N, #(E1Nw wl)} (2.20)

If the gauge group is G = Zy, X Zy,, the AdAdA twisted term can also be A'dA%dA!
or A2dA'dA%. They are the only two linearly independent terms because d (A A%2dA') =
dAYA2dAY — A'dA?dAY and d (A'A%dA?) = dAYA?dA% — A1dA%dA?. The corresponding
type-I BF theory and gauge-invariant observable is

2
Ni i g
S= [y SicidAl + galantaa, (2.21)
=1

2 2
W=exp i) e [ C')=expl|i) e [ C* A (w; ] 2.22
p(; /w ) p[; / (wi) (2.22)

i2mpe;eser —
= ————————# (21 Nwa N ; 2.23
W) =exp |- PIL L (21 s )| (22
or
2,
' = / il 4 o A2dALdA? 2.24
i:ZI 27 ta ’ (2.24)
2 . 2 '
W' =exp (iZei/ CZ> = exp [iZei/C” Adt (wz)] , (2.25)
i=1 Wi i=1
y i2mpeseres —
= —————# (2 Nwi N . 2.26
W’ eXP[ N2N1N2#( 2 Nwi w2)] (2.26)
The coefficients of twisted terms are ¢ = #, p € Zn,, and ¢’ = #, P € Znyy; Ly,

is the greatest common divisor of N; and Ns. The general case is that G = H?Zl Zn;,

SWhen BF term is not included, the theory is studied in ref. [67].
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in which the twisted term is A'dA?dA3. In fact, A'dA%dA3, A?dA3dA', and A3dA'dA?
are identical up to a boundary term because d (A'A?dA3) = A2dA3dA' — A'dA%dA3 and
d(A'dA2A3) = A3dA'dA? — A'dA%dA3. The type-1 BF theory with A1dA%dA3 is

3
N .
S = / Vigigal 1 gAtdA2dA® 2.27
; o +q (2.27)
with ¢ = #, P € Zn,,,- For this type-I BF theory (2.27), the gauge-invariant observ-

able is ) .
W = exp (iZei/ C’i) = exp [iZei/C’i A Gt (wz)] , (2.28)
i=1 Wi i=1
and its expectation value is
i2mpeieses
W) = ——
W) = exp [ N1N2N3
We conclude that the A'dA7dA* twisted term describes the braiding process of three mem-
branes, in which membranes move in 5D leaving their intersecting world-volumes described
by # (Z; Nw; Nwy). For the action S ~ [ BdA + A'dAJdA¥, the expectation value of
gauge-invariant observable takes the form of (W) ~ exp [# (Z; Nw; Nwy)]. All these three

+# (El Nwo N (,U3):| . (2.29)

sub-manifolds are related with membranes: w; and wj, can be regarded as the closed world-
volumes of membrane 7 and j; Z; is the Seifert hypersurface of w;, the closed world-volume
of membrane 4. (Z; Nw;j Nwy) can be seen as the intersection of three membranes’ world-
volumes. Therefore, we believe that the AdAdA term describes the braiding of three
membrane whose phase shift is related to # (Z; Nw; Nwy).

AAAdA twisted topological term. Then we consider the AAAdA twisted term. Since
A is 1-form, the three A’s in AAAdA have to be different, thus G =[]/, Zy, with n > 3
is required. If G = H§:1 Zn, , the twisted term can be A'AZA3dA', A'A2A3dA?, or
ATA2A3dA3. Take A'A?A3dA! as an example, the type-I BF theory with A'A2A3dA! is

3
N .
S = Spr + Saanda = / Y S CUA + gl AR AR (2.30)
=1

_ PNiN2N3

with ¢ (@)% N1as”

D € ZN,,5- The corresponding gauge transformations are

2

Al 5 AVt O s Ot dTt - % (Aldy2A® 4+ AT AP + Ay’ )
1

2 2 2 2 2 2, 2mq 143 41 17,341

A = A dP, C° = O dT? + T (d APAT + i i AT)

2
2

A3 A% 4 dyd, CF 5 O3 1+ dT® + % (—dx' 4241 — dyldy?AT). (2.31)

3

If G = Hle Zy,, possible AAAdA terms are A'A2A3dA% A2A3A*dA, A3A*AYdA?,
and A*A'A2dA3. Since d (A'AZA3AY) = dA'A?A3AY — ATdAPA3AY + ATAZdA3AY —
AYA2A3dA*, only three of them are linearly independent. We consider A'A2A3dA* as
an example and the corresponding type-I BF theory is

4
Ny o
S = Spr + Sannis = / Y S CidAl +qAt A2 A%aA" (2.32)
=1
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pN1 N2 N3
(2m)3 N1a3 .
Ny. The gauge transformations are

with ¢ = , P € ZN,ss4, N1234 is the greatest common divisor of Ny, Na, N3, and

. ) . . . .9 - . 1 .
At = Al dyt, CF— O 4 dT + % > et (AJ YFdA* — QXdede‘*) . (2.33)
[ ik

The gauge-invariant observable is

4
W = exp {12/ e;
i=1

and its expectation value is

cwlﬂz ek (a-1A7) A’“dAﬂ} (2.34)

i2mpeieseses
W) =expd ———————H# (E1NEaN=E3Nwy
W) { N )

. 4
% ; JZ}; 623k4# (wi NZE Nwyg N ,Uj’wi N Ej) } (2.35)
Similar to the case of AdAdA twisted term, w; and Z; can be interpreted as membrane’s
closed world-volume and its Seifert hypersurface. Eq. (2.35) calculates the intersection
of world-volumes of four membranes to give the phase shift. It makes sense to consider
AAAdA term describing the braiding of four membranes.
AAAAA twisted topological term. The last possible twisted term in type-I BF theory
is AAAAA. The corresponding action is

5
N .
S = Spr + S = / o SCUA + A ARAR A A, (2.36)
; T
i=1
where ¢ = W, D € ZLNyysas> LiNygsys 1S the greatest common divisor of Ny, Na,
12345
N3, Ny, and N5. The gauge transformations are
Al — AT 4 dx,
Cz N Cz + dT@ 27Tq Z Uklm ]AkAlAm . ﬂ Z EijklmxjkaAlAm
i op<i<m Uik l<m
2 g A 2 y .
_ mq Z Z Ez]klmxjdxkXmAm - %q Z €Z]klmX‘7kaXmde. (237)
b j<k<lm=1 U j<k<l<m

The gauge-invariant observable is

_explz / <02+12”q 3 Zewklmd IAJA’“AZAmﬂ (2.38)

N k<l<mj=1

and its expectation value is

2mpll_ie . —
(W) =exp {JZ\)[E;;Z# (E1NEsNE3NELNEs)

5 . 5 5
2 > o ..
Ly rellize ¢ 2:e”klm#(wiﬂEkﬂElﬁEmﬂﬂj‘wiOEJ)}' (2:39)

= 4Ni2sss k<i<m j=1
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As cases discussed above, w; and Z; can be treated as membrane’s closed world-volume and
its Seifert hypersurface. Consider a braiding of five membranes, eq. (2.39) exactly gives
the phase shift by counting the intersection of five membranes’ world-volumes.

2.4 Braidings in mixed BF theory with a twist

In a type-II BF theory whose only BF term is BdB , there is no twisted term since 2-form
B and B cannot make up a b5-form twisted term. Therefore the only possible type-1I BF
theory is S = [, %BidBi with gauge group G = [[;—; Zn,. We will come back to this
action in section 3.

Besides type-I or type-II BF theory, we study mirzed BF' theory with a twist which
consists of two types of BF terms and one twisted term. Possible twisted terms in mixed

BF theory include BBA, BAdA, AAdB, and AAAB.
BAdA twisted topological term. One example of mixed BF theory with BAdA term is

N Ny ~
S = Spr+ Spads = 2—101dA1 + 2—232de + qB*AdAY, (2.40)
T T
where ¢ = (57]:;22%112 ,p € Zn,,. This mixed BF action is invariant up to boundary terms
under

2
Al 5 A payt, oY 5t art — %dVZAl,
1

~ ~ ~ 2
B — B2+dV? B2 — B2 +dV? - %dxlAl. (2.41)
2
The gauge-invariant observable is

W = exp {i {61 ( cl o+ 27”’/ B2dA1) +ea ( B2 2 AldAl)] } . (2.42)
w1 Nl =1 o2 N2 Qo

where 0€2y = 09 and 0Z1 = wy. The expectation value is

i2mpeser el

W) =e {—
(W) = exp NN oo

#(QNE1 N wl)} . (2.43)

Other possible BAdA terms include B3AldA?, B3A2dA', etc. Notice that d (B3A'A?%) =
dB3A'A? + B3dA'A%? — B3A'd A2, only two of them are linearly independent. Thus the
AAdB twisted term can always be expressed by two proper BAdA twisted terms, up to a
boundary term. For now, we consider an example of mixed BF theory with B3Al'dA?:

S = / 22; %cidAi + %E%B?’ +gBPAldA? (2.44)
which is gauge-invariant under

At s At 4 dyt, ot s ot 4 dTt - 2N7r1qu3AQ,

A% & A% 4 dy?, C? = C? 4 dT?,

o .2
B® = B3+ dv®, B3 — B3 +dV3 — %dxlAQ. (2.45)
3
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The coefficient ¢ is quantized and periodic: ¢ = p € Zpn,,,. For this action, the

gauge-invariant observable is

W = exp {i [el ( Cl'+ 27"1/ B3dA2) +€2/ C?+ es < B3 2 AldAzﬂ }
w1 Nl =1 wo o3 N3 Q3
(2.46)
with its expectation value being

i2mpe;eges

W) = [
(W) = exp NoNis

# (05 NE1 N wg)} , (2.47)
where w2 are closed 3D volumes, o3 is closed 2D surface; Z; and 23 are Seifert hyper-
surfaces: 0= = wy and 093 = o3. If we consider the A'A%2dB3 or A2B3dA' term, the
corresponding TQFT action, gauge transformation, and observable along with its expec-
tation value, would be slightly different but share a similar pattern.

We notice that the BAdA term shares a similar form of the AAdA term in 4D TQFT
which describes the 3-loop braiding in 4D topological order. Since BAdA and AAdA
term both have an AdA part, the Chern-Simons term in 3D, their corresponding braiding
processes may share some similarities.

We first briefly review the 3-loop braiding in 4D spacetime described by the AAdA
twisted term. Figure 6 illustrates a typical 3-loop braiding which can be described by the
TQFT action

3
5= / S Nipigai g PNV g2 48 (2.48)
p 27 (

om)% Nio

with p € Zn,,,- The gauge-invariant observable and its expectation value are [42]

3 g
. . pEZ] . 3
W =exp(i e B' + /AjdA , (2.49)
{ [; (Uz’ ;%NJ 2 ) }

.
(W) =exp {W# Q1NN 03)] . (2.50)
Nios

In eq. (2.50), o is the closed 2D world-sheet of loop 7 and ; is the 3D Seifert hypersurface
with 0Q; = o;. Derived from a 4D field theory, 1 N2 Nog, intersection of world-sheet and
Seifert hypersurfaces, is a geometric object in 4D which is not so intuitive for an observer
living in 3D. However, we can project it from 4D spacetime to 3D space so that we can have
a better understanding. More concretely, being projected on 3D space, the closed world-
sheet of loop appears as the closed spatial trajectory of loop, and the Seifert hypersurfaces
are observed as 2D Seifert surfaces. Figure 6 illustrates how to calculate # (1 N Q2 N o3)
from a 3-loop braiding.

