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We propose an exactly solvable Hamiltonian for topological phases in 3 + 1 dimensions utilizing ideas from
higher lattice gauge theory, where the gauge symmetry is given by a finite 2-group. We explicitly show that
the model is a Hamiltonian realization of Yetter’s homotopy 2-type topological quantum field theory whereby
the ground-state projector of the model defined on the manifold M? is given by the partition function of the
underlying topological quantum field theory for M x [0,1]. We show that this result holds in any dimension
and illustrate it by computing the ground state degeneracy for a selection of spatial manifolds and 2-groups. As
an application we show that a subset of our model is dual to a class of Abelian Walker-Wang models describing

3 + 1 dimensional topological insulators.
DOI: 10.1103/PhysRevB.95.155118

I. INTRODUCTION

Topological phases of matter have received considerable
interest recently due to their practical applications related
to various quantum Hall effect phenomena [1-4] and for
the realization of topological quantum computation [5,6].
Topological phases of matter have an underlying effective
(infrared limit) description given by a topological quantum
field theory (TQFT) [4,7-9]. Such theories are independent
of the metric structure of space time, so low-energy physical
processes are insensitive to local perturbations. Amplitudes
of these physical processes are global quantities, topological
invariants of the configuration space. In a canonical approach,
the Hamiltonian is a sum of mutually commuting constraints,
so the ground-state space is their joint eigenspace [5,10,11].
The degeneracy of the ground state and types, fusion, and
braiding of possibly exotic excitations fully characterize such
a theory [12,13]. An important property of TQFTs is negative
corrections to the experimentally observable entanglement
entropy (due to global constraints on the correlations)
[8,14-16].

In 2 + 1D, all phases of quantum matter with topological
order are described by Chern-Simons-Witten/B F theories
[17], (twisted) quantum double (QD) models [5,18], and Levin
Wen string nets [10]. In 3 4 1D there are few known examples
of TQFTs. As such there is limited knowledge of the kinds of
observables and quasiexcitations which could be expected to
existin 3 4 1D topological phases of matter. So far in 3 + 1D
1 only the Dijkgraaf-Witten topological gauge theory [19,20]
which provides a dual description of symmetry protected topo-
logical (SPT) phases when the symmetry is gauged [21], and
the Crane-Yetter TQFT [22-24], which describe topological
insulators and gauge theories when the input is given by a pre-
modular category, have been studied in the physical literature.
Both TQFTs give observables which depend on at most the
fundamental group and the signature of the space time. They
both support quasiexcitations given by point particles with
charge like quantum numbers and fermionic/bosonic mutual
statistics and loop excitations which carry both charge and flux
like quantum numbers [20,24]. In the search for self correcting
quantum error codes, novel Hamiltonian models have been
developed in 3 + 1D which exhibit properties of topolog-
ical phases such as a topologically dependent ground-state
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degeneracy but do not admit a TQFT description [25]. Models
such as Haah’s code [25] are given by a lattice gauge theory
description [26,27] but are not fixed under renormalization and
instead bifuricate into possibly different phases [28].

In this paper we will describe a Hamiltonian formalism for a
third type of TQFT, the Yetter homotopy 2-type TQFT [29,30].
Yetter’s TQFT uses a 2-group (equivalently a crossed module)
to define a TQFT utilizing the ideas of topological higher lat-
tice gauge theory. Unlike the previous theories, such a theory is
also sensitive to the homotopy 2-type information of the space
time, e.g., the second homotopy group. This feature is likely
to be necessary to find nontrivial (meaning neither bosonic nor
fermionic) representations of the loop braid group' [31-33],
since the evolution of loop excitations are world sheets.

The aim of this work is to better understand candidate
theories for topological phases of matter in 3 4+ 1D space
time. Many questions understood in the 2 4+ 1D case are still
without a full resolution in 3 + 1D. It is known that local? (fully
extended) n + 1D TQFTs can be defined by appropriate weak
n categories [34]. In 2 + 1D this description is captured by
fusion categories [35]. In 3 + 1D there is still no suitably
general description of the analogous 3-categories, as such
the most general formulation of possible 3 4+ 1D topological
phases remains unknown. For known models there are further
open questions. For example, what is the relation between
the ground-state degeneracy and the number of quasiparticle
excitations? In 2 4 1D it is known that there exists a 1-1
correspondence between the ground-state degeneracy on the
torus and the number of irreducible quasiparticle excitations,
but the analog in 3 4 1D with the ground-state degeneracy on
the 3-torus and the number of irreducible excitations is known
not to hold [20,36,37]. Another related question is what are the
topological quantum numbers needed to classify the ground
states and quasiexcitations in 3 + 1D. Such quantum numbers
are expected to be related to the generators of the mapping

This group is the 3 + 1D analog of the braid group, which governs
particle statistics in 2 + 1D.

2Here local is the physical requirement that the total space-time
partition function can be evaluated in submanifolds of space time and
be appropriately “glued” to evaluate the total partition function [74].
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class group of the 3-torus SL(3,Z), but a full proof is still
lacking. In this paper we will outline a model of topological
phases of matter in 3 + 1D with a 2-group gauge symmetry. (In
an accompanying paper we explicitly verify the mathematical
consistency of such models and also further discuss the
topological observables and quantum numbers of the model.)

Defining Hamiltonian formalisms for TQFTs in 2 4+ 1D
and 3 4 1D has been an effective strategy for understanding
the spectrum of observables and physical manifestations of
topological phases of matter [5,10,18,20,23]. This is the ap-
proach taken in this paper, where we will present a Hamiltonian
formalism for the Yetter TQFT in 3 4+ 1D. The structure of the
text is as follows. We introduce the basic components of higher
lattice gauge theory (HLGT) in Sec. II, including the definition
of a crossed module (Sec. II A). This serves as a framework for
the remaining structure. We will then outline the Hamiltonian
model in Sec. III. Section IV explains why our model is a
Hamiltonian formalism of the 4D Yetter TQFT. Finally we
describe an inclusion of a class of our Hamiltonian models
into the class of Walker-Wang models [23,24] (which form a
Hamiltonian presentation of the Crane- Yetter TQFT) in Sec. V.

II. HIGHER LATTICE GAUGE THEORY

In this section we will establish the lattice formulation
of higher gauge theories. These are more complicated than
ordinary lattice gauge theory. Instead of a group (the gauge
group) on lattice edges, here we need two groups, the group
of holonomies of ordinary and higher gauge fields. The latter
types of holonomies sit on plaquettes and can be thought to
arise from surface integral of a non-Abelian 2-connection
[38]. Beside the two groups, the physical edge/plaquette
geometry induces two maps between them, which satisfy
certain compatibility conditions. This collection of data is
called a crossed module (crossed modules are equivalent to
2-groups [39]) and replaces the notion of the gauge group in
ordinary gauge theories. Just as the structure of the gauge group
ensures that gauge-invariant and measurable quantities are
independent of the choices made when defining the holonomy
and the way holonomies are composed, it is the structure
encoded in a crossed module which takes care of the same
independence in a higher gauge theory.

For the proof of independence, some algebraic topology
is needed. The proof will be published in a companion paper
[40]. Here we lean instead on existing work [41] and only
sketch the internal consistency of the theory we derive our
Hamiltonian model from.

A. Crossed modules

Let G and E be groups, d : E — G a group homomorphism
and > an action of G on E by automorphisms (i.e., the
maps G x E — E (g,e) — g>e are homomorphisms for
both variables). If the Peiffer conditions

d(g>e) = gdle)g™! Vge G VeckE, (D

Ae)>f =efe”!

are satisfied then the tuple (G,E,d,>) is called a crossed
module.

Ve,f € E 2)
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Anexampleis (G,G,id,>) with g > h = ghg~!, the double
DG of the group G. Another example is (G,AUT(G),ad,r>),
where AUT(G) is the automorphism group of G. Here ad
sends a g € G to conjugation by g, and the action is simply
by evaluation of AUT(G). If V is a representation of a group
G then we can build a crossed module (G,V,d,>>) where V
is a group as a vector space, (V) = {15} and where > is the
given action of G on V. Now, we need a lattice encoding the
physical space of the theory.

B. Lattices and lattice paths

Given a manifold x we write bd(x) for the boundary and (x)
for x \ bd(x). Given a set K of subsets of a set we write |K |,
for the union. Given a d-manifold M, a lattice L for M is a set
of subsets L, for each i = 0,1,2,3, where x € L’ is a closed
topological i-disk embedded in M, satisfying the following
requirements, with M’ := | U'_o L/|,.

For i =1,2,3 and for x,y € L we have bd(x) C M'~';
@WNy=g;x)NM~'=g.

Finally, either d < 3 and M 3 = M or an extension of L
exists so that M¢ = M, with all additional cells in L* or above.

(1) Anelement in L° is a point of M, called a vertex.

(2) Anelementin L' is called an edge or a track.

(3) Anelement in L? is called a face or a plaquette.

(4) Anelement in L3 is called a blob.

A lattice for M is essentially the same as a regular CW-
complex decomposition for M (a CW complex is said to be
regular if each attaching map is an embedding [42]). Examples
are triangulations and cubulations [43].

To describe field configurations succinctly, we need to
give extra structure to the lattice. Let us fix a total order
on L° denoted <. We give reference orientation to each
element of L' such that the source vertex is smaller than the
target vertex. (Note that the lattice does not contain 1-gons.)
For every element of p € L?> we distinguish the smallest
vertex vo(p) and fix an orientation for p according to which,
for p with n > 2 boundary edges, vi(p) < v,_1(p) for the
two neighbors of vy(p). The default target t, of p is the
edge whose source is vg(p), target is v,_1(p), the default
source s, of p is the path with consecutive boundary vertices
vo(p),v1(p),va(p), - .., uu—1(p). In figures, if the target path
of a face p is an edge then we indicate the target edge by a
double arrow, thus the default case is:

Vol VI<Vp-1

For simplicity here we exclude lattices with 2-gons in L?.
Letus call the lattice with chosen total order the dressed lattice.

A simple path from vertex v to vertex v’ in L is a path in the
1-skeleton M without repeated vertices. Thus a simple path is
a 1-disk in M with its boundary decomposed into an ordered
pair of vertices (the source and target). Similarly a 2-path is a
disk surface P in M? with bd(P) decomposed into an ordered
pair of simple paths.
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Remark. By the time we introduce the Hamiltonian
(Sec. III) we will restrict to the subclass of lattices that are
triangulations. Before that we will also consider an interme-
diate restriction on lattices which makes for simple notation.
Both of these steps are in the interests of balancing technical
utility with clear exposition, rather than matters of necessity.