Now we move back to the BAdA twisted term and the braiding of one loop and two
membranes it describes. For a B3A'dA? twisted term, the phase shift from the braiding
process is related to # (23 N 21 Nws), see eq. (2.47), where Q3 is a 3D Seifert hypersurface,
Z3 is a 4D Seifert hypersurface, and ws is a closed 3D world-volume. Similarly, we can
project Q3 N E1 Nws from 5D spacetime to 4-dimensional space: (1) {23 is projected to
be a 2D Seifert surface that can be viewed as the Seifert surface of a static loop; (2) =
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Figure 6. 3-loop braiding described by AAdA term in 3D space. (a) The configuration of 3-
loop braiding described by A'A2dA3 term. For this 3-loop braiding, its phase shift is related to
# (21 N Q2 No3) as indicated in eq. (2.50). This linking number can be calculated via projecting
Q1, Q9, and o3 from 4D spacetime to 3D space. After projection, 2; appears as the Seifert
surface (red shaded area) of the static base loop (loop 1); Qo appears as the Seifert surface (green
shaded area) of loop 2; o3 becomes the closed spatial trajectory of loop 3. We can see that the
projection of (21 N §2) to 3D space is the segment L (black dash line). (€23 N Q2) is the world-sheet
generated by L. Now we consider the spatial trajectory of loop 3: shrinking itself, passing through
loop 2, expanding itself, finally back to its initial position, loop 3 swaps a closed two-dimensional
surface. This surface intersects with segment L at a point P (blue solid circle). In other words, the
intersection points, (21 Ny No3), share the same spatial coordinates as that of point P. Since
the spatial trajectory of loop 3 only intersects with L once, (21 N Q2) and o3 intersect only at one
specific moment, i.e., (Q; N2 No3)’s temporal coordinate has only one value. At last, we can
conclude that there is only 1 intersection point of Qy, 2, and o3, i.e., |# (21 N Q2 No3)| =1 with
a sign determined by orientation. (b) The 3-loop braiding can be viewed as an anyon braiding on
the Seifert surface of the base loop.

appears as a 3D Seifert hypersurface that bounds a static membrane; (3) world-volume ws
is projected to be a closed spatial trajectory of a moving membrane. In 4D space, we see
this braiding process as follows. The initial configuration is that a loop is linked with two
membranes. If viewed in 3D space, see figure 7, a loop is linked with another two loops
(two membranes are saw as two loops in 3D space). Then one membrane moves, passing
through another membrane, such that in 3D space a 3-loop braiding is observed as shown
in figure 7.

The 3-loop braiding described by AAdA term can be understood as a braiding of two
anyons on the Seifert surface of the base loop, see figure 6. The latter is captured by the
AdA term, i.e., Chern-Simons term in 3D. Since BAdA and AAdA terms share a same
AdA part, we argue that the braiding process described by BAdA can be reduced to a
braiding of two anyons on a Seifert surface of the loop excitation, as shown in figure 7.

BBA twisted topological term. An example of mixed BF' theory with BBA term is

Ny ~ Ny ~ N
S = Spr + Sppa = / T;BldBl + T;BQdBZ + 27;’0361143 + ¢B'B%4? (2.51)
where ¢ is a quantized and periodic coefficient: ¢ = %,p € ZnN,y;- The gauge
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Figure 7. Loop-membrane-membrane braiding described by BAdA term viewed in 3D space. (a)
Viewed in ywz-space with 2 = 0, the two membranes (1 and 2) appears as two loops that are linked
with the loop excitation (loop 3, blue) respectively. Loop 3 and membrane 1 are assumed to be
static in space. This loop-membrane-membrane braiding looks like a 3-loop braiding in ywz-space
with = 0 while this 3-loop braiding can be further viewed as a braiding of two anyons on the
Seifert surface of loop 3. The Q3 in eq. (2.47) is projected to the 2D Seifert surface of loop 3. = is
projected to the 3D Seifert surface of static membrane 1. Since in this ywz-space with x = 0, static
membrane 1 appears as a static loop, Z;’s projection shows as the this loop’s 2D Seifert surface.
wo is projected to the closed spatial trajectory of membrane 2 (loop 2 in this 3D space). We can
see that these manifolds intersect at point P (green solid circle, also refer to figure. 6). This means
that |# (3 N 21 Nws)| = 1 with a sign determined by orientation. (b)-(f) Two membranes viewed
in yzx-space with w = 1 and w = 2 respectively at different moments. The position of membrane 2
at different ¢’s are also labeled in (a). In these 3D spaces, loop 3 appears as two points (blue solid
circles). In yzz-space with w = 1, Q3 appears as the 1D Seifert surface of two points (loop 3); =4
appears the 3D Seifert surface of static membrane 3; wy is the spatial trajectory of membrane 2
that is the union of membrane 2’s locations at t =1 and ¢t = 3 thus being discrete. The zoomed-in
picture in (c) shows that these manifolds resulted from projection intersect at the point P (green
solid circle), corresponding to that illustrated in (a). This also means that |# (23 NE; Nwe)| =1
with a sign determined by orientation.

transformations are
N
B' = B'+dV!, B' » B' +dV' + <L (V247 + B + V),
1
T
B’ = B’ +dV? B? » B*+dV? + T (V4% + B + V1dy®),
2
2mq

A3 = A3+ d\3, CF — P 4+ dT3 + N
3

<—v132 —B'V? - %Vldv2 — ;dV1V2) :
(2.52)
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where V¢ and V' are different 1-form gauge parameters. The gauge-invariant observable is

~ 12
W =exp {1/ el {Bl _ - (d—132A3 + d_1A3B2)]
o1

2 N,
~ 127q 3
i BQ—fidlBlAB d1A3Bl]
+1 . €2|: N2 ( + )
127rq _ B
. 03 d 1BIB2 d 1B2B1 :|} 253
" l/wg “ [ 2 N3 ( + ) (2.53)
and its expectation value is
i2
Ni23
imTpe;ese _ _
%323 [# (01 NE3Nwa|e, NQ2) + # (01 N Q2 N usly, NE3)]
imTpe;ese _ _
%323 [# (02 N Eg Nwr]oy N ) + # (02 N Q1 N p3fo, N Es3)]
iTpeiege
%2323 [# (OJB NN 1/1|w3 N Ql) + # (w;g Ny N I/2|w3 N Qg)]} . (2.54)

For a braiding process of two loops and one membrane, the phase shift should be ob-
tained via counting the intersections of loops’ world-sheets and membrane’s world-volume.
Eq. (2.54) just produces this phase shift once we see 0; (w;) as closed world-sheet (world-
volume) of loop (membrane) and notice that 0€; = o; and J=; = w;. In this sense, we can
say that the BBA term corresponds to the braiding of two loops and one membrane.

AAAB twisted topological term. Finally we consider the AAAB twisted term. An
example of mixed BF theory with AAAB is

S = Spr+ Saiap = / Z SCidAl + B4dB4 L gA A2 AP B, (2.55)
with ¢ = %, D € ZN,ys,- The gauge transformations are
C'— C'+dT"
2T N gk (o iakpd X giakA L i kpd gk A L gk
+ > e Y AkB AV ARV Y dx*B* — T AFAV* + —dyIxFav?t ),
N 4 2 2 2
B* — B* +av*
+ 2 Z etiik (—1xiAjAk + 1Aixjclxk - lxidxjdxk> . (2.56)
Ny oy 2 2 6

The gauge-invariant observable is

_exp{ Z/ €; [C’l 12mq Z ijk (B4A1d LAk — AjAkdlB4>]

-, 12mq o
i ) f——— ik At AT g1 AR ) Y 2.57
—1-1/04 e4< N Ze (2.57)

4 ik
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Its expectation value is

i2mp 4: €\ im =
(W) =exp {NHZ“# (21 NZ3NE3NQy)
1234

27p T, e y _ - 1 - =
— AZGW l:# (wiﬂ QN :jﬂ ,uk]wiﬁ :k) — 5# (wi N \:jﬂ =N I/4|wiﬂ 94)

3N1234 By
i2 4 e .
_i2apllicy & SR (04 N NEG O gl NER) ¢ (2.58)
6/N1234 Tk

In eq. (2.58), o; stands for 2D closed world-sheet of loop, w; stands for 3D closed world-
volume of membrane; 0=; = w;, 0; = ;. If we consider a braiding of three membranes
and one loop, eq. (2.58) just counts the intersections of these excitations’ world-sheets and
world-volume in a gauge-invariant way and gives the phase shift. Thus we believe that
this AAAB term along with its gauge-invariant observable describes the braiding of three
membranes and one loop.

Before closing this section, we point out that the BC term is also a possible 5-form
twisted term but it is not taken into consideration in the present paper. The BC' term
in 5D BF theory looks like the BB term in 4D. Both of which are quadratic terms just
like BF' terms. So, inclusion of BC term may complicate the analysis. In 4D, BB term
can drastically change the gauge group, which means that the coefficients of BF' terms
cannot uniquely determine the gauge group G [63, 64]. We regard that BC' term may
have similar effect. In addition, BB term in 4D can change the self-statistics (bosonic
or fermionic) of particles [26, 45, 63, 64, 68, 69]. BC' term may also play important role
in transmuting self-statistics of particles. Since we are only interested in 5D topological
orders with all bosons in this paper, we do not take BC' term into account. But it will be
definitely exciting to incorporate BC' term in the future and study canonical quantization
and equation of mention in the presence of source terms [64].

3 TQFTs in 5 dimensions: within and beyond Dijkgraaf-Witten coho-
mological classification

In section 2, we have studied type-I and mixed BF theories with single twisted term as
well as the corresponding braiding processes in 5D topological orders. It is natural to ask
what if more twisted terms are considered in these BF theories. Similar to the case in
4D [46], the compatibility of twisted terms in 5D should also be considered. Using the
technique developed in ref. [46], we can exhaust 5D TQFT actions with all allowed twisted
terms once the gauge group is given. Then, we study the classification of TQFT actions,
which is the main purpose of this section. The complexity of classification of 5D TQFT
actions mostly comes from the fact that there exist two types of BF terms in 5D. For a
given gauge group G = [[iL; Zy;,, since each Zy, cyclic gauge subgroup can be encoded
in one of two types of BF terms, different distributions of Zy, to type-I and type-II BF
terms lead to different twisted terms. Once the BF' terms are determined, all possible
twisted terms can be figured out. An action with all allowed twisted terms which are
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detailed in section 2.3 and section 2.4, can be written and its classification can be obtained
by counting the coefficients of twisted terms. In the remaining part of this section, we
will discuss classification of some BF' theories with multiple twisted terms for G = Zy;,
(section 3.1), G = [[2_, Zn, (section 3.2), G = [I>_, Zy, (section 3.3), and G = [['~, Zn,
with n > 4 (section 3.4). We find that only a part of type-I BF theories with twisted
terms are consistent with Dijkgraaf-Witten cohomological classification. The other part of
type-I BF theories and all mixed BF theories are totally beyond the group cohomology
classification.

Some notations used in this section need to be explained here before we move forward.
We use a set {N;}, = {Ni,---,N,} to label the gauge group G = [[;_; Zn,. Then,
a subset o C {N;};, is introduced to denote which Zy, gauge subgroup is encoded in
type-I BF term. For example, consider {Ni}?zl and let a = {Ny, Na, N3}, in this case
the BF terms are Z?:l %CidAi + Z?:4 %EidBi; if we let o/ = {Na, Ny, N5}, the BF
terms are >-, 9 4 5 % A+ 5 %EidBi instead. Naturally, o and o' lead to different
twisted terms, hence different TQFT actions and classifications. However, o and o/ have
the same cardinality, the two different TQFT actions and classifications can be connected
by rearranging the indices, as can be seen in the examples below. Therefore, for simplicity,
we only present results for one configuration of a when the cardinality of the set « is fixed.

3.1 G=12Zn
If o = 0, the action is
_ [Nz
S= | —BdB". (3.1)
2

Obviously, the coefficient N; is fixed, resulting in only one TQFT. The classification is
denoted as “Z”.

When G = Zy,, the only nontrivial choice of a is @ = {N;}. The action is
N
S = / Siclaal + <A1dA1dA1>, (3.2)
0

whose classification is Zy,.” We point out that the action (3.2) is classified by the 5%
cohomology group H® (Zy,,R/Z). Classification of actions when G' = Zy, is summarized
in table 1. We conclude that there are in total 1+ NV; different BF' theories when G = Zy;, .

3.2 G=1Zy, X Zn,

If o = (), the action is
2N~ .
S = —B'dB’ 3.3
/; 2 (3.3)

whose classification is Z;. In fact, when a = (), the action can only be the type-II BF
theory without twisted terms, whose classification is automatically equal to Z;. For o # 0,
the TQFT actions are mixed BF theories or type-1 BF theories with twisted terms.

"We use <twisted term 1, twisted term 2,--- ) to simply denote a summation of twisted terms that

appear in actions. In this notation, all coefficients of twisted terms, which are properly quantized as
mentioned in section 2.3 and 2.4, are omitted for the notational convenience.
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G o Classification

Zn, 0 7
{N:1} Zn, *
0 7
ﬁZN {N1} Zn, x (Zny,)”
=1 {N2} Zny % (Zn,,)?
{N1, No} Zy, X Ly X (Zny,)° *
0 7
{N;} Zn, X (Znyy)? X (Znys)? X L,y
{No} Zny X (Znyy)? X (Zingy)? X Ty
{Ns} Zng % (Znyg)® % (Zgg)® X Ly

, (N1, No} | Zy, X Zvy % (Zny)? X (Zvyy)® X (Zvgs)? X (Zovys)?
[12Zx | N1, N3} | Zoy X oy X (Zni)® X (Zvia)* X (Znvigg)* X (Zivyay)?
= (Na, N3} | Z, X Zivy % (Zvgg)® % (Zviy)? % (Zovyy)? X (Zoyng )
w0 AAC: TI, Z, % Thiciejes (Zn,) % (Tnp)' | *
with AYA2C3: (Zn,,, \ {0}) X Zn, X Zn, X (Zn,,)?
with A2A3CY: (Zinyy, \ {0}) X Zny X Zng X (Ziny, )
with A3AYC2: (Zn,y, \ {0}) X Zn, X Zn, X (Zn,,)*

{N1, N3, N3}

Table 1. Classification of BF theories with twisted terms for different gauge groups G, which
are detailed in sections 3.1, 3.2, and 3.3. « is a set, which denotes Zy, gauge subgroups that are
encoded in the type-I BF term, e.g., & = {Ny, No} means J;’—;C’ldA1 + %C’MA? Only a part
of 5D BF theories, denoted by a x symbol, are consistent with Dijkgraaf-Witten cohomological
classification, i.e., H® (G,R/Z). The remaining are beyond the group cohomology classification.
When G = H?Zl Zy, and a = {Ni, N2, N3}, depending on different choices of AAC term, the
actions and their classification are different, as discussed in section 3.3. The reason is that AAC
term may be incompatible with other twisted terms, hence cannot be included in the action.

If & = {1}, the action is
S = / %CldAl + %EQdBQ + <A1dA1dA1,BzBQAl,BzAldA1>, (3.4)
T s

whose classification is Zy, x (Z N12)2. For the case of & = {Ny}, one just needs to switch
the indices 1 and 2 to obtain the corresponding classification: Zy, x (Z N12)2, as shown in
table 1.

If o = {N1, Na}, the action is

2 N . .
S = / > %Cszz + <A1dA1dA1, A2dA?dA?%, AYdA%dAY, A2dA1dA2>, (3.5)
i=1 4T
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which is classified by the 5" cohomology group of Zy, x Zp,: H®(Zy, x Zn,,R/7) =
Zn, X Ly X (Zn,)>.

The number of different BE' theories for G = Zy, x Zp, can be obtained as follows.
For a = (), there is one BF theory. For o = {N;} , there are ‘ZN1 X (ZN12)2‘ = Ni (N12)?
different BF theories. For a = {Ny} and a = {Ni, Ny}, this number is Na (Ny2)? and
N1Ny (N12)2, respectively. Therefore, the total number of different BF' theories for G =
Zn, X Ly, is 1 + Ny (N12)? 4+ Ny (N12)? + Ny Ny (Ni2)2.

3.3 GZZNl XZN2 XZNg

Follow the same line of thinking, we can obtain the classification of BF theories for G =
[12_, Zy,, which is collected in table 1.

If o = (), the action is type-II BF theory without twisted terms, whose classification
is simply Z.

If a = {1}, the action is

S = / “Lolgat + Z B’dBZ <A1dA1dA1, > B'B'A' +BiA1dA1,B2B3A1>,
i=203 2 =23
(3.6)
whose classification is Zy, X (Zn,,)* X (Znys)? X Zin,y,. For the case of a = {Ny} or
a = {N3}, the results are similar, as shown in table 1.
If o = {N1, Na}, the action is

1 7 03 3 7 7 7 1 2 1 2 1 2
S = /ZQWCCZA BdB <ZAdAdA,AdAdA,AdAdA,
i=1,2

3 (B3B3Ai + B3AidAi) ,A1A2dB3,B3A2dA1>, (3.7)
i=1,2

whose classification is Zy, X Zn, X [[1<i<j<3 (ZN”)Q X (Zn,y3)°. For other choices of a,
the corresponding classifications are listed in table 1.

If @« = {N1, No, N3}, we get a type-I BF theory with twists. Possible twisted terms
include AAC, AdAdA, and AAAdA. Due to the possible incompatibility between AAC
and AdAdA or AAAdA terms [46], we need to treat these twisted terms carefully to obtain
correct classifications. First we do not consider AAC terms in this type-1 BF' theory. The
action is

S Niiai o (NS i i i P

1<i<j<3
3
AtdA2d A3, Z A1A2A3dAi> , (3.8)
i=1
being classified by the 5 cohomology group of [T_, VANE
3 3 5 .
Jigd (H ZNZ.,R/Z> =TIzw x TI (Zn,) x (Zni)" (3.9)
i=1 i=1 1<i<j<3
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Then we consider an AAC term in the action. Without loss of generality, we add the
Al A2C3 term in twisted terms. We point out that A2A3C" and A3A'C? are also possible
AAC terms, yet neither of them is compatible with A1A2C3 [46]. If A2A3C! or A3AC?,
instead of A'A2C3, is included in twisted terms, the discussion and result are similar,
as shown in table 1. Since AdAdA and AAAdA with A® or dA® are incompatible with
AYA%C3 [46], the action is

3Ni"PN1N2N3123 P AT AT AL IA27AL A2 AL 742
S= [ > giciant PRI 40 +<Z AGAIGAT, ALdAZdAT, A%dATdA >
i=1 (2m)" Nigg ioTo

(3.10)
with p € Zn,,, \ {0}. The reason for this incompatibility is that either A3 or C3 has
to be the Lagrange multiplier, meaning that they cannot appear in twisted terms in the
same time. More concretely, if the action consists of A'A%2C? and other twisted terms
with A3 or dA3, it would unavoidably break the gauge-invariance, just like the illegitimate
Al A2C? term discussed in “AAC twisted topological term” in section 2.3. The classification
of action (3.10) is

(ZN123 \ {0}) X ZN1 X ZN2 X (ZN12)2 ) (3‘11)

where Zp,,, \ {0} is the set obtained by removing the identity element {0} from the

cyclic group Zpy,,,, corresponding to the existence of %A1A203, i.e., p# 0. There-
123

fore (3.11) is not a group any more but it is still a set:

(ZN123 \ {O}) X ZNI X ZNZ X (ZN12)2

= {($1,$2,x3,x4,x5) ‘ T € ZN123 \ {O} , L2 S ZN17x3 S ZNgaxél S ZN127$5 S Zng} .
(3.12)

Each element is given by a group of 5 numbers, i.e., (1, x2,x3, x4, x5), denoting a choice of
periodic coefficients of twisted terms in action (3.10): z; for A*A2C3, x5 for A'dA*dAY, ...,
and x5 for A2dA'dA?. There are in total (N123 — 1) N1 Ny (ng)2 elements in (3.11), which
means (Njg3 — 1) N1 No (N12)2 different actions when G = H?:l Zn,, « = {Ni, Na, N3},
and the A'A%2C? term is considered. Compare to the classification of action (3.8), we see
that the existence of A'A2C? term indeed excludes some twisted terms.

From the example above we see that even if « is fixed, the classification and number of
different BF' theories may still depend on the choice of AAC terms. Generally speaking,
though the BF terms, i.e., «, are determined, there are still different combinations of
compatible twisted terms [46] which lead to different BF theories and classification. This
feature is more obvious and important when the G contains more cyclic subgroups, e.g.,
cases discussed in section 3.4. The complete classification of BF theories for G = [[3_; Zy,
is given in table 1. In order to find out the total number of BF theories, one just need to
sum up the corresponding cardinality of each classification in table 1.

3.4 G= H?ZI Zy, and generalization to G =[] Zy, with n >5

In this section, we investigate BF' theories and their classifications when the gauge group
is G=T1IL,2 ~;- In this case, there are much more twisted terms and complicated com-
patibility issues, which makes a long list of BF' theories as well as their classification. For
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sake of simplicity, we aim to provide some typical examples of BF theories and classifi-
cations for G = Hle Zp, which indicate regularities for generalization to all BF theories
and classifications.

If « = (), the BF theories can only be

AN~
S = /Z 5, B'dB’ (3.13)
=1

with the classification of Z;.
If o = { N1}, the action is

Nogoan =Nz
= [2ctaat + 3 M Bigp
5= [ 5rctd +) B

4 4
+ <A1dA1dA1, 3 (BZBZ’A1 + BiAldAl) Y BiBJ’A1> , (3.14)
i=2 2<i<j<4

whose classification is Zy, X [Ty (Zn,,)? X ZiNygs X ZiNygy X Loy -
If o = {N1, Na}, the action is

2 4 2

N, .. N ~. . S

= LA ' B'dB’ ATdATdAY, AYdA2dAY, A2dAYdA?. B3 B* Al

5 /ZE:1 2770 + ; 2 + <; ’ ’ ’ ’

BB*A%, " (BiBiAl + B'A'dA' + B'B'A% + B'A2dA® + A'A%dB' + BiAQdA1)> ,
i=3,4

(3.15)

whose classification is
LN, X LNy % (ZN12)2 X LiNygq X LiNggy X H?:S [(ZNM)Q X (ZNQi)2 X (ZN121')2]

If o = {Ny, No, N3}, BF terms are >5_, % LdAY+ %E%B‘l. Possible twisted terms
include AAC, AdAdA, AAAdA, BBA, BAdA, and AAdB. Once again, we need to take
care of the incompatibility of AAC and other twisted terms, as discussed in section 3.3.