C. Gauge fields

Given a crossed module (G, E,d,r>) and a dressed lattice L,
a gauge field configuration is an analog of a conventional one,
which is encoded by a map L' — G assigning an element
of gauge group G to each edge of L. Beside 1-holonomies
associated to directed paths, 2-holonomies are associated to
surfaces between two paths with common source and target.
Akin to 1-holonomies which describe parallel transport of
point particles, 2-homolomies describe the parallel transport
of extended 1D objects, with fixed end points over a surface.
This is shown diagramatically below where y,y’ € G are two
directed paths in L' between points v; and v, and I" € E is the
2-holonomy associated with the parallel transport of the path
y to the path y’ along a surface in L?.

roow 3)

The 2-holonomy is encoded by functions L' — G,i — g; and
L> > Epre »- More precisely, we associate an element of
G to each oriented edge and an element of E to each face
with reference source and target. We call them the 1- and
2-holonomy with given source and target, respectively. Let
us assume that a specific oriented edge i is determined by
its vertices v,w (with v < w). Then we may write i = vw,
and g; = gu». We denote a complete ‘coloring’ of the dressed
lattice with such reference-oriented data by L. and write G* =
Gl x E'*I for the full set of colorings.

Given i = vw € L', the 1-holonomy g, with w > v is
given by g,, = g,,!. The 1-holonomy along a path in the
1-skeleton of the lattice is given by the multiplication of the
group elements of subpaths (and hence eventually of g;s,
or their inverses, depending on the direction of the edge
with respect to that of the path) along the path. Note that
1-holonomy is well defined by (existence of inverses and)
associativity of G. Similarly, we can compose 2-holonomies of
disk surfaces, where the target of one coincides with the source
of the next. By (nonobvious) analogy with 1-holonomy, 2-path
2-holonomy is well defined by the crossed module axioms.
Below we explain the analog of inverses and (more briefly)
associativity.

First we will establish some notation. In figures, 2-
holonomies of faces and other disk-surfaces will be depicted by
double arrows, which point toward the reference target edge,
just as for the 2-paths themselves. For a face p we will call the
1-holonomy g;, of the source s, the source of the 2-holonomy
e,. For example in the next figure we say that the 2-holonomy
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associated to the triangle has source g; g, and target gs.

V1 g192

93

Note, that our conventions for composing 1-holonomies
throughout the paper is g;g» for consecutive edges 1 and 2.
The right hand side of equation (4) demonstrates how each
triangle can be viewed as a bigon in the graphical calculus for
ease of presentation.

In the following we will adopt a restriction on the lattice:
We assume that there can be at most one edge between two
vertices and that a face is determined by its boundary vertex
set. This is not strictly necessary, but the notation becomes
simpler, we will use vw for the unique edge oriented from
vertex v to w and vwu for the unique triangle with distinct
boundary vertices v, w,u.

The terminology of source and target above comes from the
axioms of 2-categories, which is the language used in Pfeiffer
[41], for example, to define higher lattice gauge theories. In
this paper, we will not define 2-categories but simply write
down rules from that formalism which we can use to define
our model.

We are now ready to compute the 2-holonomy of an
arbitrary 2-path. As already noted, it is intrinsic to the notion
of a gauge field that changing the direction of an edge is
equivalent to changing the associated group element to its
inverse. One can compute the 1-holonomy along a path in
the 1-skeleton of the lattice by using these transformations to
ensure that the target of the 1-holonomy of an edge in the path
coincides with the source of the next.

The 2-holonomy of a 2-path is constructed from the
reference 2-holonomies of its plaquettes using a set of rules
relating the reference 2-holonomy of each p € L? with the
2-holonomy at p with different source and target. This way
one multiplies all 2-holonomies of the elements of L? that are
parts of the surface transformed appropriately so that the target
of one is the source of the next.

The fact that the procedure is consistent and independent of
the choices made is explained in a companion paper (theorem
5 and lemma 10) [40] (using the language of crossed modules
of groupoids equivalent to that of 2-groupoids). Here we only
illustrate the composition rules in indicative cases.

For each face p € L? we define a 1-holonomy operator

Hi(p)=de, g5, 8- (5)

It is also called the fake curvature and it corresponds to the
curvature 1-form [44] of higher gauge theory.> In what fol-
lows, we will only consider configurations (unless otherwise
stated) where H,(p) =1 € G for p € L?. This is needed for
consistency of the lattice formulation of 2d holonomy.

3In the differential formulation of higher gauge theory, the equations
of motion analogous to the vanishing of the field strength in ordinary
gauge theory has an additive contribution of the derivative of the map
d. So whenever the latter is nontrivial the equation H,(p) = 1 is not
equivalent to flatness of the 1-connection, hence the adjective “fake.”
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Let us write down the multiplication convention and the
rules of changing source and target of 2-holonomies. We can
multiply (compose) the 2-holonomy e with ¢’ if t, = s, (= g2
in the figure):

g1

92 Uc = /9_1~\
s @
¢ 93
g3

We use the convention to multiply the group elements from
righttolefté = ¢’ - e. The ‘whiskering’ rules [41] for changing
the source and target of a 2-holonomy are as follows:

(1) We can switch source and target of the 2-holonomy by

changing e to e™!.

J
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(2) We can change the direction of the source g; € G and
target g, € G of the 2-holonomy simultaneously by changing
eto g;l >e !l

(1) We can change the source of both s, and 7, simultane-
ously and also the target of both as shown in the figure.

hi gihig2
91 T g2 N
—_ ﬂe " = U/(glbe) (7)
V U
ha g1hag

Here is an example of changing the source s and target ¢
from the reference ones s = g1g»,t = g3 of the 2-holonomy
e associated to the triangle depicted in the first figure. In the
second figure s = gngI,I = gj; in the third s = g(1g3,t =
g>. The transformation of the value of the 2-holonomy written
on the double arrow is computed using the above described
rules.

U1 U1 U1
g g — g g — g “1he—1N\_Y
7 Vo o 7 V2 Vo 73 U2

Vo

Note that the fake flatness H;(p) = 1 € G [the lhs is defined
by (5)] of the face p is a crucial condition for consistency of
the above: Changing the basepoint (the vertex corresponding
to the source of s, and #,) of the 2-holonomy of the face p back
to the beginning gives

-1 -1 -1 -1
8n8y_18n_2---8 e,=0e,>e,= epepe,

= ep

by the second Peiffer condition of crossed modules (2). The
next example illustrates the composition of 2-holonomies
associated with faces with a common boundary edge, where
the condition of matching first target and second source is not
satisfied.

h
e
Vi 8 Vi
Va V1i<Vn-1
p
Vo V-1

Using the whiskering rules above, we can change the target
and source of the top 2-holonomy e, t0 1(¢}) = guq v, 88uvi.1 v,
and s(e;) = guy v N8 v,_,» TESPECTively, by changing e, to e; =
Suo v B> e;l, so the holonomy of the big disk r = p U g with
S(r) = 8, vkhgvk Vo1 and [(I") = Bvova_1 is

e = ep(guu > ) ©)

Note, that g,,, for a nonadjacent vertex pair (v, w) stands for
the 1-holonomy along the boundary of the face according to
its circular orientation.

We could use the whiskering rule to the direction opposite
to the orientation of p, which results in

(gwor > e ey, (10)
q

where gyz» denotes the 1-holonomy from v to w along
the boundary of p in the direction opposite to its circular
orientation (gu5u> = vy vn_1 &vnor vas - - - upsivy)- Due to the
fake-flatness condition the expressions (9) and (10) agree:

(gww > eq_l)ep = (3¢p guyue Deq_l) €p

= ep(suu>e; ey e = ep(guu >ey).

an

In the first equality we used fake flatness de, = gyvr &uivy
in the second we used (2).

Finally we give the formula for the 2-holonomy operator
sz(P) : GI' — E in the case of a reference tetrahedron P €
L~:

P = {[abcd],s(P)=t(P)=ad,a <b < c <d}

W{iabd
GabGbd

Wga b>€hed
GabJbcJed

GacYGed
[Jeees
Yad

12)

155118-4



TOPOLOGICAL PHASES FROM HIGHER GAUGE SYMMETRY ...

Using the multiplication convention we read the formula off
from the figure

HZ(P) = eacdeabc(gab > eb_cld)ea_bld' (13)

For the explicit calculation see Appendix A. Note that
choosing the base point to be the lowest ordered of the
constituting vertices (a), and the direction of the 2-holonomy
associated with the triangle acd to be that of the 2-holonomy
associated with the tetrahedron, makes the latter unambigously
defined. This fact follows from the work [40] (as discussed
there, it can be considered as a consequence of the coherence
theorem for 2-categories).

III. THE HAMILTONIAN MODEL

Recall that given a crossed module G = (G, E,d,>>) and a
dressed lattice L we have a set G of gauge field configurations
or ‘colorings of L.’ We write H" for the ‘large’ Hilbert space
which has basis G& as a C-vector space and has the natural
delta-function scalar product. We write | &), ;1 & & ez €p)

for a coloring regarded as an element of H’.
We also have the subset G of G of fake-flat colorings.

The Hilbert space H is defined using gjéf as the basis. These

are the colorings satisfying the constraint at every face p € L
that the fake curvature (5) vanishes:

Hi(p) = dep 8,8,

— -1 _
= 0€p8uyv §viv> 8uavs - - - 8vn2vu18vgv,_; — 1g.

For example for a fake-flat coloring of L a ‘triangle’ we may
choose e, € E, gy,,8vv, € G arbitrarily, but then g, =
9€) 8uov 8uyv, 18 fixed. Thus dim(H) = |G|?|E| here. The
scalar product for H is the one induced by that of H.

In the following we will often use a simplified notation |L.)
for a basis element of the Hilbert space, with L denoting the
dressed lattice and c its coloring. If clear from the context, we
will also use this simplified notation for various dimensions
and Hilbert spaces, for example for the QD models [5], which
corresponds to the finite ‘group’ crossed module with E = {1}
and the restriction to C(G'"'1) forgetting about the trivial factor
corresponding to face coloring. There the lattice L (or rather
the underlying manifold) is two dimensional.

A. Gauge transformations

We are now going to define operators in End(H*). We will
show in Sec. III B that they restrict to End(H). We will show
how the 1- and 2-holonomy transform under their action, and
hence show that they are gauge transformations. We adopt the
latter terminology now.

An intuitive way to think about these operators is as follows.
A vertex or 1-gauge transformation at vertex v is the analog
of ordinary G gauge transformation: Edge labels change as
they do in ordinary gauge theory. There, the 1-holonomies
corresponding to boundaries of faces, also called Wilson loops,
transform by conjugation; their traces are observables. In
higher gauge theory however, the ‘l-holonomy’ is already
different: Compare g,58pc8ca With 9(€upc)8up8bc8ea-

Since the 2-holonomy does not physically change under
1-gauge transformations, the face labels are invariant except

PHYSICAL REVIEW B 95, 155118 (2017)

when the vertex v is the basepoint of the face. An edge
transformation is a “pure” E 2-gauge transformation: It
changes the 2-holonomy associated with each face p adjacent
to the edge. For a geometric picture of 2-gauge transformation
we refer the reader to section 4.3 of Ref. [40].

The transformation properties of 1-holonomies associated
to faces, Hi(p), and 2-holonomies associated to blobs,
H>(P), will be discussed in the next subsection. There the
reader can also find figures illustrating the effect of the
gauge transformations on a reference triangle. The explicit
transformation formulas for the 1-holonomy of a triangle face
and the 2-holonomy of a tetrahedron are given in Appendix B.