There are two situations: the action includes AAC term or not.
1. If there is no AAC term in twisted terms, the action is
SN i Nosgoa [ i i
5= / S°ECUAT BB + (Y AldANA', Y (AdATAAT + ATAATIAT)
=2 2m i=1 1<i<j<3

3 3
ANA%AAR) S AT A2 AR 4NN (B4B4Ai + B4AidAi) :
=1 =1

3 (AiAde“ + B4AjdAi) ,A1A2A3B4> , (3.16)
1<i<5<3

2
whose classification is [[>_; Zn, x [Ti<icj<s (ZNZ.J.) X (L)t % Ty (Zn,,)? %

2
3
H1§i<j§3 (ZNijAL) X Z1\71234'
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2. If one AAC term is added to the action, without loss of generality, let it be A1 A2C3,
the action is

pN1NoN3

3
Ni . . Ny~
s= [y i+ BB+ 2L

At A2C3 + < Y AdATdAY,

i=1,2

AYdA%AAY, A2dAYAA%, Y (B4B4Ai +B4AidAi) ,A1A2d34,B4A2dA1>
i=1,2
(3.17)
with p € Zn,,, \ {0}. As mentioned in section 3.3, when there are only 3 elements
in «, different AAC terms are incompatible with each other. Therefore, only one
AAC term can be added to the action when |o| = 3, e.g., « = {N1, N2, N3}. The
classification of action (3.17) is

2
2 2 2 2
(ZN123 \ {0}) X HZNi X (Zle) X (ZN14) X (ZN24) X (ZN124) : (3'18)
i=1
Compared to action (3.10), the difference between their classifications is due to extra
twisted terms resulted from B*dB* and type-I BF terms. Appendix C presents the

corresponding action and classification if other AAC term is considered.

If « = {N1, Na, N3, N4}, the action is a type-I BF theory with twisted terms. Similarly,
we need to study two situations in which the action consists of AAC terms or not. First,
we consider the action without any AAC' terms,

4 4
s=[3% Nigigat <Z AldAQAT, Y (AT HdAdAT), Y AldATdAR,
o2 i=1 1<i<j<4 1<i<j<k<d

> ( > AiAjAdel),A1A2A3dA4,A3A2A4dA1,A1A3A4dA2>, (3.19)
1<i<j<k<4 \l=ijk

whose classification is

ﬁzNi < I (ZNZ,J)QX I1 (ZN“,C)‘lx (Znyys,)® = H® <ﬁZNZ.,]R/Z>, (3.20)
=1 =1

1<i<j<4 1<i<j<k<4
same as the result obtained from Dijkgraaf-Witten model. Then we study the case in
which AAC terms are added to the action. Since there are 4 type-I BF terms, some AAC
terms may be compatible, unlike the above case of a = { Ny, Na, N3}. We first discuss the
action and its classification when only one AAC term is considered. Then, following the
compatibility principle [46], we add more allowed AAC terms to the action and figure out
the corresponding classification.

1. Consider the action with only one AAC term, without loss of generality, A'A2C*,

1 PN1NoNy

4 3

N, S

S = / Nicigal 4 ALA2CH 4 (ST AldAid AT,
;277 (27)* N2 2

i=1

3
3 (AidAjdAi + AjdAidAJ‘) L AYA2AAR)Y A1A2A3dAi> . (3.21)
1<i<j<3 i=1
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2
where p € Zn,,, \{0}. Its classification is (Zn,,, \{0}) xIT_; Zn;, X[Ti<icj<s (ZN”)
(Zn,,,)*. There are other AAC terms compatible with A'A2C%, e.g., AYA3C* and
A2 A3C* can also be added to action (3.21).

2. If ALA%2C* and A'A3C* are included in twisted terms, the action is

N1 N5 N, 'N{N;5N.
p1224AAC4+p 1234
(2m)* Ni24 (2m)* Ni34

S = / Z SCidAl +

3
ArA3CH + <Z AldANdAY,
i=1

3
3 (AidAJ'dAi + AVdAIdAT ) L AYA2dARY A1A2A3dAl'> (3.22)

1<i<<3 i=1

with p € Zny,, \ {0} and p' € Zny,, \ {0}. Its classification is (Zny,, \ {0}) X
2
(Zaviga \{O}) ¥ Ty Zn, % Ty (Zovy) % (Zaag)*,

3. If twisted terms include A'A%2C%, A1A3C?, and A%2A3C4, the classification of corre-
2
sponding action is [ [ <;j<3 (ZNM \ {0}> x [Ty Zn, % [li<icj<s (ZNij> X (Zinyas )™

4. On the other hand, A'A2C3 is also compatible with A'A2C*, but not compatible
with A'A3C* or A2A3C*. The action with A'A2C* and A'A%C? is

/
S = /Z CZ pNBMA A2t + 27]\[12%14114203
2 (27‘(’) N124 (27‘(‘) N123
- <Z AldAYdAT, ALdA%dAY, AQdAldA2> (3.23)

i=1

with p € Zpny,, \ {0} and p’ € Zn,,, \ {0}. The corresponding classification is
2
(ZN124 \ {0}) x (ZN123 \ {O}) X H%:l LN, x <ZN12) :

At last, we point out that if other AAC term, e.g., A2A3C*, and its compatible AAC
terms are considered in the action, the action and classification can be obtained by a
similar manner. In appendix C, we list actions and their classifications for all possible
combinations of AAC terms.

In section 3.1, 3.2, 3.3, and 3.4, we have studied the classification of BF' theories for
gauge group consisting of up 4 cyclic groups. Such discussion can be generalized to the
cases of G = [ Zy, with n > 5. Some typical BF theories and their classifications
are given in appendix D, which is helpful for considering general cases of G = [[}_, Z N;-
In short, one needs to first determine BF' terms. Then, all possible twisted terms can
be found out according to BF terms. Next, one should check the compatibility between
twisted terms, which can be done with the guidance provided in ref. [46]. Finally, an
action with all allowed twisted terms can be written and its classification can be obtained
by counting the coefficients of twisted terms.
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We point out that when G = [[7_; Zx,, a = {N1, No, N3, Ny, N5}, and no AAC terms
are taken in account, the action is

= Niigai 4 (S Aldaiaa i AT AT o AT AR A

1<i<5<b

> [AlaAidAr + YT ATATARAAY |
1<i<j<k<5 1=1,j,k

3 (A’?AjAdel + AR AT AQAT + AT AR AlgAT ) ,A1A2A3A4A5> . (3.24)
1<i<j<k<I<5

which is classified by

5 5 2
o (ffzmm) T T ()’ T (0]

1<i<j<5 1<i<j<k<5

3
X H (ZNijkl) X Z1\712345- (3'25)
1<i<j<k<I<5

Once AAC terms are considered or for other choices of «, the action’s classification is
totally beyond that obtained from group cohomology, which is an important feature of
TQFT in 5D.

4 Conclusions and outlook

In summary, we study 5D topological orders from the field-theoretical aspect. In 5D
topological orders, topological excitations include particles, loops, and membranes, whose
braiding processes are complicated and not been fully understood yet. With the help of
TQFT, we write down topological terms, including BF' terms and twisted terms, in 5D.
More concretely, there are two types of BF' terms in 5D, unlike the case in 3D or 4D.
Such two types of BF terms are studied in details. By combining BF terms and twisted
terms, we write down TQFT actions that are invariant under gauge transformations. For
each TQFT action, we construct the gauge-invariant Wilson operator whose expectation
value can be expressed as intersection patterns of geometric objects in 5D, as detailed in
section 2.2, 2.3, and 2.4. These results are obtained from field theory in a gauge-invariant
fashion, and correspond to link invariants of links formed by closed spacetime trajectories of
topological excitations in 5D. In addition, the observable phase of braiding process is given
by the Wilson operator. In section 3, we study classifications of TQFT action consisting
of BF terms and twisted terms. Depending on the type of BF term, these TQFT actions
are dubbed type-1 or mixed BF theories. We find that, only some of type-I BF' theories
is classified by group cohomology, i.e., consistent with Dijkgraaf-Witten model. For other
type-1 BF theories and all mixed BF theories, their classifications are beyond Dijkgraaf-
Witten cohomological classification. Table 1 summarizes classification of BF' theories for
G = 7Zn,, G = Ty, X Zn,, and G = [[}_; Zy,. Some interesting questions still remain
open, which are left for future study:
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1. Gauge transformations for TQFT actions with twisted terms usually contain shift
terms. How to understand these shift terms from mathematical perspective (e.g.,
fibre bundle)? We hope future work could give more insight to this problem.

2. It should be noticed that the classification of topological orders is not identical to
that of TQFTs. For example, consider a 3 + 1D all-boson topological order (all
particle excitations are bosons) with gauge group G = Zgy x Zg, we can write down
a TQFT action for it: S~ [ 23:1 % A" + qr AV A2dAY + o AT A2d A2, This gauge
theory is classified by H*(G,R/Z) = Zs x Zs. However, this topological order is

(G) = H*(G,R/Z) /Aut = Zy, where “Aut” stands for

the automorphism of G. This can be understood by the redundancy of relabelling

actually classified by Hjiut
the two Zg fluxes. For all TQFTs within cohomology classification [21], we expect
that group automorphism can be used to find the classification of topological orders.
For other TQFTs, more careful considerations are needed for the classification of
corresponding topological orders. Physically, in order to find out classification of 5D
topological orders, one should consider the inequivalent data sets formed by physical
observables. In the future, it would be important to thoroughly study observables in
5D topological orders and find out the complete classification.

3. The world we live in is a 4D spacetime. Nevertheless, the 4D anomalous theory
cannot exist alone unless it appears as the boundary theory of a 5D topologically
ordered state, which is the phenomenon of gravitational anomaly [13, 14, 37]. Since
5D TIi Zn, gauge theories are investigated in this paper, it would be interesting to
study the relation between 5D theories and 4D anomalous theories. For the purpose,
we need to consider TQFTs on a manifold with boundary.

4. In this paper, linking number in 5D is obtained via a field-theoretical approach,
whose topological invariance is guaranteed by gauge invariance of Wilson operator.
Our work may shed light on the study of links and knots in higher dimensions, which
still call for joint efforts from physicists and mathematicians.

5. By adding global symmetry in 5D topological orders, we can study symmetry fraction-
alization on membranes, based on the field-theoretical framework in ref. [36] where
symmetry fractionalization on loops is characterized and classified. Putting the the-
ory on a manifold with boundary may lead to anomalous symmetry fractionalization
patterns, which may answer the question asked at the end of ref. [37].

6. By noting that K-matrix Chern-Simons theory (i.e., IZ—;JIAIdAJ with an sym-
metric integer matrix K) can be used to describe all Abelian topological orders
in 3D spacetime, It is interesting to consider K-matrix BdB theory with the ac-
tion S = %BI dB’ where K is an antisymmetric integer matrix. The above
BF term BdB considered in this paper is just the off-diagonal term in this the-
ory. Then, the boundary theory and canonical quantization of this action can be
studied systematically.
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A Quantization and periodicity of twisted terms

In this appendix, we will derive the quantized and periodic coefficients for specific twisted
terms as examples. The basic guiding principle is that the TQFT action should satisfy large
gauge invariance and flur identification [39]. These derivations can be easily generalized
to other twisted terms.

A.1 Twisted terms from type-1 BF terms

Example: AAC term studied in section 2.3.
Consider G = Zn, X Zn, X Zn,. The TQFT action is

3
Ni .
S = Spp + Saic = /Z S CldAT 4 A A%CP, (A1)
=1

After integrating out the Lagrange multipliers C!,C? and A2, the action S reduces to
Saac = [ qATA%2C3, where the fields A!, A% and C? are set to be closed with § A' € %ZM,
§A? € 12\77;2 N, and § C3 € ]QV—ZZ N5 Consider putting this action on the spacetime manifold
M = S'xS'xS?. Under the gauge transformations A2 — AL24dx!? and C% — C3+dT3,
Saac changes as

Saac = Shac = /M q (A1 + dxl) (A2 + dx2) (03 + dT3)
=Saac + /M q (AldX2C3 +dx'A2CP + AlAQdT:”)
+ / q (AldxldT?’ + dX1A2dT3) + / qdy dx>dT3
M M
=Sanc +ASY o +ASH .+ ASE).. (A.2)

The large gauge invariance requires that ASaac = ASSAC + AS,@&C + AS@‘C should be
0 mod 27. Suppose that

2

jgl Al = %, A dx! = 2mmy, (A.3)
2
2

fézs Cc3 = ;Tvizg, a dT? = 27ms, (A.5)
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where n; and m; (i = 1,2, 3) are integers. Then

27T)3 n1Mans
Aldy? 3:fA1jI§d2 3:(— '
/ xC b AX C NN, (A.6)
27[') mingnsg
dytA%2C? = f d }{ A2 ¢ 3= (— A.
/ X X P, AT NoNy (A7)
27T) ninams
ALA2ATS = f Al 74 a2 § ars — (2m)mnams .
/ d 51 St ssd NNy (4-8)
27)° nymams
AtdytdT3 :f Alf dx' ¢ dT3 = (— A9
/M X 51 51 % Jos N ’ (4.9)
9)3
[ axtazar = § a2 gr® — 3m) minams. (A.10)
M St 52 53 No
/M dxtdy?dT? = fgl dx? f{gl dx* ]{53 dT3 = (27)% mymams. (A.11)

The large gauge invariance of Sgac¢ is guaranteed by the following constraints

ASD (93, (qmmzng gminang qn1n2m3> _ 5 A10

aac = (2m) NN, Ny, NN, 0 mod 2, (A.12)
Asﬁc =(2m)3 (inxlzms i lejifljm:a) =0 mod 27, (A.13)
ASS’AC =(2n)* - gmimams =0 mod 27. (A.14)

For arbitrary value of integers n; and m;, the above constraints are satisfied by quantizing
the coefficient g:
_ pN1N2N3

=——5 —,pEL, A.15
(27)% Nia3 ( )

where Njo3 is the greatest common divisor of Ny, No and Nj.
So far, we have determined the quantization of ¢. Next, we find out the periodicity of
q by flux identification. When the Zy, flux is inserted as n; multiple units of %, we have

/quAQC3 j{ Al]{ AQ% pN1N2N3 2mny 2mng 2mng _ 27Tpn1n2n3.
51 51 53 Y2 Nig3 N1 No Ns Ni23

(A.16)

For arbitrary value of ninang, exp (i [ ¢A*A%2C3) is invariant when % shifts by 27, i.e.,
p — p + Niog, which implies that p should be identified with p + Nya3.

Combined with p € Z, we conclude that the quantization and periodic condition on

the coefficient ¢ is:
_ pN1N2N3

= 9. D
(27‘()2 N123

In the above example, we have shown how to get quantization of the coefficient of the AAC

S ZN123. (Al?)

twisted term based on large gauge invariance and flux identification. The similar derivation
can be applied on other twisted terms.
Example: AdAdA term (AidAidAi,AidAidAj ,ANdAI dAk) studied in section 2.3.
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Consider G = Zn,. The TQFT action is

N
S = Spr + Sadadn = / SLCldAl + galdalda! (A.18)
and the gauge transformation is
Al — A+ ayt,
o' — ot yart. (A.19)

After integrating out the Lagrange multipliers C', the action S reduces to Sagaga =
[ qA'dA*dA', where the field A' is set to be closed with § A! € %Zm- After the gauge
transformations,

Sadada — Sadada + /quldAldAl. (A.20)
The large gauge invariance requires that
NI / gdx'dA'dA =0 mod 2. (A.21)
Consider putting this TQFT on the spacetime manifold S' x S? x S? and assuming
dy! = 27Tm1,?{ dAY = 27ng1, (A.22)
St S2
we have
ASpdada = /quldAldA1 = q}lgl dx! 7{2 dA , dAY = (27?)3 gmingNer = 0 mod 27,
S S S
(A.23)
which indicates
p
=——.,pe. A.24
q (27r)2 p ( )

Now we consider the periodicity of q. Consider the Zy, flux is inserted as n; multiple units
of ]2\,—7;, we have

/ gAldAlgat = P }{ Al f dAl § gar = FTPnata (A.25)
(27)* Jst 52 52 N

For arbitrary values of n; and n,, the partition function should be invariant under a shift
by 27, which means exp (i [ gA'dA*dAY) ~exp (i [ gA'dA'd A" + 2ri), thus we have

2Tpningng  2Tpningng

~ 2T = p o~ N A.26
N, N, tIm=pept M (A.26)
In conclusion, the coefficient ¢ of A'dA'dA! twisted term is
p
= ——=,pEZLn,- A.27
q (271')2 p N1 ( )

Consider G = Zn, X Zn,. Possible twisted terms are A'dA?dA*, A'dA*dA? A'dA%dA?,
A2dAVdAZ%, A2dA%dA" and A%2dA'dA'. Notice that

AldA%dA' = A'dAdA?, (A.28)
A%2dAYdA? = A%dA%dAL, (A.29)
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and
d(A'A%dAY) = dA' A%dAT — ANdAPdAY, (A.30)
d (A'A%dA%) = dA A2dA? — A'dAPdA®. (A.31)

The linearly independent twisted terms are A'dA%dA' and A2dA'dA2%. Take A'dA%dA' as

an example:

2
Ni .
S araar = / Y SCUdAT + gAldAA, (A.32)
=1

Similarly, integrating out Lagrange multipliers C' and C? implies constraints that A' and

A? are closed with § Al € ]2\,—7521\;1 and § A? € JQV—’;ZNQ.

The large gauge invariance,

AS j1gazqa = /quldAQdAl = q(27)> m1naana =0 mod 2, (A.33)
requires that
p
=—=,p€”Z. A.34
1= ! (A.34)

According to flux identification, [ ¢A'dA%2dA! = mmﬁvw indicates that

2rp  27p

N, SN +2r=>px~p+ Ny =pELy,. (A.35)
Notice that

d(A'A%dA") = dA' A%dAT — ANdAPdAY, (A.36)

we can view A'dA%dA' and A?2dA'dA' as the same topological term up to a boundary
term. Thus

exp (i/qudAQdA1> =exp {i/qulAQdAl —i/qd (AlAQdAl)}

i2
—exp (W) , (A.37)
No
which tells us that
p~p+ No=p€Ln,. (A.38)

Together with p € Zy,, the coefficient q of A'dA?dA! twisted term is

q = (22_)2,]? S ZN12. (A39)

Consider G = Zy, X Zn, X Zn,. The AdAdA term can be A'dA%dA3, A2dA3dA!,
or A3dA'dA?. But we will see that these 3 twisted terms are not linearly independent.
Consider the TQFT action

3
Ni i yi
S= [ 305 CaA + gAl A%} (A.40)
=1
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with the gauge transformations

A" — AT+ dy,

C' — O+ dT". (A.41)
Integrating out C? reduces the action S to [ qA'dA%dA3 where the fields A’ are enforced

to be closed with § A" € 327
The quantization of coeflicient ¢ can be derived in the same manner:

q= (Qi R A (A.42)

On the other hand, notice that
d (A'A%dAP) = A2dASdAY — A'dA%dAS, (A.43)
d (A'dAZA%) = A3dATdA? - ANdAPdA®, (A.44)

up to boundary terms we have

exp (i/qudA2dA3> =exp

[ qA2 dA3dAY — i / od (AlAQdA?’)}
<27T1pn2na3na1 >
exp

= (A.45)
and
exp (i / qudA2dA3> — exp {i / qABdATdA? — i / ¢d (AldAQA?’)}
2 ] a a
—exp (W) . (A.46)
N3
The flux identification of eq. (A.45) and eq. (A.46) respectively leads to
p~p+ N, (A.47)
p~p+Ns. (A.48)
Together with p ~ p + Nj, we can see that the period of p is Nja3, i.e.,
p~p+ Nios. (A49)
Therefore, the coefficient g of topological term A'dA%2dA3? is
q= LQ,]) € ZN,ps- (A.50)
(2m)

Example: AAAdA term <AiAjAdei,AiAjAdel) studied in section 2.3.

Consider G =[[}_, Zn,. Possible twisted terms: A2434%dA!, A3ATAYdA?, A*A1A2dA3
and A'A%2A3dA*. We should notice that these 4 twisted terms are not linearly indepen-
dent.® Take A'A%2A3dA* as an example, the TQFT action is

4
Ni i
S = Spr+ Saanaa = | Y0 5ClA +qAlAZA%A" (A51)
=1

Sd (ATAPAPAY) = dATAPAPAY — ANdAPAPAT + ATAPAAP AT — ATACAPAAY
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and the gauge transformations are
A" — A+ dy,

ct = Ct+ a1t + 2N7T1q <A2X3dA4 — A3y 2dAt — %X%X%A‘* + ;X?’dX?dA“) ,
C? = C* +dT* + 2N7r2q <—A1X3dA4 + A’xdAt + %xldXSdA“ - ;X?’dxldA‘*) :

C® — C® +dT° + 2;3‘1 (Al X*dA* — A%\ dAt — %deXQdA‘* + ;xgdxldAA‘) ,

Ct — Cc* 4 a1t (A.52)

Once we integrate out the Lagrange multipliers C?, we obtain constraints on A’: dA* = 0
and § A® € %Z ~,;- Now we determine the coefficient ¢. First we find out the quantization
of g. Under the gauge transformations A* — A" 4+ dx* (i = 1,2,3,4),

Saaaaa = Saaaaa + DS s + ASThaua + ASShaaas (A.53)
where
ASY = / g (dx' A2A3dA 1+ Al dyP APAAN 4 AV A2 AY), (A.54)
ASD = / g (dx ' dy? AdA 1 dx A2dyPd At + AT A% PdAY) (A.55)
N / gdx dy2dx>d AL, (A.56)
The large gauge invariance requires that AS44444 =0 mod 27, i.e.,
277)4 gM1nan3Na (27?)4 gn1mansna (27r)4 gninamsnas
A (1) :( a a ad _ d2
SAAAdA Ny N3 NiNs NN, 0 mod 2,
(A.57)
om)? ar . (2m)! a (2m) a
N _@m) gmamangnas | (2m)" qmingmsnan | (27)"gmimamsnag _ oo
N3 No Ny
(A.58)
ASSAACIA = (2m)* gmimamsana. (A.59)
These constraints lead to
N1 NN
= PR e (A.60)
(271') ngg
Next we find out the period of q. We have
N1NoN3 2mni 27nsg 2mn 2Tpninansngs
AT A2ABGAY = DL ST ST SIS gy = 2N el g gy
/q (271')3 N123 Nl N2 N3 ! N123 ( )