Let us recall first the definition of left and right multiplica-
tion operators for a group G

LS:G— G, h— gh
Rg:G—>G,h|—>hg_l

linearly extended to the group algebra CG. In the following
we will use the notation L{ (Rf),i € L',g € G for the linear
operator in End(#%), which acts as left (right) multiplication
by g on the tensor factor CG of H% corresponding to the
edge i and identity on all other factors—i.e., ‘locally’ at i.
Similarly L}, (R}) stands for the same type of local operators
in End(H%) acting on the tensor factor CE corresponding
to the face p and identity on all other factors. We will also
use g, () for the operator acting on the tensor factor E of
HE corresponding to the face p as e, > g > e¢,. The gauge
transformation associated with vertex v is defined by

as =TT 5o T i
iex(v) peX'(v)

where *(v) [*'(v)] is the set of reference edges (faces) adjacent
to the vertex v, respectively; the terms in the product are
defined as follows:

Lf, ifv =s();
RS, ifv=1()
L5(p) = g>,(), if v =1vo(p)

L3G0) = {

and both families of operators act as identity in all other cases.
Note that all factors in the product of the expression of Aj act
on different tensor factors and their action depends only on the
parameter g € G, so they commute: A% is well defined. The
gauge transformation associated with edge i is defined by

Ay =L I i),
pex(i)

where *(7) is the set of reference faces adjacent to the edge i
and, for face p an n-gon and k,k + 1 € {0, - - - ,n},

Suou, > €

ifi = Vg Vk+15
e _ p ’ +1>
‘Ci (17) - gwo >e e 9
L[, s ifi = Vk+1Vk-
where gye was defined at (11). Here g, = 1¢,

Bvove = 8vov1 8vivy - - - Bup_qvgeo for k=1,---,n—1, 8vov, =
8uov1 8vyvy - - - 8u,_1vy> ad We use the convention i = v,v,— =
voV,—1. Furthermore, all vertex labels are relative to the face
p, but the notation v(p) instead of vy above would be too
complicated. Recall that each face p (n-gon) of the lattice has
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a smallest vertex and a cyclic orientation vg,v{,v2, ...,Vy_1,
where v is the smaller of the two neighbors of vy in p. An
earlier remark is also recalled here: If, in the labeling of the
face p for 0 </ < n — 2 we have v; > v;4 in the previous
sequence of group elements, then gy, = g,, +11v:’ with gy, 4,
being the reference 1-holonomy (often called color in the
following) of the corresponding edge.

As noted earlier, the crossed module with E = {1} corre-
sponds to the QD model [5] with group G, (but in dimension
d = 3 here). The set of gauge transformation is the vertex
transformations defined above forgetting the trivial factor
corresponding to the edge labels.

The operators defined above satisfy the following relations
for any vertices v,v’, any edges i,i’, any elements g,n € G,
ande, f € E:

A Al = Ash, (14)

ASAM = Al A% ifv # (15)
AcAl =AY, (16)

ASAl = AT AS, i £ (17)
ASAS = ACAS, if v # s(i) (18)
ASAC = ASPCAS if v = s(i). (19)

The proof of these identities are given in Appendix C.

YGab 9be
Ag:a €abe
a Gac ¢
Gab Gve
)
Av:b €abe
a YGac ¢
Jab Jbe
g
A'L;:( €abe
a Gac ¢
e Jab 9be
i=ab €abc
a Jac ¢

> ‘ o(e)gas
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B. Covariance and 2-flatness constraints

We will now define the operators enforcing ‘2-flatness’
of boundaries of blobs x € L>. At this point we restrict the
lattice to be a triangulation. The reason is of technical nature:
For triangulations all blobs are tetrahedra and we have an
essentially unique expression for their 2-holonomy given by
Ref. (13). Even for a cubic lattice, we would need to write a
formula with several distinct cases depending on the order of
the vertices on the boundary of cubes. From a physical point
of view, however, restricting ourselves to triangulations is not
severe. (Nevertheless this restriction will be eliminated in our
companion paper [40] where we will prove that any lattice can
be used.)

The linear operators enforcing 2-flatness (trivial 2-
holonomy) of a tetrahedron P[= bd(x) with x € L] and
fake-flatness, regarded as elements of End(7), act on basis
elements in G~ by

Bp =38m,p) 15 Bp =8mp.1- (20)

Let us now check how the holonomies H;(p)=
(0€abe) 8ab 8be 8t and Ha(P) = €qcd Cave (8 > €prg) €y
transform under gauge transformations. The six gauge
transformations ‘touching’ a triangle with verticesa < b < ¢
are depicted below. Caveat: Here and hereafter, we omit to

record the changes to the configuration on the rest of the
lattice.

_ 99ab Gbe
- gP€abe (21)

99ac

99bc
€abc (22)

Jac

Gab !
- Cabe (23)

Gacg ™!

(24)

a
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> ‘ Gab
C a

e Jdab Ibe
Ai:bc €abe
Gac
e Gab 9ve
Af_ae Cabe
YGac

Now we can compute the transformations of the 1- and
2-holonomy under all possible gauge transformations of
the triangle (three vertex gauge transformations and three
edge gauge transformations) and the tetrahedron (four vertex
gauge transformation and six edge gauge transformations).
The formulas are given in Appendix B. Animmediate corollary
of them is that denoting the transformed quantities by tilde we
have

Hi(p)=1¢= Hi(p)=1pe L’ 27
Another consequence is
[BP’Aﬁ] = [

By (27), operators A} ,A{ restrict to elements of End(H)
[preserve Hy(p) = 1 with p € L?]. When restricted we also
have

B, A{] =0. (28)

H)P)=1<= H)(P)=1, P=0dx,xelL’ (29

Thus, when restricted to H, they are gauge transformations
(transform covariantly).

Hereafter we understand the operators as restricted to H.
Consequently the commutation relations

[Bp,AS] = [Bp.A{] =0 (30)

hold for all possible values of the parameters.

C. The Hamiltonian

Now we define the vertex operators A, and edge operators
A; as
A szAg A.:Lzm
' G v E] .

geG ecE

Usingrelation (14) we can verify that A, is a projector operator,
thatis A2 = A,:

1 1
2 _ ho_ h
Av - |G |2 Z AﬁAv - |G|2 Z Af)

g,heG g,heG
— L Z A8 — L A = A
IG|? " |Gl ! "
g'.heG geG
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a(e)gve
(25)

eabe(garbe ™)

Gac

‘ Gab

d(e)gac

Similarly, using (16) one obtains A? = A;. Also, they
satisfy the following commutation relations

[Ay,Ai]=0 (31)
[Av»Av’] =0 (32)
[Ai,Ai] =0 (33)

for any vertices v,v’ and edges i,i’. In fact, the relations
(32) and (33) follow immediately from relations (15) and
(17), respectively. In the same way, (31) follows from (18) if
v # s(i). If v = s(i), using (19) we obtain
Y ASAT= Y AfTAL= ) ATAL
ecE geG ecE,geG eeE,geG

where in the last equality we used the fact that the map g > (-) is
abijection. Then itis clear that (31) holds. Let us now consider
the multiplicative operators Bp = dp2(py,1 defined above. It is
clear that they mutually commute and they are projections. It
is also clear that they commute with the projections A, and A;
due to (30). Now we can write down a Hamiltonian of higher
lattice gauge theory in terms of mutually commuting operators

in End(H)
H=-Y A,—Y A - Bp, (34)
v i P

where the summations run over vertices v € L, edgesi € L,
and blob boundaries P = dx,x € L3.

Note that one can define a Hamiltonian on HX with the
same ground-state sector by including the 1-flatness constraint
operators:

vea s so([ls) o o
v i P 14 p

where summation and product over p mean over elements
p € L?. The reason for the modified form of the Bp operators
is that without the multiplier that enforces fake flatness, they
would not commute with the gauge transformations (as can
be seen from the transformation of H,(P) under A¢, of the
tetrahedron P = a < b < ¢ < d), see Appendix B. This way
H' is also a sum of mutually commuting projections and the
ground states of H and H' agree.
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In the restriction to a two-manifold and crossed module
G = (G,15,0,>) we note the model H’ reproduces the Kitaev
quantum double [5] Hamiltonian for group G. The second
term is zero due to the triviality of £ and the third term does
not enter the equation as there are no blobs in d = 2, so we

have
H:—ZAU—ZB,,. (36)
v )4

From this connection, the first term in (34) can be seen
naively as the Gauss constraint and the last term as the
magnetic constraint. Caveat: Unless fake-flatness constraints
are imposed, the 2-holonomy of a blob is ambiguous: The
formula (13) depends on the choice of the composition of the
2-holonomies of the boundary faces of the blob [41].

IV. RELATION TO THE 4D YETTER TQFT

A. Ground-state projection as a 4D state sum

In this chapter we will relate our Hamiltonian model in
three space dimensions to the Yetter TQFT in four dimensions.
In general one can always define a d-dimensional lattice
Hamiltonian of mutually commuting projection operators from
ad + 1 dimensional TQFT, see for example Williamson-Wang
[45]. For d =2 Kadar et al. showed [46] (see also [47])
that the Levin-Wen model [10] is the Hamiltonian version of
the Turaev-Viro (TV) TQFT [48,49] in that the ground-state
projection of the former defined on the two-dimensional lattice
L for M? is given by the TV state sum for the M? x [0,1]. The
rigorous proof was given by Kirillov [50].

A subset of the Levin-Wen Hamiltonian models was shown
[51,52] to be the dual lattice description of those corresponding
to BF gauge theories: the quantum double models of Kitaev
[5]. Here duality means Fourier transformation on the gauge
group, as a result of which states are labeled by irreducible
representations instead of group elements. Hence, the above
statement has to hold in the dual description as well. We will
state and prove it in this section and generalizse to the case
of our 3D model: Its ground state projection is given by the
appropriate 4D Yetter TQFT amplitude.

The general correspondence we will investigate has been
known qualitatively. The 2+1 BF-theory action with gauge
group SU(2) is equivalent to the Einstein-Hilbert one for
Euclidean signature and zero cosmological constant as shown
by, e.g., Ooguri and Sasakura [53]. On the other hand, in
1969, Ponzano and Regge derived the gravity action from
the asymptotic form of the Wigner-Racah coefficients [54].
These results were the motivation for several works in the
241 quantum gravity literature, where the details of the
correspondence were well understood for the case of SU(2)
[55]: The Hilbert space is the state space of canonical quantum
gravity; the TQFT is the corresponding state sum or spin foam
model.

We will sketch the derivation of the TQFT state sum from
a general BF gauge theory. Then we replace the continuous
gauge group with a finite one and work out the correspondence
for d = 2,3 for lattice and higher lattice gauge theory (LGT,
HLGT) and show the pattern, which arises for arbitrary
dimension.