The flux identification tells us that no matter what values n; and n.4 are, the partition
function is invariant under a shift by 27, which means

i2 i2 |
exp (i / qA1A2A3dA4> —exp {W} ~ exp [1 ™ (p +J\;"1"2"3"“4 . (A62)
123 123
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leading to
p~p+ Nias. (A.63)

However, there is another constraint on the period of p. Notice that
d (A AZAPAY) = dATAZAP AT — ATAAPASAY 4 AT APAAP AT — AT AZARAAY,(AGY)

up boundary terms we have

exp |i / ¢ (AAPAMAT — ABARATIA? ¢ APAT AN / qd (A1A2A3A4)}

:1271'le77,277,377,477,@1 i27rpN2n3n4n1na2 127TpN3n4n1n2na3}

=ex —

P L N4Nia3 NyNi23 N4Ni23

[127pny <N1n2n3na1 — Nongnings + N3n1n2na3>]

=exp .
| Ny Nias

~ exp [i27 (p+ 1) ng _ (Nlnznsnal — Nangnings + N3n1n2na3)] , (A.65)

Ny Ni23
which means that
p~p-+ Ny. (A.66)

Together with p ~ p + Njo3, the period of p is given by ged (Nia2g, Ny) = Niaze. In
conclusion, the coefficient g of A*A2A3dA% is

_ pN1N2N3

q = m,p € ZN1234. (A67)

Example: AAAAA term studied in section 2.3.
This twisted term is possible when there are at least 5 Zy, gauge subgroups, e.g.,
5., Zn,, A'A2A3A* A%, The action is

5
Ny
S = Spr + S = / Yo SCUA + A ARAR AL A, (A.68)
=1

The large gauge invariance and flux identification conditions indicate the quantization and
periodicity of ¢ in a similar manner:
_ pN1N2N3 NN
(2m)* N1agas

D € ZN12345' (A69)

A.2 Twisted terms from mixture of type-I and type-II BF terms

Examples: BAdA term and AAdB term studied in section 2.4.

Consider G = Zy, X Zn, X Zn,. Notice that d (B3A'A?) = dB3A'A? + B3dA' A% —
B3Al'dA?, thus only two of them are linearly independent. Take the B3A'dA? term as an
example, the TQFT action is

2
Ni i ;N3 3 1123 341 742
= —(C'dA'+ —2B°dB B°A*dA A.
s /;%c — +q (A.70)
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which is gauge-invariant under

P
Al 5 A payt, O =ty dT! — %dvfm?
1
A2 5 A2+ d\?, C? — C? 4 dT?

~ ~ ~ 2
B® = B+ dV®, B — B3 +dV3 — %dxlfl?. (A.71)
3
After integrating out C', C? and B3, the action reduces to [ gB3A'dA? where the fields

are set to be closed with § A € %ZNI, $A% € %Z]\]2 and § B3 € %ZNS. In a similar
manner, it can be derived that the coefficient ¢ of B3A'dA? is

pN3 Ny
———— P € LN;,-
(27r)2 Nis p Ni3

(A.72)

However, there is another constraint on the coefficient q. Noticed that

d (B3A1A2) — dB3A' A% 1 B3dA'A% — B3A'dA2,

we have

exp (i/qBSAldA2> =exp

i / gA A2dB2 + i / gB3A2dA — i / qd (B3A1A2)}
:27TipN3N1n1n2
=exp

(A.73)

27TipN3N1n3n2}
Nisz - N1 Ny Ni3 - N3No
—27Tipn2 n1N3 + ngNl]
=exp . (A.74
Ny Nis )
Since ”1N5]‘\Z?3N1 is an integer, na - %I?M is also an integer. In order to keep Z invariant
for arbitrary nq, ne and ns, QNLQP is required to be identical to QNLS + 27, i.e.,

2mp  2mp

~ 2 ~ No. A.
N, N2+ T=p~p+ Ny (A.75)

Together with p € Zp,,, we can conclude that the actual period of p is
ged (N13, Na) = Nio3.

(A.76)
Thus the quantization and period of the coefficient ¢ of B3A'dA? are actually given by

pN3N1
L peZ
(271')2 N13 b Nizs

(A.TT)
If we consider the B34?dA' term and a TQFT action
2N . . Na-~
Sy = / Yo siClaA+ LB + B A%AY (A.78)
i=1 “T &
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the gauge transformations are

Al — Al 4 ayt,
A? o A% 4 dy?,
B? — B+ dV3,
~ ~ ~ 2
B3 B3 4 avd - T2t
N3
ct - ct+drt,
2
C2 5 C2 4+dT? — ;—qldV?’Al; (A.79)
2
the coefficient ¢; is determined in a similar manner:
p1N3 N2
= ———,P1 € ZN,,;3- A.80
q1 (27‘()2 Nas b1 Ni2s3 ( )

If we consider the A'A%2dB3 term and a TQFT action
2N . . Na-~
Sy = / Yo S CUA 4 BB 4 Al A%AB, (A.81)
i=1

the gauge transformations are

Al = A+ ayt,
A? = A% 4+ d\?,
B3 - B® +dV3,
B® — B3 +dV?,

2
Ccl & Ot 4 art + T2 g2 B3,
M
2
02 = C? +dT% — “T2 4\ B3, (A.82)
Ny
the coefficient ¢ is
p2N1 N2
= ——5—,DP2 € ZnN,ys- A.83
q2 (271')2 Ny p2 Ni2s3 ( )

B Gauge-invariance of S = Sgr + Ssac and its Wilson operator

In this appendix, we derive the gauge transformations for the action (2.9), studied in
section 2.3,

3
Ni .
S = Spp + Siuc = /Z S CldAl +qALA2C? (B.1)
=1
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: _ pN1N2N3
with ¢ = @) N 1o

in this paper. Then we verify that the corresponding Wilson operator

and p € Zy,,,- The basic idea can be applied on other actions studied

W =exp {1/ er [Cl 4 12mae (d’lAQC?) - dlc?’A?)}
w1

2N,
127mq /. _
. 2 1341 1 41,3
+1/wez[c +§E(d C3A —d AC)]
. 12mq / _ -
3, 1+ 14142 =142 41
+1L363[A +3 3<d A'A2 g AA)” (B.2)

is indeed gauge-invariant under the gauge transformations.

In this action S = Spr + Saac + fZ?:l % idAY + gAY A2C3, C1, C? and A3 serve
as Lagrange multipliers which respectively enforce the Zy,, Zn, and Zp, cyclic group
structures. These cyclic group structures imply that the gauge transformations of A!, A?

and C? are

Al 5 A 4 dy (B.3)
A? — A% 4 dN?, (B.4)
C® — C3 4+ dT3, (B.5)

where x* and T are O-form and 2-form gauge parameters. In order to compensate the
variation of Ss4c after gauge transformation, the Lagrange multipliers C!, C? and A3

transform with extra shift terms:

ct —» ot 4art + xt, (B.6)
C? — C? +dT? + X2, (B.7)
A3 A3+ d3+ Y3 (B.8)

Our goal is to determine these shift terms X', X2 and Y3. After gauge transformation,

the action changes as
SN
|3 Siciani 4 gatazc?
= 21

%/§$(0i+dTi+Xi)dAi+]2\:§(A3+dx3+Y3)dC3

+q (A1 + dxl) (A2 + dxz) (03 + dT3>
Ny

2

Ny

27

N3

3
Ni oo
_ / S S CIAAT 4 qATAPCP 4 AT A + HATPA? + dydC
=1 T "

N- N. N.
+ i xlgal + 22 X2442 + 2y3acs
27 27 27
+q (dX1A203 + AYdN2CP + dytdyPCB A A%AT3 + dy P A%dTS + Aldx2dT3)
+ qdxtdx2dT3. (B.9)
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Because we only concern the definition of gauge transformations here, we can drop the
boundary terms and obtain

N3

N N-
AS = / SIXldAl + 2 XA+ 2y ac
v

m
+q (dX1A203 1 Ald\ 203 + dxldx2c3)
+q (AlAsz?’ + dytA2dT? + Aldx2dT3) . (B.10)
Gauge-invariance requires AS = [ (total derivatives) thus AS can be neglected. Noticed
that

' A2CP = d (X' A2CP) = X1 CPdA? 4 X! A%dCP, (B.11)
Aldy2C® = —d (A1X203) T 2C3dAY — AMN2AC3, (B.12)
1 2,3 1 1 23 1 1.23 1 1 2 3 1 2 1 3
dytdy2C zid(x dy C)—§d<dx X c)+§x d*dC? - Jxdx'dC?,  (B.13)
ALA2ATS = d (AL APT?) — APT34A" 4 A'TRdA%, (B.14)
Ay A%dT? = d (X1A2dT3) —1dT3dA?, (B.15)
AVANRAT® = — d (A'X2dT?) + x2dT*dAY, (B.16)
we see that for
x1__ 2" (X203 — A2T3 4 x2dT3> , (B.17)
Ny
2mq
X2 =2 (ylod — AT 4+ \taT?) B.18
N, (x x'dT?) (B.18)
P 1 1
y3 — ];Tq [(XlAQ + 2X1d><2) _ (X2A1 + 2x2dx1>] : (B.19)
3
AS can be written as
1
1 42,3 1.2~3 1 2,3 23
AS = /[ A20%) = d (ANPCY) + d (e - 5 (dXXC)}
q|d (A1A2T3) +d (X' A%dT?) — d (AT2d1?)]
:/(total derivatives) , (B.20)

which ensure the action (B.1) is invariant after gauge transformation. Therefore, we con-
clude that the gauge transformations for S = [ ZZ 1 Qﬂ IdAT 4+ gAY A%2C? are

Al 5 A 4dyt, O — O - dT — qu (x2C? = A2T% 4 y2ar?)

A2 5 A2 4 2 O o 2 ar? 4+ 2 ( — A3 4 yar?), (B.21)
C3 = CP4dT3, A — A3+ dy® — Wg [(XlAQ + éxld)f) — (X2A1 + ;dexl)] ,

same as eq. (2.10) in section 2.3.
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Next, we verify that the Wilson operator for this action,

W =exp {1/ e1 [01 4 L2mq (d—1A203 - d—103A2)}
w1

2N,
. 12mq / _ _
2 - 1,3 1_ 1 41,3
+1/w262[0 5N, (d C3AY — d AC’)]
. 12mwq / _ .
3, + 141 42 =1 42 41
+1/7363[A 5N, (471442 —d AA)H, (B.22)

is invariant under the gauge transformations. This Wilson operator is composed of three
similar terms. Below we show that C! + 1 27rq (d~1A%2C3 — d~1C3 A?) is invariant under
transformation (B.21); the other components of W can be proven gauge-invariant in a

similar way. After gauge transformation (B.21),
ol 4 1 2mq
w1 2 Nl
o [0t art = 2 (200 - 4210 4 2T

Ny

w1

(d’lAzC?’ . d*103A2)

+ ;2]\[7? (7142 +x?) (€% +dT®) - ;QNWIQ
= [ C'+ar' - % (x2C? — A2T% 4 2ar?)

w1 1

(d_103 +T3) (Az +dX2)

+ ;QNWIJ (a1 A2C3 4 \2CP 4 a1 A%TS 4 3T
- ;2N7T1q (471C3A2 4+ TP A2 4 a7 CPd? + TPdy?)
- 3 cl+ ;2N7T1q (d’1A2C3 . dilC3A2) +dTt — ;QNW;] 208 4 ;QNW;]AzT:’)
QQNM 2473 — ;iqu?’d + ;Q;qu L A2478 — ;iv?d—lc?’dx? (B.23)

Because d (x*T?) = dx*T? + x2dT? = T3dx? + x*dT?,

12mq 2 3 12nq, 5 2) 12mq / 9 3 31 9 12mq / 913
dr ——=1T°d = ——— dI°+T°d =——— [ d T°).
/w1< 2 N1 2 N1 X 2 N1 wl(X + X ) 2 Nl w1 (X )

(B.24)
Meanwhile, using
/ a (a7 A7) = 0 = / A2T3 / 4 AT, (B.25)
w1 w1 wi
/ d(d—lc%f) —0=[ O3+ | d'03d\?, (B.26)
w1 w1 w1
we have
127q 9,3 /127rq 142 73 _ 127”]( 23 / 1,42 3)
——A*T d " A“dT — =
LI, +w2N1 5N, w1AT+w1d A“dT 0
(B.27)
127q 93\ 127q . 4 .3 2}_ 127“1(/23/—13 2>_
/M{M\ﬁ("c) s == (| 0t [ atchat) =
(B.28)
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Therefore, we can see that after gauge transformation,

12mq / _ _ 12mwq / _ _
1 1 423 1,¥3 42 1 1 423 1¥3 42
4+ —— A — A%) — + —— A - A
MC 5N, (d C dC ) wlC 5N, (d C d-C )
+ boundary terms, (B.29)
w1

ie., exp{ if, e1 [Cl +3 27"’ (d—1A%2C3 — dilC?’AQ)” is invariant. Similarly, W can be
verified as gauge- 1nvar1ant

Last but not least, it should be emphasized that the idea of derivation of gauge trans-
formation can be generalized to all actions discussed in this paper, as long as we carefully
deal with the shift terms for the gauge fields serving as Lagrange multipliers.

C Classification for all combinations of AAC terms when G =[[}_, Z

When the gauge group is G = Hle Zn;, the action and corresponding classification depend
on the which AAC terms are considered if a = { Ny, No, N3} or a« = { N7, No, N3, Ny}. In
this appendix, we list all classifications for each compatible combination of AAC terms and
other twisted terms when G = [[}_; Zy;.

In main text, for « = {Ny, Na, N3}, we have demonstrate the situation in which the
Al A2C3 term is included in the action:

S = /Z Cszz N4B4dB4 WA1A203+<Z AZdAZdAl,
(2m)" Nias i=1,2

AYdA%dAY, A2dANdA%, Y (B4B4Ai+B4AidAi) ,A1A2dB4,B4A2dA1> (C.1)
i=1,2

with p € Zn,,5 \ {0}, whose classification is
2 2 2 2 2
(ZN123 \ {0}) X HZNi X (ZN12) X (ZN14) X (ZN24) X (ZN124) . (0'2)
i=1
In fact, besides A'A%2C3, possible linearly independent AAC terms are A?243C" and A2A'C?.
If A2A3C", instead of A'A%C3, is added to the action, the action is
S = /Z CldAz N4B4dB4 ijlQJVQJVSAzA?)Cl_i_<Z AZdAZdAl7
(2m)" Nias i=2,3

APAAPdA?, ABdA%AAR, Y (B4B4Ai+B4AidAi) ,A2A3dB4,B4A3dA2> (C.3)
i=2,3

with p € Zn,,, \ {0} and its classification is

(ZN123 \ {O}) X H ZNz' X (ZN23)2 X (ZN24)2 X (ZN34)2 X (ZN234)2' (C'4>
1=2,3
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If A3A'C? appears in the action, the action is

pN1N2N3

S = / C”dA’ B4dB4
Z (27‘(‘)2 N123

APATC? + < > AdAAA,
i=1,3
APdANAR, AVAAPAAY, Y (B4B4A@' T B4AidAi)  A3ALdBY B4A1dA3> (C.5)
i=1,3
with p € Zn,,, \ {0} and its classification is

(ZN123 \ {O}) X H ZNi X (ZN13)2 X (ZN14)2 X (ZN34)2 X (ZN134)2 : (CG)
i=1,3

For a = {N1, Na, N3, Ny}, there are more possible AAC terms and more of them
are compatible thus can be added to the action simultaneously. In the main text, we
have shown the classifications for cases in which A'A2C*, A1A2C* + A1 A3C*, AYA%2C* +
ATA3CH + A2A3C*, and A A2C* + A A2C3 are included in actions respectively. Below we
exhaust all possible combinations of AAC terms and give corresponding classifications.
A?A3C!' The action is

pN2N3 Ny

5= /Z Yigigat 4 oo

> (AldAldA’ + AdAidAT ), A2dAPdAt, Y A2A3A4dAl'> (C.7)

2<i<j<4 i=2,3,4

R A%t +< > AdAdA,
Ni23

i=2,3,4

with p € Zn,,, \ {0}. Its classification is

(ZN123 \ {0}) X HZNi X H (ZNij>2 X (ZN234)4' (C'S)

i=2 2<i<j<4

4
2
AZALCY The classification is (Zny,, \ {0}) x HZNi X H (ZN”,) X (Zingsy )

i=2 2<i<j<4

4
2
A3ALCY The classification is (Zy,s, \ {0}) x HZNi X H (ZNU) X (L)

i=2 2<i<j<4

AZA3CTY + A2A%CT The action is

/
= / Z Tigtgar 4 DT A2A301+pN22N4N1A2A401+< S AldAiadl,
(2 ) Nia3 (27)" Ni24 i=2,3,4
3 (AidAﬂ'dAhrAjdAidAj),AQdA?’dA‘*, 3 A2A3A4dAi> (C.9)
2<i<j<4 i=2,3,4

with p € Zn,,, \ {0} and p’ € Zp,,, \ {0}. Its classification is

4
(Zvin \ (01 % @vip \ O x [ 2w ¢ [T (Zm,) % @wp)®. (C10)
1=2

2<i<j<4
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A2A30T + A3 A*C! The classification is
4
2
(Zvias \{OD) X (Zvggs \AON) x [T 2w x T (Zw,) " % (Znaad)"
=2

2<i<j<4
A2AYCT + A3 A*CT The classification is
4
2
(ZN124 \ {0}) X (ZN134 \ {O}) X HZNi X H (ZNij) X (ZN234)4'

=2 2<i<j<4
A2A3CT + A2ACT 4+ A3 A*C! The classification is
4 2 A
(ZN123 \ {0}) X (ZN124 \ {0}) X (ZN134 \ {0}) X H ZN«; X H (ZNij> X (ZN234) :

i=2 2<i<j<4

A3 AYC? The action is

N3N, N: o
S = /Z Cz p3212A3A102+< Z Aszszz,
(27)" N123 i=1,3,4
> (AldAldAT+ AldAidAT), AldAPdAt, A1A3A4dAi> (C.11)
1<i<y<4 i=1,3,4
ij#2

with p € Zn,,, \ {0}. Its classification is

@y \ O % [T Zwox T (2w,) % @vot. (C12)

i=1,3,4 1<i<j<4
1,§72

2
A*ALC? The classification is (Zn,,, \ {0}) X H Zn, X H (ZNU) X (Zinys)*
i=1.,3,4 1<i<j<4
12

2
A3A*C? The classification is (Zn,,, \ {0}) X H Zn, X H (ZN”.) X (Zinys)*
i=1,3,4 1<i<j<4
i,j72
A3ALC? + A*ALC? The classification is )
(Zoviss \{O}) % Zwvie \{OD) % TT Zwox TT (Zwy) % (Znis)*

i=1,3,4 1<i<j<4
0,72
A3ALC? + A3 A*C? The classification is
2 4
(Zovios \{OD) X Znog \ O} % IT Zowox [T (Zw,) % (Zis)*-

i=1,3,4 1<i<j<4
1,572
A3A*C? + A*ALC? The classification is
2 4
(Zovags \{O}) % Zovipe \AOD) ¢ TT Zwox TT (Zwy)” % (2"

i=1,3,4 1<i<j<4
i, A2
A3ALC? + A AYC? + A3 A*C? The classification is )
(ZN123 \ {0}) X (ZN124 \ {O}) (ZN234 \ {0} H ZN X H (ZNij) X (ZN134)4 :

i=1,34 1<i<j<4
1,72
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AYA%2C3 The action is

4
Ni . Ny No N S
S — / S it 4 PO 1208 L (N AldAdAY,
o 2r (27m)° N3 i=1.2,4

> (AldAldA’ 4 AldAlaAT), AldATdAt, Y A1A2A4dAi> (C.13)
1<i<j<4 i=1,2,4
1,573

with p € Zn,,, \ {0}. Its classification is

@i \ O x T Zvox I1 (2x,) % @wa'. (C19)

i=1,2,4 1<i<j<4
i,j#3

2
A'AYC3 The classification is (Zny,, \ {0}) x [ Zn, x ][] (ZNij) X (Zvyoa)"
i=1,2,4 1<i<j<4

2
A2A%C3 The classification is (Zyy, \ {0}) x H Zn,; % H (ZN”,) X (Zinga)
i=1,2,4 1<i<j<4
0,§#3
AYA2C3 + AL AYC3 The classification is )
(Zovios \{OD) X Zgg \ O} % JT Zwox [T (Zw,) % (Znia)"-

i=1,2,4 1<i<j<4
0,73
AV A208 + A2 A*C3 The classification is
2 4
(ZN123 \ {0}) (ZN234 \ {O} H ZN X H (ZN«;J‘) X (ZN124) :

i=1,2,4 1<i<j<4
i.j£3
A2A*C3 + A1 A*C3 The classification is
2 4
(Zovags \{O) X Zig \ON) ¢ TT Zwox [T (Zw,) % (Znia)"-
i=1,2,4 1<i<j<4
i,j£3
AYA2C3 4+ AL AYCB + A2AYC? The classification is )
(ZN123 \ {0}) X (ZN134 \ {0}) (ZN234 \ {0} H ZN X H (ZNij) X (ZN124)4 :
i=1,2,4 1<i<j<4
i,j£3
A'A2C* The action is
N1 NoN. S
S = /Z icigal 4 PRIV o oo <Z AldAid AT,
(27)% Nio4 =1
3
3 (AidAﬂ’dAi + AJ’dAidAJ') LAYdA2dARY A1A2A3dAi> (C.15)
1<i<j<3 i=1

with p € Zn,,, \ {0}. Its classification is

3
@y \OD x [T 2w x [T (Zw,)” % @) (C.16)

i=1 1<i<j<3
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3
2
A'A3C* The classification is (Zn,,, \ {0}) x [[Zn, x ] (ZNij) X (Znyys)* -

i=1 1<i<j<3
3 2
A%A3C* The classification is (Zny,, \ {0}) x [[Zn, x ] (ZNm) X (Zinygs)*
i=1 1<i<j<3
AYA2CH + ALA3C? The classification is
3
2
(Zios \{OD) X (Znvgge \{OD) x [TZn, x T (Zv,)” % (Zvias)"-

i=1 1<i<5<3
AVA2C* + A2 A3C* The classification is
3
2
(ZN124 \ {0}) X (ZN234 \ {O}) X HZNi X H (ZNij) X (ZN123)4 :

i=1 1<i<j<3
A2A3C* + A1 A3C* The classification is
3
2
(Zovags \{O}) % Zoig \{OD) x [TZn x TT (Zwy) % (Znvia)"

i=1 1<i<j<3
ALA2C* + AV A3C* + A%2A3C* The classification is
3 9 A
(ZN124 \ {0}) X (ZN134 \ {0}) X (ZN234 \ {0}) X HZNi X H (ZNij) X (ZN123) :

i=1 1<i<j<3

ALA2C3 + AL A2C* The action is

4
N; Ny N, N Ny NN,
S = /Z SClaAl ¢ LIRS g 28 g PRSI g1 g2y
=17 (2m)” Nigs (2m)7 N124
2
+ <Z AidAidAi,AldAmAl,A2dA1dA2> (C.17)
=1

with p € Zn,,, \ {0} and p € Zn,,, \ {0} . Its classification is

2

(ZN123 \ {0}) X (ZN124 \ {0}) X H ZNi X (ZN12)2 : (0'18)
=1

ALA3C* 4+ A3AC? The classification is (Znyy, \ {0}) X (Znygs \ {0}) x [ Zn, x (Zny)?