PHYSICAL REVIEW B 95, 155118 (2017)

B. Ordinary pure lattice gauge theory based on a finite group

Let us first consider the theory defined on an oriented
manifold M? of dimension D by the action with a compact
Lie group G and its Lie algebra g

S[B,A] =/ tr(B A F(A))
MD

with F(A) =dA + [A,A] being the (g-valued) curvature of
the connection A, B a locally g-valued (D-2) form, and tr the
Cartan-Killing form of g. The partition function (a map that
associates a scalar to each manifold M?) is defined formally
in terms of the path integral

Zgr(MP) = f DBDA 1P

with DA and DB standing for some measure over the space
of connections and the B field. To make sense of this formal
expression there is a standard discretization procedure, see
e.g., Oeckl [56] or Baez [57]. Here we will only sketch
the procedure and write down the discrete version of the
partition function. Let A be a dressed lattice of M” and A
the dual complex (whose k < D dimensional simplices are in
one-to-one correspondence with the D — k simplices of A).
We dress A similarly to before: we orient edges (which are dual
to (D — 1) simplices of A)and give circular orientation to faces
and distinguish basepoints in each face. A gauge configuration
is an assignment of a group element to each edge. For a face p
we define the exponentiated curvature by g, = [ [,  8i: The
multiplication is done in the order along the chosen cyclic
orientation starting at vo(p). The B field, locally being a
D — 2 form, is naturally associated with dual faces. F, is the
curvature variable associated with the dual face p. Now, the
integral [ dB,e'®»"" vanishes, unless the curvature vanishes,
thus it can be replaced by dg, 1 = Jg,.1 in terms of the chosen
variables: The vanishing of the curvature in the dual face p is
equivalent to the trivial holonomy along the boundary of the
face. The expression for the discretized path integral reads

/ [1dsi [] 8,1- 37)

ieA! peN?

Zior(MP,A) =

where A! (A?) is the set of edges (faces) of A (see
Refs. [55-58] for details of the discretization procedure). For
compact Lie groups the measure dg; is the Haar measure on
G. The partition function is the sum of all coloring subject
to the constraint that the holonomy g, around each face is
trivial: The underlying connection is flat. At this point there
is no difference between using A or A for edge and face
coloring. We will use the former.

Note that we still do not know whether Z;5r < o0 in
general, but we are interested here in replacing G with a finite
group.* For a finite group G, we will choose the measure
[dg =3 ¢eG- The partition function needs to be normalized
so that it is independent of the lattice used:

Zror(MP,A)=|G|"*"|{admissible colorings of A}|, (38)

“The most studied case of a compact Lie group is SU(2), and
finiteness requires gauge fixing [55].
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where admissibility means that all faces are flat: [ | .12 8,1 =
1 and the multiplicative factor ensures independence on the
lattice. This formula holds in arbitrary dimension (it is proved
in more general settings by Porter [30], Yetter [29], and Faria
Martins/Porter [59]).

Generalizing to manifolds with boundary, we can seek to
satisfy the (weak) cobordism property of a TQFT (partition
functions become partition vectors with composition by dot
product—see, e.g., Martin [60, §2.1, §10.2]). For this the above
definition has to be generalized. Let the boundary be a closed
d = D — 1-dimensional manifold with a lattice A®) C A. A
boundary coloring is denoted by A® (so ¢ stands for a set
{gi € G,i € AP1}). Let us call a coloring of A c-admissible
if it restricts to Ag”) and if the flatness constraints for all faces
are satisfied: [ | pea? 8g,,1 = 1. The partition vector is a vector
with components indexed by the possible boundary colorings
A®), and a component then reads

Zigr(MP,A,AP)

_ G

|{c-admissible colorings of A}|. (39)

This way the gluing property of a TQFT holds as follows.
Let N4 be a closed submanifold of a manifold M2, such that
N9 separates M P into two unconnected components. Then
write MP and M? for the closures of the two components of
MP\ N4. The manifolds MID and MZD (with lattices A, A2,
say) have homeomorphic and oppositely oriented boundaries
N9 (with lattice L C Ay,A;). Then the partition functions
satisfy the gluing property of TQFTs. That is, changing the
notation as [ [],.,1 dgi — Y. we can write

ZLGT((MID L na MZD),Al U Az)
/
=3 Zigr(MP. A\ L) Zigr (M . Ag.Le). (40)

where M Uya M, denotes M P and the prime in ) . indicates
that flatness constraints have to be inserted for all p € L?. The
gluing property states that the partition function of a manifold
can be evaluated by evaluating on bounded submanifolds M
and M, then summing the product of partition functions with
boundary labels identified along the intersection N¢.

1. 2 + 1D lattice gauge theory with a finite group

Recall the 2 + 1D Kitaev QD Hamiltonian from (36). The
ground state projection reads

PE=T14 ]] B

vel? peL?

Theorem IV.1. Let M? be a 2-manifold with lattice L and
let A be the 3-dimensional lattice of M? x [0, 1] that restricts
to Lo >~ L; ~ L at the boundaries M? x {0} and M? x {1}.
Let the internal edge set be {v x [0,1]},er0. Let L; referto L;
and L . the edge colorings of L}. Finally, we consider the QD
Hilbert space based on L; with states |L;.) and identify the
Hilbert spaces based on L, j € 0,1. Then

Zier(M? x [0,1],A,Loc U L1c) = (L1c|Pf|Loc). (41)

PHYSICAL REVIEW B 95, 155118 (2017)

The proof is written in Appendix D. Note, that we made a
choice for using the edge and face set of A for defining the
partition function. An alternative approach, more standard in
the realm of the Turaev-Viro model [46,57,61], makes use of
the edge and face set of the dual lattice A. Then, the minimal
lattice, which restricts to L/ at the boundary is three translated
copies of L connected with vertical edges.’ That way, no Dirac
deltas are needed for boundary faces as those in the middle
layer of L. That way, it is not necessary to impose flatness
on the boundary faces when defining the partition function for
a manifold with boundary. The faces in the middle layer of
L enforce flatness for the gauge equivalent boundaries L j;
the proposition is stated identically to the “Fourier dual”: the
Turaev-Viro partition function on the 3d triangulation matches
the Levin-Wen ground state projection on the boundary dual.

C. Higher lattice gauge theory based on a finite crossed module

Fix now a crossed module (G, E,d,>) and a four-manifold
M?*. Let us consider the theory given by the BFCG action [44]

S[A,B,C,.X] = / (trg(B A Fa) +trg(C A G)),
M4

where B is a G-valued 2-form, F4 =dA+[A,A] is
the curvature of the connection A, C is an FE-valued
1-form, and Gy =dX + A > X the curvature 3-form of the
two-connection ¥ corresponding to the gauge group E. We
will use the following form of the partition function

Zpreg(M*) = / DADBDC DG 514501

whose discretized form defined on the dressed lattice A of
M* is given by

Zner(M*) = / [T [T derdmma [ -

ieL! peL? tel’

For a finite group we can rewrite it analogously to (38) in
LGT. Let a coloring be called admissible if all Dirac-delta
constraints are satisfied: All faces are fake flat and all blobs
are 2-flat. We do the substitutions [dg; — Zg ¢ and

[de, — ¥, . and write
|E[1A%-18]
|G |12

where the multiplicative factor ensures independence on the
lattice. This is proved to be the same in arbitrary dimensions
[29,30,59]. For manifolds with boundary, we need to modify
the above similarly to the LGT case. Let the manifold M* with
boundary have a lattice decomposition A, and let A®) C A
denote the boundary lattice. Let A®) be a coloring of A®:
{gi€G,ie AP, e E,pec AD?}. We call a coloring of

Zuer(M*) = |{admissible colourings of A},

50ne considers L x [0,1] and constructs the dual complex of this.
It will have a vertex in the middle of each prism connected vertically
to the middle points of ij; middle points of neighbor prisms are
connected and the duals of L; are the original graphs L; at the
boundary.
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A c admissible if it is admissible in A and restricts to A? on
A® . The components of the partition vector read:

1a®0
|G| =

0 (D)0 | A(B)]
|G|\A\ |E|IA \Z\A |

|E|1A%-1aT
Zyor(M*,A,AD) =

X |{c-admissible colourings of A}|.
(42)

This does not depend on the lattice decomposition of M* ex-
tending a given lattice decomposition of the boundary [29,30].

Theorem IV.2. Let A, = A be the lattice of M3 x [0,1]
which restricts to Lo ~ L ~ L at boundaries M> x {0} and
M? x (1} and the internal edge set is {v x [0, 1]},ez0. Let L,
refer to L; and L ;. the colorings of those, where fake flatness
is assumed for each face p € L?, Jj = 1,2. Finally, we consider
the Hilbert space H defined in Sec. Il based on L with states
|L.) and identify the Hilbert spaces based on L, j € 0,1 with
it and consider the projection Pgﬁ to the ground state defined by

B
PE=T14a[]A [] 8-
vell ieL! Pel’
Then
Zuer(M? x [0,1],Loe,L1c) = (L1c|PY|Loc).  (43)
J
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In words, the ground-state projection of our 3D Hamiltonian
model associated with M?> is given by the Yetter TQFT
amplitude on M> x [0,1]. The proof is in Appendix E.

D. Hamiltonians corresponding to lattice gauge theories

We will look at the correspondence in arbitrary dimension
d > 1 for both ordinary and higher lattice gauge theories. We
can observe the following.

(1) The fake-flatness constraints of internal faces and
2-flatness of internal blobs of the d + 1-dimensional manifold
M? x [0,1], which we refer to as the prism lattice, are
equivalent to the bottom and top layer of the prism being
connected by gauge transformations. For ordinary gauge
theory, the latter is equivalent to the flatness of internal faces.

(2) The 2-flatness (flatness) constraints of internal faces
of the boundary lattice are the magnetic operators of the
Hamiltonian (in ordinary gauge theory, respectively).

As a consequence, the Hamiltonian in the Hilbert space as-
sociated with the d-dimensional lattice L, whose ground-state
projections are given by the corresponding d + 1-dimensional
partition function is given by the following table, where the
sign —||— means the same formula as on its left for all terms
to the right starting from the sign.®

d 1 2 3
LGT - >4, -> A=) B, —lI-
vel? vel? pel?
HLGT | =Y Ay=> A | =D A=Y A | =) A=Y A=Y Bp | —|-
vel? iel! vel® iel! vel? ielL! Pel3

E. The ground-state degeneracy

We compute here the ground-state degeneracy (GSD) for a
few examples. This is given by the trace of the ground-state
projection. Using equation (43) and

Znr(M* x S =" Zugr(M? x [0,1],Loc, Loc)  (44)
Loc

which follows from equation (40), the GSD can also be
computed from the Yetter invariant

Tr(Pl) = Zyor(M? x S")
— |G|*|LOI|E|*ILI\

X |{admissible colouring of Ay }|.  (45)

Here L is the lattice of M4, L refers to its set of i -dimensional
cells as before, and Ay is the prism lattice whose top L
and bottom L are identified. This also applies to LGT, with
obvious modifications.

(1) d = 1. Here a minimal lattice of S; is the lattice with
one edge with its source and target vertex identified. Let us
first consider the case of ordinary lattice gauge theory; i.e.,

5The Hamiltonian for = 3 HLGT in the table differs from (34) by
an unimportant constant.

(

E is the trivial group. The GSD is by definition the number
of gauge equivalence classes of admissible colorings of S'.
This clearly coincides with the number of conjugacy classes
of G. We can also obtain this GSD as Z; g7 (S' x S'), which
is |G|™! times the number of colorings of the lattice of the
torus; explicitly: |G|™! [{¢ : m1(T?) — G}| = |{(g.h) € G*:
gh = hg}. So in this case, the equality (45) boils down to
the well established fact from group theory that the number
of conjugacy classes of a finite group equals the order of
the group times its commuting fraction, the probability that
two elements commute; i.e., IFI\ l{(g,h) € G*: gh = hg}| =
number of conjugacy classes of G.

In the general HGT case and also for S', looking at the lhs
of (45), the GSD can be expressed as the number of conjugacy
classes of G/d(E) [noting the image of d(E) is a normal
subgroup of G]. The rhs of (45) explicitly is:

1
———1{(g,h,e) € G x G x E : d(e)
IGIIE]

= [g,h]}]

1 Lh RV W
— G € € GJE) X Ga(E) : g =W

= number of conjugacy classes of G/9(E) (46)

which follows from the group theoretic fact stated in the above
paragraph.
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(2) d = 2. Here, the ordinary gauge theory model is well
studied, the dimension of the ground state for the manifold
M? and gauge group G is |{¢ : (M%) — G}/ ~ |, where ~
means modulo an overall conjugation ¢(g) — hp(g)h™',g €
m1(M?*),h € G. That is, the GSD is the number of gauge
equivalent classes of flat connections. For M? = T2, this is
well known to coincide with the number of irreps of the
quantum double DG [62]. Computing the GSD from the
partition function gives 1{(g1.82,83), € G*,[gi,¢;1 = 1.
Recall that irreps of DG are given by pairs (C*,w(Z(C4))).
Here C# is a conjugacy class of G and m(Z(C%)) is an
irreducible representation of the centralizer subgroup Z(C*)
of a representative of C# in G. It is straightforward to show
the expression and the number of such pairs are in one-to-one
correspondence [5,18,19].

For HGT, consider S2, with a cell decomposition with one
single vertex and a unique 2-cells. (This would be a trivial case
to consider for ordinary gauge theory.) In this case the GSD can
be computed, looking at the lhs of (45) as being the cardinality
of the set of orbits of the action of G on ker(d). Computing
the GSD from the rhs of (45) yields & 3, ciers) {g € G
g > e = e}|. Elementary tools from group actions tell us that
these two coincide.

(3) d = 3. Let us consider the T3 case, using the obvious
cell decomposition of the cube, and then identifying sides.
Fake flatness of the three distinct faces and 2-flatness of the

cube read ([g1,82] = 818281 ' 25 81,82 € G):
[x,y] = 9f, [y,z] = 0k,
fOxy ' kYo (zy > fHk=e.

Let the subset of G® x E* defined by the joint solutions
of the above equations be denoted by S and consider the
equivalence relation = in S generated by

(witha € G and ey, ey,e; € E):

[x,z] = e,

(x,y,2,e, f,k) = (axa " ,aya™"

(x.0ey y,z,e,(x > ey) f e;l,ey k(z>> e;,l)),

,aza larear f,a k),

12

12

(x,y,aeZ z,(y> ez)eez_l,f,(x > ez)kez_l),
(dex x.y.zieve(z>e) e f (y>er') k).

The GSD is |S/ = |. For instance consider the crossed module
DG = (G,G,id,ad), (where ad stands for the conjugation
action). Here GSD = 1, and this is easily computable from
the rhs of (45).

Another easily computable example is (Z,,Z»,,sgn,id),
where sgn is the parity (r € N), and id denotes the trivial
action. Here GSD = r3. This is easily seen from the rhs of
(45): x,y,z € G are arbitrary, they determine (e, f,k) via the
fake-flatness constraints and the 2-flatness of the cube holds
by construction. We have three more cubes based on 2- and 3-
faces, whose faces are again pairwise identified. The identical
argument applies: The new face labels are determined by the
fake flatness of the sides, so the four edges labels are arbitrary
and all six face labels are determined by the commutators.
So we have |G|* admissible colorings, |L°| = 1 and |L,| = 3.
Another way to infer that GSD = 73 is the following. Yetter’s
state sum Zygr(W), where W is a closed manifold, depends
only on the weak homotopy type of the underlying crossed

12
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FIG. 1. Resolution of 6-valent vertex to a trivalent vertex.

module [59]. The crossed module (Z,,Z,,,sgn,id) is weak
equivalent to ({0},Z,), where we consider the constant map
0 : Z, — {0}. In general, considering a crossed module of the
form £ = (1g,E.d,>), where 9 and ©> are trivial maps, we
have that Zygr(S! x S' x §' x §') = |E|3. The number of
admissible coloring is |E|* since we can color the 2-cells of
the 4-cube with faces identified as we please.

It can be shown in general that the GSD for ordinary
gauge theory can be interpreted as the number of group
homomorphisms from the fundamental group of M? x S! to
G. In a similar vein it can be shown that for higher gauge
theory the GSD can be calculated by counting the number
of crossed modules homomorphisms from the fundamental
crossed module of M9 x S' to the crossed module G [59].

V. RELATION TO WALKER WANG MODELS

In this section we discuss the relation between the Walker-
Wang model [23] and our model. In particular we outline a
duality map between our model with the finite crossed module
& =1g,E,0,>>), where 0 : E — 1g and > is the identity
and the Walker-Wang model based on the symmetric fusion
category M(E), where E is any finite Abelian group.

A. Walker-Wang model

To begin, we briefly outline the Walker-Wang model [23].
The Walker-Wang model is a 3 4+ 1D model of string-net
condensation with ground states proposed to describe time-
reversal invariant topological phases of matter in the bulk
and chiral anyon theories on the boundary [24]. Such models
are believed to be the Hamiltonian realization of the Crane-
Yetter-Kauffman TQFT [22] state sum models analogous to
the relation between our model and the Yetter’s homotopy
2-type TQFT [29].

The Walker-Wang model is specified by two pieces of
input data, a unitary braided fusion category (UBFC) C and
a cubulation C of a 3-manifold M>. In the following we will
define the generic model on a trivalent graph I'" defined from
the 1-skeleton C' of C where vertices are canonically resolved
to trivalent vertices, see Fig. 1. We will then restrict the input to
a symmetric braided fusion category £ and remove the vertex
resolution condition. We will make the assumption that the
cubulation of the manifold is simple: Namely all faces have
4-edges and each vertex is 6-valent.” Later on we will make

"Every 3-manifold has a presentation in terms of a cubulation, in
other words in terms of a partition into 3-dimensional cubes, which
only intersect along a common face. However in some cases the
valence of some of the edges of a cubulation may be different than
4, and therefore some vertices may not be six-valent. For some
manifolds these features are not avoidable; see Ref. [43].
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b

q 7
FIG. 2. Trivalent plaquette with oriented edges for Walker-Wang
model.

the additional assumption of working with cubulations such
that the dual cell decomposition also is a cubulation.

The Walker-Wang model is defined on the trivalent cubic
graph I' (see Fig. 2) with directed edges. The Hilbert space
has an orthonormal basis given by colorings of the directed
edges of I'" by labels from £ = {l,a,b,c,---}. For each
edge label a € £ there is a conjugate label a* € £ which
satisfies the relation @™ = a. We define the states such that
reversing the direction of an edge and conjugating the edge
label gives the same state of the Hilbert space as the original
configuration. The label set £ has a unique element 1 € £ we
call the vacuum which satisfies the relation 1 = 1*.

To specify the Hamiltonian we introduce the fusion algebra
of the label set [6,12,13,63]. A fusion rule is an associative,
commutative product of labels such that for a,b,c € £, a ®
b =73 Nc. Here N, € Z" is anon-negative integer called
the fusion multiplicity. In the following we will restrict to the
case of “multiplicity free” which is the restriction N, € {0,1}
Va,b,c € L. The fusion multiplicities satisfy the following
relations

Nap = Niq “47)

N,y = 8 (48)

Njy = b (49)
ZN;bNxdc = ZijNfd- (50)
xeLl xeLl

Given the label set and fusion algebra we define d : £ —
R* suchthatVa € £,d : a — d, and d- = d,. We will refer
to d, as the quantum dimension of the label a. The quantum
dimensions are required to satisfy

d,dy = Z N¢,d.. 51)
Additionally we define the Frobenius-Shur indicator «; =
sgn(d;) € {£1}ifi =i* and o; = 1 else, which satisfies
;oo = 1 (52)
. k*
if Nj; = 1.
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Given the fusion algebra and quantum dimensions we define
the 6 symbols which enforce the associativity of fusion of
processes. The 6 symbols are a map F : £L® — C which
satisfy the following relations

7 v *
ijm m
Filiy = —N; (53)
V;V;
Fijm — pkim* _ Fjim _ Fmij UnUn Fj*i*m* 54
kin — * jin* T Tlkn* Tt nk*l* — Y l'k*n ( )
vy
mlq p-jip Jjs*n g jip prig*
§ : ka*n ans* F}kr* - Fq*krEnls* (55)
n
mlq plFm*i* _
> ot P = i 8migSivip (56)
n

where v, = /d,.

The final piece of data required to define the Walker-Wang
model is the braiding relations or R matrices. The R matrices
are a map R : L3> — C which are required to satisfy the
Hexagon equations which ensure the compatibility of braiding
and fusion. The Hexagon equations are as follows

cad* pe abg* _ pd pacd* pf
Z Fbe*g Rchce*f - Rathe*f Rbc
8

D Fad RiaFref® = RiFi) 'Ry, 5D
8
The data (L,N,d, F, R) forms a UBFC. Examples of solutions
to the above data are representations of a finite group or a
quantum group.
Using the above data we can write down the Walker-Wang
Hamiltonian. The Hamiltonian is of the following form

H=->"A,-) B, (58)

vell pel

where T’ is the directed, trivalent graph on which the model is
defined and the v and p are the vertices and plaquettes of the
graph. The plaquettes are defined with reference to the original
square faces of C before the vertex resolution. The term A,
is the vertex operator and acts on the 3-edges adjacent to a
vertex. We define the action of A, on states as follows

a b a b
\{ > = 6abc \{ >
. . (59)

where 8, = 1if Ni; > 1 and 845 = 0 else.

The plaquette operator B, has a slightly more complicated
form in terms of the 6 symbols and R matrices. Using Fig. 2
as the basis, B, has the following form

AU

d pd pf" pf
Z Rive R R g Ry

t*e e’
a\b'.c.de, f.gni,j

n o__
Bp_

b*a *b d* te*d pufre
S S A e S e

e ok h oyttt
x Byl F g Fa R L,
/ / / ! / / / Y Y . .
x la',b',c.de, f,g h,i, j)a,b,cd,e,fgh,i,jl|
(60)
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dy
B,=>Y" 5By 61)

nel

We define the inner product of such states by

<a7baca e |a,’b,7C,7 e ) = 8&0’8})})/866‘/ Tt (62)

B. The symmetric braided fusion category M(E)

Utilizing the work of Bantay [64] one can define a UBFC
for every finite crossed module. Following this construction
we will define the symmetric braided fusion category M(E)
induced from the data of the finite crossed module & =
(1g,E,0,r>), where E is any finite Abelian group and d and >
are trivial.