i=1,3

AYALC3 + A*ALC? The classification is (Zyy,, \ {0}) X (Zny,, \ {0}) x H Zn, % (Zn,,)? .
i=1,4

AZA3CH + A2A3CT The classification is (Zny,, \ {0}) X (Znyys \ {0}) x H Zn, X (Zny)* .
i=2,3

A2AYCS 4 A2ACY The classification is (Znyy, \ {0}) X (Znyy, \ {0}) x [] Zn, % (Zn,,)* -
i=2,4

A3AC! + A3AC? The classification is (Znyg, \ {0}) X (Zngg, \ {0}) x [[ Zn, x (Zn,,)* -
i=3,4
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D Typical examples of BF theories and classification when G = H?=1 7

In this appendix, we give some representative examples of BF' theories and their classifi-
cations. It is tedious to list all BF theories with twisted terms for G = [[?_; Zy, due to
lots of combinations of compatible twisted terms. Nevertheless, the discussion in section 3
and appendix C can be straightforward generalized to cases of gauge groups with arbitrary
cyclic subgroups. Following the same line of thinking, we can figure out compatible twisted
terms, write down the action, and find out the corresponding classification.

If « = (), the action is
5N -
S:/ BB, D1
>3 D.1)

whose classification is Z.
If & = {1}, the action is

[ NMagar s Ny
s= [ Siclia 3 5B

5
<A1dA1dA1 > B'B'A ZBZAldAl > BiBjA1>, (D.2)
i=2 i=2 2<i<j<5
5
whose classification of topological gauge theories is Zy, X H (Z Nli)2 X H LNy, -
i=2 2<i<j<5
If « = {Ny, N2}, the action is

_2Niii5Ni~z’i 2iiil21212
S—/;%CdA +§%BdB +<iZIAdAdA,A dA2dAY, A2dA1dA?,
S Y BBIARLY S (B'BA 4+ BAAAT), Y (AT A% + BZAQdA1)> ,
3<i<j<5 k=1 i=3 j=1 i=3
(D.3)

whose classification is

5 5
Zn, % ZNz X (ZN12)2 X H (ZNlij X ZNZij) X H (ZNM X ZN2¢)2 X H (ZN122‘)2
3<i<j<5 i—3 i3

If & = {N7, N3, N3}, we should be aware of keeping all twisted terms compatible with

each other. Below we show two examples.

1. If we do not include AAC terms in twisted terms, the action is

3 5 3
N; i 7 AL N; i i i 7 AL g AT % j i j i j
S:/Z%C dA +Z%B dB' + <ZA dA'dAY, Z (A"dATdA" + ATdA'dAT)
i=1 i=4 i=1 1<i<j<3
3 3 3 5
A'dAdA®)Y T ATAPARATY T BYBPATY Y (B/BIAT 4+ BIAYAY),

i=1 i=1 i=1 j=4

5 5
> Y (A'AVdBF 4+ BFATAAT) ) A1A2A33i> , (D.4)

1<i<j<3 k=4 i=4
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3

2
whose classification is HZNi X H (ZNij) (Zn,ys)* % I—IZNZ45
i=1 1<i<j<3

3 2
H {(ZNm)z X (ZN¢5)2} X H [(ZNigA) X ( z;o) ] X HZN1231
i=1 1<i<y<3

2. If we add an AAC term, e.g., AL A2C?, to twisted terms, the action is

/ Z Lot Al +Z ! pigp! MA 14203 + ZA’dAZdA’ A'dA%dA*,
(27‘(’) N123 i=1
2 5 5
A%dA'dA?, Z B*B*A"Y "N " (B'BIA'+ BIA'dAT) > (A'A%dB + BiAldA2)>
=1 =1 j=4 1=4

(D.5)

with p € Zn,,, \ {0}. Tts classification is (Zy,,, \ {0}) x [12, Zn, X (Zn,,)* %
o1 Zns % TTimy (Zvig X Zvs)? X 1Ty (Zvin ).
If a = { Ny, Na, N3, N4}, we give an example for each situation.
1. If no AAC terms appear in this mixed BF theory, the action is

4
S= / Z 5 CldA + B5dB5 <2AidA"dAi, > (AlaAldAl + AldAidAT)),
i=1 1<i<j<4

> AldATdAF, Y (Z AiAJAdeS>,A1A2A3dA4,A3A2A4dA1,

1<i<j<k<4 1<i<j<k<4 >s=ijk

4
ATA3AYARY (B5B5Ai 4 B5AidAi) Y (AiAde5 + B5AidAi) ,

i=1 1<i<j<4
> AiAjAkB5>, (D.6)
1<i<j<k<4
e 2 4 3
whose classification is H Zn,; X H (ZNZ.]) X H (ZNW) X (ZNyys)” ¥
i=1 1<i<j<4 1<i<j<k<4
4 2
2

H (ZN'LS) X H (ZNUS) X H ZNJk5
i=1 1<i<j<4 1<i<j<k<4

2. If twisted terms include A'A2C* + A'A3C* + A2A3C* terms, the action is
4
Ni iy pi . V535 05
= —(C"'dA* + —B’dB
S /ZZI 27rC + 2

N1 N5 N, 'N{N3N. " No N3 N,
p122 4A1AQC4+p 123 4A1A3C4+p 2234
(2m)° N12a (27)° Ni3a (2m)" Naza

3 3
+ < 3 AldAdAT, S (AidAjdAi 4 AJ’dAidAJ) LANAdAR) ST AT A AR AT,
=1

1<i<j<3 i=1

A2A3ct

3
3 (B5B5Ai +B5AidAi), 3 (AiAde5 +B5Af'dAi) ,A1A2A3B5> (D.7)

i=1 1<i<j<3
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with p € Zny,, \ {0}, ' € Zny, \ {0}, and p”" € Zn,, \ {0}. Its classifica-
3 ) 3

tonis [T (Zwy \{0}) x [T2Zw ¢ I (Zn,) % Zoiey)* x T (Zn)*
1<i<j<3 i=1 1<i<j<3 i=1

H (ZNij5)2 X LN, 335-

1<i<j<3

3. If AVA%2C3 + AT A2C* terms are added to twisted terms at the cost of excluding some
other terms, the action is

4 /
Ni ;. i Ns= Ni Ny N NN, N,
S= /> Niciant s Yegrapt s PN g e INNN
o 2m 2 (2m)" N123 (27)° Nyog
2
+ <Z A'dA'dAT, AYdA%d AT, A2dATdA?,
=1
(B°B°A' + B> AldA") , A" A%dB?, B5A2dA1> (D.8)
=1

with p € Zny,, \ {0} and p' € Zn,,, \ {0}. Its classification is (Zp,,, \ {0}) X
(Znyou \{0}) x H?:l Zp; (ZN12)2 X H?:l (ZNi5)2 x (ZN125)2'

If a« = {N1, Ny, N3, Ny, N5}, ie., type-I BF theory, similar to previous discussion,
different combinations of twisted terms result in different actions and classifications. Some
examples are listed as follow.

1. If there is no AAC terms in the action, i.e.,

2N Ni i s [ aig ai 4 S

1<i<j<5

> (AidAf'dAM > AiAjAdel),

1<i<j<k<5 l=i,5,k

3 (AiAjAdel 1+ AR AT AlgAT 1 AiA’fAldAi) ,A1A2A3A4A5>, (D.9)
1<i<j<k<I<5

whose classification is given by H° (H?Zl ZN“R/Z), consistent with the Dijkgraaf-
Witten cohomology classification:

5
HZNi x H (ZNij>2 x H (ZNijk>4 X H (ZNijkl>3 X Z1\712345'
=1

1<i<j<5 1<i<j<k<5 1<i<j<k<I<5
(D.10)
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2. If we put 3 1<;cj<q AP AJC® terms in twisted terms, the action is

s= [y Niciaai 4 PisVilVils i pics <Z AldAiqAT,
i 2m 1<i<j<d4 (27)% Nigs i=1
3 (AidAJ' dA" + ATdATdAI ) ;Y AldAlaaR,
1<i<j<4 1<i<j<k<4

> Yo AATAFGAT)  ATAPAPAAY AP A% ANAAY, A1A3A4dA2>
1<i<j<k<4 \l=ijk
(D.11)

where p;j5 € Zn,;; \ {0}, 1 <i < j < 4. Its classification is H (ZNU5 \ {0}) X
1<i<j<4

ﬁZNi X H (ZNij)2 X H (ZNijk>4 X (ZN1234)3'
=1

1<i<j<d 1<i<j<k<4
3. If Y 1ciejcs (APATC* 4 ATATCP) terms are considered, the action is

5
s= [y Nowns ¥ (Wmmuzmwmm&)
2 2
i=1 2 1<i<j<3 (2m)" Nija (2m)" Nijs

3
+<2AidAidAi, > (AdATAAT + AVdATAAT)  AYdAPdA®, ) A1A2A3dAi>
i=1 1<i<j<3 i=1,2,3

(D.12)

where pijs € Zn,;, \ {0} and pij5 € Zn,;; \ {0}, 1 < i < j < 3. Its classification is

H (ZNij4 \ {0}> X H <ZNij4 \ {0}) x ﬁZNi X H (ZNij>2 X (ZN123)4'

1<i<j<3 1<i<j<3 i=1 1<i<j<3

4. If AVA2C3 4+ AVA2C* + A A%CP terms are collected in twisted terms, the action is

2
S = Z —CldAT + Zp”’NlNQN ATAPCT 4 () ATdATAAT, ATdAPdAY, A2dATdA?
N121 i=1

(D.13)
3 2

where pi12; € Zn,,, \ {0}, 3 <i < 5. Its classification is H (Zn,,, \ {0}) x HZNZ- X

5 =1 =1
(ZN12) .
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