The label set of M(E) is given by elements of E, with
the vacuum label given by the identity element of E and
a* = a~'. The quantum dimension d, = 1 for all @ € E and
D? = |E|. The fusion multiplicities are multiplicity free with
N, = 8a+p,c such that the fusion rules are given by the group
composition rules (we use + for the group composition as E
is an Abelian group) and a ® b =a + b for all a,b € E. We
list the data of M(E) below.

L = underlying set of E

a®b=a+0>
d, =1 VYael
D? = |E|
N;b=811+b,c

ijm
Fin = 8itjm 10kt mOitin-184kn
k
RH_]- = 8i+j,k (63)

C. Walker-Wang models for M(E)

Utilizing M(E) as defined in the previous section as the
input data of the Walker-Wang model we may write the terms
of the Hamiltonian as follows. The vertex operator acts on

basis elements as
a b
\f/ > (64)

Ay

a b
\{ > - 5a+b+c,0
c

which energetically penalizes configurations of labels around
vertices which do not fuse to the identity object.

To define the plaquette operator we first choose an
orientation of the plaquette (although the action of B, is
independent of the choice taken). In the following we choose
an anticlockwise convention and define {¢*(7)} € p as the set
of edges with direction parallel (antiparallel) to the choice
of orientation. We may then write the plaquette operator for
n € E as follows

B, = (H Av> [Tz ]z (65)

veEp etep e"€p
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where X acts on the label / of edge e suchthat X : [ — [ + n.
The operators X commute for all edges and £ X" = /",
The operator B, in the Hamiltonian is then defined as

1 n
B, = T > B (66)

As such an operator symmetrizes over all group elements the
action on basis states is independent of orientation convention
for the plaquette.

As the model based on M(E) does not have any strict
dependency on the trivalent lattice we may equally well resolve
the trivalent vertices and define the model on a cubic lattice
without changing the dynamics of the model. Under such a
transformation the vertex operator becomes

a a

¢ % d > = Oatbtetdtetrfo| © % d > (67)

b b

Ay

while the plaquette operator takes the same form with the triva-
lent vertex operators replaced with the 6-valent counterpart.

D. Yetter model for £ on cubic lattice

As mentioned previously in the text the Yetter model can be
equally defined on any cellular decomposition of a 3-manifold.
In this section we will outline the model with crossed module
of the form of £ on the cubic lattice and show by considering
the dual of the model that such a model is equivalent to the
Walker-Wang model of M(E) on the cubic lattice.

We begin by defining the Yetter model £ on the cubic lattice
following the general procedure outlined in Sec. III. The first
step is define an orientation on each square face of the lattice in
analogy to the orientation of edges which is inherited from the
vertex ordering. Following the previous definitions we choose
to orient faces from the lowest ordered vertex on each face
which we call the basepoint. We then assign the orientation
relative to the two adjacent vertices to the basepoint such that
the orientation points to the lowest ordered vertex adjacent to
the basepoint. This is demonstrated in the left hand side of
equation (68) where the face carries the group element e € E
and vertex a is the basepoint and the orientation is given by
the relation @ < i < j. Reversing the orientation of the face
replaces the face label with its inverse as shown in the right
hand side of equation (68).

(68)
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Using the above conventions for the sign of face labels we
can now define the 2-flatness condition of a cubic cell. As
€ is Abelian and only assigns the identity element to edges,
the computation of the 2-holonomy is much simpler than in
the general setting. In order to calculate the 2-holonomy of
a cubic cell we fix a convention of defining the orientation
of faces from either inside or outside of the cubic cell, in the
following we choose outside the cell (the flatness condition is
independent of such a choice). We then compose the group
elements on faces of the cubic with the convention that
if the orientation is clockwise we compose the element of
the face and if the orientation is anticlockwise we compose
the inverse of the face label. We notate this process by
introducing the variable € € {£-1} where €y = +1(—1) if the
face f has clockwise (anticlockwise) orientation such that the
2-holonomy H; on the cube can be written as

Hy= Y ¢f (69)

fecube

and the 2-flatness condition becomes

> e =1z (70)

fecube

We now define the 2-gauge transformation on the cubic
lattice. We may neglect the 1-gauge transform as the 1-gauge
group is trivial for the crossed module £. The 2-gauge
transformation acts on the four faces adjacent to an edge.
We notate the 2-gauge transformation as Affj on the edge ij
where i € E is the gauge parameter. The gauge transformation
has the action of multiplying the faces adjacent to the edge by
either 1 or 2~! depending on whether the direction of the edge
is parallel or antiparallel to the orientation of the adjacent
edges. An example is shown in equation (71).

(71)
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FIG. 3. Examples of the dual of a cubic lattice. The edges of the
original lattice are black and the dual edges blue.

1. Model on the dual lattice

After defining the Yetter model for crossed module £ on the
cubic lattice I, we now define the model on the dual cubulation
I". We define dualization by a map which takes the n cells of
a cellular decomposition of a d manifold to the (d-n) cells of
the dual cellulation. We will make the assumption that we are
working with a cubulation such that the dual cell decomposi-
tion is also a cubulation; such a restriction is for ease of pre-
sentation and the arguments follow straightforwardly outside
of such arestriction. In this case the cubes (3-cells) are taken to
vertices (0-cells) of the new cellulation, square faces (2-cells)
are taken to edges (1-cells), and edges (1-cells) are taken to
faces (2-cells). In this way we can canonically map the Yetter
model with degrees of freedom on faces to a dual lattice where
the face labels are now on edges. Examples are shown in Fig. 3
where black edges are of the original lattice and blue are dual.

Utilizing the duality map discussed previously the direction
of dual edges are inherited from the orientation of faces. The
direction is defined by the right hand rule, such that if the finger
of your right hand points in the direction of the orientation
arrow the thumb gives the direction of the dual edge.

(72)

Using the above convention to define the directed dual
lattice, the Hamiltonian form of the Yetter model for the
crossed module £ is vastly simplified. Using the definition
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of the 2-flatness condition discussed in the previous section,
on the dual lattice this constraint becomes the condition

Z 825 =1g,

eex(v)

(73)

where € and ¥ are the dual edges and vertices, respectively,
x(D) is the set of dual edges adjacent to ¥, and €; € £1 is +1
when ¥ is the target of € and —1 when ¥ is the source. Thus we
see that the 2-flatness condition on a cubic cell ¢ € I" becomes
a vertex condition on ¥ € I" the dual lattice. The action of
B® := Aj; on states of the dual lattice is shown below.

a a

¢ d - 5(1, h+ct+d+e+f,0| € d
7% > +b+ctd+etf.0 7%4 > 74)
b b

We note Bf,z) now has the same action as the vertex operator
in the Walker-Wang model of M(E).

We now consider the edge gauge transformation. On the
dual lattice this operator acts on the four edges bounding a
plaquette on the dual lattice p. As with the plaquette operator
B, in the Walker-Wang model we define the operator A’;; as
the gauge transformation on the dual plaquette p by taking
an anticlockwise orientation around the plaquette and define
et(2) by whether the dual edge ¢ is parallel (antiparallel) to
the orientation convention for the plaquette. We then define

Ay

Al = Bg as
h h —h
By=T] =[] =" (75)
etep é~ep
where X" is defined as previously and
1 h
B = il Z Bl (76)
heE
such that on the dual lattice I’
Hyewer(€) ==Y Ay — Y _ Bj. (77)

vel’ pel

E. Comparison of models

Using the discussion outlined in the previous sections
we now compare the Yetter model with input £ and the
Walker-Wang model with input M(E). Both models are
defined on a cubic lattice I" with a local Hilbert space defined
by H = ®.rC'f! with edge labels indexed by the group E.
The Hamiltonian for the Yetter and Walker-Wang models can,
respectively, be written as follows.

HYetter(g) Z_ZAU_Z |_;| Z 1_[ Ef l_[ E;h

vell pel’ heE etep e"€p

HywM@E) ==Y A~y %Z [1=]1="

vell pel’ heE etep e"€p
x (]‘[ Av) (78)
vep
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Comparing the two equations above the only difference is
in the definition of the second term which acts on plaquettes
of the lattice. This difference is actually immaterial as the only
distinguishing feature of the term ([ ],, A,) is to increase the
energy penalty for color configurations which do not satisfy the
vertex constraint to twice the energy cost of creating plaquette
defects. From such a point of view the two Hamiltonians have
the same ground-state configurations and the excitations will
have the same measurable properties such as braid statistics
but the energy cost will be increased for the creation of vertex
violations in the Walker-Wang model in comparison to the
energy cost in the Yetter model.

The Yetter model may also be connected to Walker-Wang
models in a second manner. Defining the model for the crossed
module G = (G,15,9,>>) the Hamiltonian is equivalent to
the 3 4+ 1D Kitaev quantum double model describing a
conventional discrete group lattice gauge theory. In this case
the model is dual to a Walker-Wang model arising from input
given by the symmetric braided fusion category defined by
representations of G [23,24,65].

VI. DISCUSSION AND OUTLOOK

Here we comment on our main results and discuss the open
questions naturally raised by our construction. The main result
of our paper is Sec. IIl. In this section we outline a large
class of exactly solvable Hamiltonian models for topological
phases in 3 4+ 1D. Such models utilize the conventions of
higher lattice gauge theory to define a topological lattice model
on a simplicial triangulation of a closed, compact 3-manifold
M. The algebraic data of the model is defined by a crossed
module G = (G, E,d,>>) (equivalently a 2-group). Each edge
of the triangulation is “colored” by a group element g € G
as in topological gauge theory models [5,18,20,36] while
additionally faces of the triangulation are “colored” with an
element e € E. In a companion paper [40] we will further
describe the mathematical consistency of our model.

In an additional paper® we will present results further
generalizing the model in order to include crossed module
cohomology utilizing the work of Faria Martins and Porter
[59]. To extend the model we introduce a 4-cocycle w €
H*(BG,U(1)), where BG is the classifying space of the
crossed module G. Such a cocycle adds a U(1) valued phase
to the vertex and gauge transformations while the flatness
conditions remain unchanged. The value of w is determined
by considering the gauge transformations as 4-simplices con-
necting the original lattice coloring to the gauge transformed
coloring. w is then defined by the 4-cocycle of such a complex.
Such a phase generalizes the model by allowing for ground
states of the model which are not in an equal superposition of
basis states as in the current paper.

In Sec. IV we established the relation between our model
and the Yetter homotopy 2-type TQFT (Yetter TQFT) [29].
Specifically we showed that the ground-state projector of
our model for M? is given by the Yetter partition function
Zveter defined on the 4-manifold M3 x [0,1]. An intriguing
consequence of the proof and the fact that the model can

8Twisted Higher Symmetry Topological Phases, Bullivant et al.
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be defined in arbitrary dimension d > 0 is that this result
also holds for arbitrary dimensions d > 0, but for d < 3,
the Hamiltonian does not contain magnetic operators (there
are no blobs in a d < 2 dimensional boundary). A direct
consequence of this is that the ground-state degeneracy (GSD)
can be obtained by the relation GSD = Zveter(M? x ).
We illustrate the formula with several examples in different
dimensions for both ordinary and higher gauge theory.

In Sec. V we described a duality between our model with the
crossed module £ = (1g, E,d,>) and the Walker-Wang model
[23] with symmetric-braided fusion category M(E). The
duality is established using the results of Bantay [64] to relate
the algebraic data of a crossed module and a braided fusion
category. One could expect a further generalization of such
results by noting that the crossed module M = (G,G,15,Ad)
defines a modular tensor category, the quantum double D(G)
of the group G. This observation is seemingly justified by the
fact that both models give rise to a unique ground state on all
3-manifolds [24] although further work is needed to establish
such a connection.

In two intriguing papers, Kapustin-Thorngren [65,66]
investigated the physical role of higher form gauge the-
ories. In their presentation starting from a finite crossed
module they define a lattice TQFT partition function [65]
using the data defining an equivalence of crossed modules.
This data is specified by the quadruple (IT;,I1,,«,8) where
IT; := G/im(d), I := ker(9), a : 1} - Aut(Il;) and B €
H3(BTI,,I1,) where BII, is the classifying space of IT;. It
would be interesting to formally check that the Kapustin-
Thorngren partition function is equivalent to the Yetter 2-type
TQFT and relate the Hamiltonian model to such a description.
This relation would additionally allow for an interpretation
of the model in terms of electric and magnetic gauge groups
given by I1; and IT,, respectively, and furthermore suggest that
such models are physically realized in massive gauge theories
where the microscopic gauge group is both partially confined
and partially Higgsed [65-67].

More recently Cui presented a generalization of the con-
struction of Crane-Yetter from premodular categories to G-
crossed braided fusion categories [45,68,69]. Crossed modules
form a subset of G-crossed braided fusion categories and
as such our work can be viewed as an example of this
construction. These models have yet to be fully explored;
it is thought they give rise to manifold invariants which
depend on the homotopy 3-type of a manifold and the second
Stiefel-whitney class and thus give rise to new, possibly
fermionic topological phases in 3 + 1D.

Another avenue for exploration would be to classify the ex-
citation spectrum of the model. There are two complimentary
approaches to such a classification. The first is to consider
local operators of the model [5]. Using this approach we
expect there to be four distinct types of excitations. The four
classes of excitations should be point particles and extended-
line-like excitations carrying 1-gauge and 2-gauge charges,
respectively. Additionally we expect there to be closed-loop-
like excitations and membrane type excitations. The second
approach is by considering the quantum numbers associated
with the ground states of our model. In Sec. IV E we discussed
the ground-state degeneracy which is a topological observable
of the theory which is independent of local mutations of M
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which keep the global topology intact, e.g., Pachner moves.
In general one can consider other topological observables
associated with M which come from global transformations
of M which keep the global topology invariant. Such global
transformations are indexed by the mapping class group
(MCG) of M. The associated observables should give a
full classification of quantum numbers in our model. This
approach has already been utilized in Refs. [20,36,37,70] for
3 + 1D topological phases using projective representations of
MCG(T?) = SL(3,Z)tounderstand the quantum numbers for
topological gauge theories. SL(3,Z) has two generators given
by the S and T matrices. We call eigenstates of the 7" matrix,
{l¥;)} the quasiparticle basis. The eigenvalues of T in such
a basis then give the topological spin of the quasiexcitations
associated with the ground state. The exchange statistics of
such excitations may be calculated by considering the overlap
of each basis state with the S matrix such that the exchange
statistics are given by matrix elements S;; = (V;[S|¥;).

We expect the looplike excitations of our model to form
a representation of the loop-braid group. Note that Yetter’s
TQFT have been shown to give nontrivial invariants of knotted
surfaces in 3 + 1D space time [71,72] and furthermore an
embedded 1 + 1D TQFT for links in S* and their cobordisms
[73].

Another possible generalization which should be explored
in the future is to consider 3-manifolds with boundary. It
is known that BF like theories such as the Walker-Wang
model with boundaries reproduce chiral anyon theories on
two-dimensional boundaries [24]. Such a relation is suggestive
that the boundaries of our model could support nontrivial
anyon models.
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APPENDIX A: TETRAHEDRON EXAMPLE

In this section we present the calculation of the 2-holonomy
of the boundary of a tetrahedron giving a concrete example
of how the vertical composition and whiskering rules of
Sec. IIC can be applied. Given a tetrahedron with vertices
a<b<c<d:

d (A1)
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We can consider splitting the edge ad and folding the
tetrahedron into the plane as in the following.

(A2)

In order to calculate the 2-holonomy associated with this
surface it is convenient to whisker [see equation (7)] the face
labels such that each label has a source and target of an edge
from a to d as in equation (A3). Once the face labels are in such
a form the 2-holonomy can be calculated straightforwardly
through vertical composition [see equation (6)]. This choice
is ad-hoc in the sense that if we had chosen to split any edge
to flatten the tetrahedron into the plane we would obtain the
same 2-holonomy.

(A3)

Looking at equation (A2) the labels e,ps and e,y already
have source and targets given by edges between a and d.
As such we only need to apply whiskering to the labels e,
and ej.;. Considering these two labels we can perform the
whiskering as follows.

Gab

€abe

YGac

GabJbd

{!]b—\
=a ¢ Jab€bed d
“eabc
Ged
Jac c

GabJbd

=a d

JabJGbcYGed

GacYed

(A4)
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Here we made use of the left whiskering identity

C

gb/ﬂw
€bed

a b d

Gadb 9bd

C
- Qa,bQV H Ged
GabC€bed
a .

_ s
GabJbd d

(AS5)

between the first and second lines and the right whiskering
identity

b
vl i
€abe
a YGac ¢ Ged
b

_ 5‘/ HN" (A6)

-
a GacGecd d

between the second and third lines. Additionally we made use
of the identity

J 9ij9ik
9ij ik /\
ﬂeijk = ﬂem’k k (A7)
Z' \_/{
—> ik

which holds for any triangle i < j < k.

APPENDIX B: TRANSFORMATION PROPERTIES
OF 1- AND 2-HOLONOMIES

In this section we compute the transformation properties of
the 1-holonomy of a reference triangle with labels given by
the lhs of (21) and a reference tetrahedron with labels given
by (12).

AS -1 —
Hi =5 (g™ €apc)88ab She 8or &

= 8(3eanc)8ab 8be 8up 8 = gHig™"

Ay —1 -1
— (0€apc)8ab8  88bc 8ue = Hi

Af _ _
- (aeubc)gub 8bc8 lggacl = Hl

e
ab,

2 3(eape €YD gab e g2 = Hi

AL - -
o 9(eapc 8ab > € ])gab de 8be gacl
= 0eupc ab 86_18;;,1 8ab 0€ e ga_c1 = H,;

ac,

A

5 (€ Cabc)8ab Gbe 8o D€' = deH (de) ™!
Aj _

Hy =5 (81> €qca)(8 > eapa)(88an > ebcld)(g D> eapa) = g > Hy
Ag

— €acd eabc(gabg_] > (g > el;cii))e;bld = Hy

A¢
— H,
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Ad
—> H2

A —1 —1 —n\-1
— €acd €abc€ ((8€gab) > ebcd)eabde )

—1 —1
= €acd Cavce” [(D€8ap) > €y |€ €y

= €acd eah6671 (83 > (gllb > eb_cld))eea_bld

—1 —1 -1, -1
= €ucd €abce  €(&ab Debcd))e €l = H,

—1 -1 -1
— €acd eabc(gab >e )(gtlb >e ebcd)eabd

lee;cld))ea_b]d = H,

= €acd eabc(gab > (e_
-1 —1 -1 _ H
—> €4cd€ eeahc(gu;, Debcd)eabd = 112
—1 -1 _ H -1
—5 € eacd Cape(8ap > €ppy) (€€apa) ™ = eHe

-1 —1\\—1
— €acd eabc(gab > (eebcd) )(eabd(gab >e ))

-1 -1 —1
Cacd €avc(8ap > (€pege™ ") (8ab > €)e€yy

-1 -1 -1
= €gcd eabc(gab > (ehcde e)etlbd = H2

5 Caca(8ac > € eane [gab > (€pca (8o > € ey
= eqca(ac > € eave [gab > (8be > ey |€uny

= Cacd(ac > € eanc(gab gbc > €)(gap > ez;-ld)e;bld

= Caca((gac(8ab goe) ") > €")

X egpce’ (gab > e;cld)e;bld

= eaca((H") ' deqpe) > ¢!

’ —1 -1
X €apc€ (gab > ebcd)eabd

-~ —1 -1 / -1 -1 _
~ €gcd €abc€  €,p.Cabc€ (gflh > ebcd))eabd - H2

In the last equation the substitution e’ = g, gy > € has
been made and ~ means equality in the case when H I”bc =1.
Note that the very last relation shows that the 2-holonomy does
not transform covariantly if fake flatness of the boundary faces
is not imposed.

APPENDIX C: ALGEBRA OF GAUGE
TRANSFORMATIONS

In this Appendix the proof of the relations (14) to (19) of
gauge transformations is presented. First we remember that
the operators Rf and L{ are representations of the group

G, that is, for all g,h € G we have Righ = R¥R!' and th =
L{L". Then it is clear that £y = L)L) Also, since

g > (h > () = gh> ("), one obtains L§"(p) = LI(p)LA(p).
Using these properties we deduce that

[T o [T 28w

iex(v) pex' (v)

= [T soco TT Limcier)

iex(v) pex'(v)

[T1co [T o [T o TT £hw.

iex(v) pex'(v) iex(v) pex'(v)
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where in the last equality we used the fact that all the operators
in the middle two products commute pairwise, because each
one of them acts nontrivially on only a distinct edge or face
label. Thus we proved (14).

Now we prove the identity (16). First note that A¢ Aif acts as

gi > 9(e)d(f)g; on the edge label of edge i, while Aff acts
as g; — d(ef)g;. Both act trivially on the other edge labels
and, since d(ef) = (de)(df), they have the same action on all
edge labels. To prove that they coincide also on face labels, we
must consider two cases, (i) i = VxVg+1, and (ii) i = vy V.
Also we can suppose that the face p is adjacent to the edge i,
otherwise both operators act trivially on the edge label of this
face. )

(i) If  i=wvuw, AA acts  as
€p(uon > [ )(guw > )  and Aff acts as e,
(8o, > (ef)™"). As g>(-) is a homomorphism, we
have that the actions coincide.

(i) If  i=wpw AAl acts  as
(g > €)(guur > e, and A acts as e, > (guy > ef )e.
As before, the two sides agree.

So we proved (16).

In order to verify (15) we deduce first that [L; (i),ﬁ’;,(i)] =
0 and [£5(p),L"(p)] = 0, if v # v'. The first relation holds
because both operators can act nontrivially only on the edge i
and only if one of the vertices is the source and the other is the
target of i. However, the operator associated with the source
of i is a left multiplication operator and the other associated
with the target of i is a right multiplication operator, and
these actions are obviously commutative. The second relation
follows more easily because at most one of the operators can
act nontrivially on a face label. The validity of relation (15)
is now a consequence of the fact that all operators in the
definitions of A% and Afj, commute pairwise.

To prove (17) we note that AY and Af/ commute on edge
labels because each one of them acts nontrivially on only one
edge label and they are distinct. They also commute on a face
label if the associated face is not adjacent to both edges, since
in this case at least one of them acts trivially on such a face
label. If the face is adjacent to both edges i and i’ and they
are oppositely oriented, then one is a left action and the other
is a right one, so they commute. Assume that s(i) < #(7) and
s(i") < t(i"). Assume without loss of generality that s(i’) >
s(i). Then AfAlf actsase, > €,(Zuu., & ) 8upn, > €7

The action of A;Af reads:

ep =

ep =

ep > €p(Gupny > € ") (upu 0€ Buyuyg, > )
= ep(gupuyy > (€7 (0o, > 7))
= ¢p(8upu > (¢ €(Guipe, > F ™))
= €p(Guoniy > ((Suoyne, > F e ™))
= ¢ (v, > ) (o > €7),

where we used the homomorphism property of > in the
first and last equation and the second Peiffer condition in
the second. The other case [s(i) > #(i) and s(i’) > t(i")] is
a similar computation.

Let us consider now the proof of the identities (18) and (19).
First we note that if i and v are not adjacent to a given face, then
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A¢ and A§ commute on all edge labels of edges adjacent to this
face and on the face label of this face, because in such cases at
least one of the operators is the identity operator. Therefore,
for the rest of the proof we consider a face adjacent to both
i and v (if it exists). Note that A{ and A$ commute on edge
labels (on face labels) if v # s(i) and v # t(i) (if v # vy),
since in this case Aj acts trivially on edge labels (on face
labels, respectively). Thus we need to verify the identities for
the cases: (i) v = vgp and i = vgvy, (il) v = vgand i = vov,_1,
(i) v = vy, # vov; andi # vov,—1, (V) v # vgand v = s(i),
and (v) v # vp and v = #(i). Furthermore, it is enough to verify
(iii) only on face labels and (iv),(v) only on edge labels. Now
we have

(i) ASPCAS acts as g > d(gr>e)gg and ep >
(g>ep)(g>e ') and A§A¢ acts as g; > gd(e)g; and e, >
gD (epe’l). They agree since gd(e)g = gd(e)g 'ggi =
dgre)ggi and g (epe!) = (g>ey)(g>e™).

(i) ASTCAY acts as g > d(g>e)gg; and e, >
(g>e)grep,) and ASA? acts as g; —> gd(e)g; and e, —
g > (ee,) Thus by the previous item the maps agree on edge
labels and on face labels by the homomorphisms property of
>.

(iii)) For s(i) <t(i) the operator AfAf acts as
e, = (8> e,)(88us(i) >e ) and AﬁAf acts as e, >
8> (ep(8upsiy > e~ ). For s(i) > t(i) the operator AfA‘f’,' acts
as e, > (gguue > €)(g > e,) whereas ASA? acts as e, —
& > ((gwgu; > €)ep). For both cases equality is clear by the
homomorphism property of >.

(iv) ASP°AY actsas g; > (g > e)(gg;) and A§ A€ acts as
gi > gd(e)gi. As d(g > e)(gg:) = gdeg ' ggi = gdeg;, they
coincide.

(v) A¢Af and ASA¢ both act as g; > d(e)gig ™"

This ends the proof of the relations (14) to (19).

APPENDIX D: PROOF OF THEOREM 1V.1

A three cell of A is a prism based on a face of L ;.

pl
0
p T
g] g .
t
i (i)
g

The figure shows a part of the complex. The lattice A consists
of Lg., Li. with the coloring given by {g?}ieLé, {g] YieL!s
{gv}vero, oriented edges in Lo, L, and vertical edges assumed
to be oriented towards L (downwards in the figure) connecting
corresponding vertices of L, respectively.

We have a Dirac delta ,, 1 in the partition function for
each face. In particular, for an internal face p (this is always a
rectangle connecting corresponding edges of L ;) the term §, 1

enforces g = gi) g?g;(il). Taking all such faces into account,
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identifying the coloring L. with |Lo.) we have’

[T 8ep1=1(Licl [T A% IL0c) (D1)
peA®? vel?
and consequently we can write
1
|G||L0| 1_[ Z 1_[ 8gp-1 (D2)

veL? g,€G peA®?

1
= (Ll [] Gl > A% |Lo) = (Lic| [] AvlLoc). (D3)
vell gveG vell
Now, let us compute the prefactor in the definition (39) for the

014120
ILgl+ILT]

lattice: |G|~ 2z = |G| l*l. Hence the lhs of the formula
above almost coincides with the lhs of (41), only [ | pea®? 3,1

is missing. This enforces flatness on the faces p € L U L. It
agrees with the action of the operator [ [ ;. B), on |Lo,) times
thaton |L.) (note that the lattices Ly and L, are identified, but
the states | L) and | L.) are different). However, the operators
B,,p € L* and A,,v € L° commute for any pair of labels
and are also self-adjoint, so we can simply insert the factor
I1 per2 Bp anywhere in the scalar product, using the fact that

Bf, = B,,p € L?, thus inserting B,, only once is sufficient. i

APPENDIX E: PROOF OF THEOREM 1V.2

Consider that M* x [0,1] has the product lattice decompo-
sition A. Let us choose a total order on A in the following
way. The Hilbert space is associated with a dressed L, i.e.,
LY has a total order. Let the total orders in L? agree with that
on L° and let any vertex in L) be smaller than any other in
Lg. Then denoting the color of the internal edge connecting
the vertices in L8 and L(l) corresponding to v € L° by g, and
the color of the internal face connecting edges in L{ and L|
corresponding to i € L' by e;, the following equality is true.

[T 8w TT moma = @1 TT ag [T A7)

PeAD peA2D vel? ieL!
(ED)

This is the analog of (DI1). To justify it, let us con-
sider the rectangle p depicted in Fig. 4 with boundary
edges g?,gé,(i),g,(i),gil. The constraint 8y, (,,1 enforces de; =

gs_(il) g g,(,-)(g?)’l . Equivalently

8 = 80188 (E2)
which is precisely the image of g? under the product of
gauge transformations with parameters gi), i), €; at vertices
s(i),t(i) and edge i, respectively, such that the edge transfor-
mation acts first. Note that no other generators in the product
act on the edge color g;. Let us recall that we identify L.
with the vector |L;.) and colors on A® are identified with
parameters of gauge transformation on the Hilbert space.
Now consider p° € Lo, colored with e corresponding to

the 2-holonomy based at vy(p®) and denote the boundary

°Note, that | L.) is a basis element, not a generic state in the Hilbert
space.
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FIG. 4. The left figure shows one of the internal faces connecting
corresponding boundary edges of L;; the top edge label g! is
determined by fake flatness of the rectangle. By our choice of total
order on A%, the basepoint of the rectangle is s(i ) and the fake-flatness
constraint reads as the composition (E2). The right figure shows a
blob bounded by the “bucket” consisting of the green pentagon of L,
with label e?, and the rectangles with labels e¢; € E,i € bd(py). The
2-holonomy of the bucket is é(p’; the “lid pentagon” is colored by e},.
By 2-flatness of the blob &) =e,,.

edge set by L;z"' Assume that p° is an n-gon. Denote the

disk (depicted as a bucket in Fig. 4) by j°, consisting of the
rectangles bounded by the edges {g?,gs(,-), 2:(11,8i }»1 € bd(p°)
and p°. We can compute the 2-holonomy of this disk based
at vo(p), which we denote by eg. We have to show that this
(again via the identification of boundary colorings with basis
vectors in the Hilbert space and internal colors as parameters
of gauge transformations) agrees with the action of the product
[Tyc0 AY [Ticp AS on e([), where g, is the color of the vertical
edge pointing toward the vertex v and e; is the color of the
vertical rectangle based at edge i. Introducing the notation i
for the ith edge starting from vy(p) in the circular order the
action of the product of edge transformations reads

eg = e;? Eepo(ae;OI > e,,)(g,,n,s(,,,l) > ef_ll)

X (gvn,x(n72) > e;zt,lz) . (guo,s(Z) > eétl)el_l s

(E3)

where eijEl means ¢; (e; 1, if i is oriented opposite (according)
to the orientation of bd(p), respectively. Now we apply the
vertex transformations. We will show that (i) the rhs of (E3)
is unchanged under a vertex gauge transformation Aj’ with
v # vp and (ii) that it changes as (.) — g,,>>(.) for v = vy. This
is how the face holonomy e;? should change under [],_;0 A3".
Consequently, the 2-holonomy e% of the disk p° is given by
the image of eg under gauge transformation.

PHYSICAL REVIEW B 95, 155118 (2017)

It is easy to see that g, s« changes only if v = s(k) since
then 8s(k)—1,s(k) F> g;r(k)—l,s(k)gv_l’ which induces 8vg,s(k) >
Zu.sh&, |- The label e; changes also only for s(k) = v as
er > gy D> e;. Altogether

Guosh) > €k > Guy s &y B> (80 > €x) = Zupsth) B €k

so (i) is proved. The action of Aﬁ(”,o is ep, > gy, > ep, and
e; — &y, >e; on the two faces with basepoint vy and all
parenthesis in (E3) transform as (.) = g,,>>(.) since gy, s) >
8u8uo.sk)- Hence, since (.) — gr>(.) is a homomorphism,
we showed (ii), so the claim is proved. Note that the edge
labels change as g > de;g > gyideigl g, under [; A7
and [, AS’, respectively, in accordance with (E2). Another
remark is that the order of the terms on the rhs of (E1)
depends on the total order on A°. In particular, if we had

chosen v?(i) > v;, the fake-flatness condition would have

read de; = g! g11)(g") ™' g/, equivalent to the order A" A5 of

action of gauge transformations. Once the integration is done,
this dependence will of course disappear, equivalently the
vertex projections defined as averaged gauge transformations
mutually commute.

Now, consider the 2-sphere S, bounded by the disks p°
and p' colored by ¢} and e}, respectively. They have the same
boundary bd(p'), and they are oriented oppositely. Hence,
Sty(s,1 = Liff eg = ¢p1. This completes the proof of (E1).

Let us now determine the multiplicative factors from the
definition of the partition vector from (39) for the lattice at
hand. We have only boundary vertices A = LS U LY and the
edge set is in one-to-one correspondence with L% U (L(l) u L})
such that the first factor is for internal edges and the
second for external ones, respectively. The multiplicative
factor determined from (39) turns out to be |G|~/E"1|E|~IL'I.
This means that we can assign a factor of |G|~! to each
term ng A% .v e LY and a factor of |E|! to Zei Al €
L'. So, similarly to the ordinary gauge theory case, we
found

1
|G|IL E|IL! 1_[ H Z Z l_[ S (P),1 H SHi(p).1

vellieL) §v€G e €E PeA3D pEAD
— 4] co
= (L TT A [T AilL).
vell ieL!

The last step is the identification of the 2-flatness constraints
of the blobs in L} U L} with the Bp operators. This goes
parallel to the ordinary lattice gauge theory case. |
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