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The string-net approach by Levin and Wen, and the local unitary transformation approach by Chen, Gu,
and Wen, provide ways to classify topological orders with gappable edge in two-dimensional (2D) bosonic
systems. The two approaches reveal that the mathematical framework for (2 4+ 1)-dimensional (2 + 1)D
bosonic topological order with gappable edge is closely related to unitary fusion category theory. In this
paper, we generalize these systematic descriptions of topological orders to 2D fermion systems. We find a
classification of (2 4+ 1)D fermionic topological orders with gappable edge in terms of the following set of data

(N, i s F,:j JF ;ﬁf; f ,d;), which satisfy a set of nonlinear algebraic equations. The exactly soluble Hamiltonians can

be constructed from the above data on any lattices to realize the corresponding topological orders. When F, U=,

our result recovers the previous classification of 2 + 1D bosonic topological orders with gappable edge.
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I. INTRODUCTION

Understanding phases of matter is one of the central
problems in condensed matter physics. Landau symmetry-
breaking theory [1,2], as a systematic theory of phases and
phase transitions, becomes a cornerstone of condensed matter
theory. However, at zero temperature, the symmetry-breaking
states described by local order parameters are basically direct
product states. It is hard to believe that various direct product
states can describe all possible quantum phases of matter.

Based on adiabatic evolution, one can show that gapped
quantum phases at zero temperature correspond to the equiva-
lence classes of local unitary (LU) transformations generated
by finite-time evolutions of local Hermitian operators H ()
[3-7]

|®) ~ |®) iff |®) =T e J4HD ). 1)

It turns out that there are many gapped quantum states that
cannot be transformed into direct product states through
LU transformations. Those states are said to have a long-
range entanglement. Thus, the equivalence classes of LU
transformations, and hence the quantum phases of matter, are
much richer than direct product states and much richer than
what the symmetry-breaking theory can describe. Different
patterns of long-range entanglement correspond to different
quantum phases that are beyond the symmetry-breaking/order-
parameter description [8] and direct-product-state description.
The patterns of long-range entanglement really correspond to
the topological orders [9,10] that describe the new kind of or-
ders in quantum spin liquids and quantum Hall states [11-19].
In the absence of translation symmetry, the above LU trans-
formation can be expressed as a quantum circuit, which corre-
sponds to a discretized LU transformation. The discretized LU
transformation is more convenient to use. The gapped quantum
phases can be more effectively studied and even be classified
through the discretized LU transformations [6,7,20-22].
After discovering more and more kinds of topological
orders, it becomes important to gain a deeper understanding
of topological order under a certain mathematical framework.
We know that symmetry-breaking orders can be understood
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systematically under the mathematical framework of group
theory. Can topological orders be also understood under some
mathematical framework? From the systematic construction
of topologically ordered states based on string nets [20] and
the systematic description of non-Abelian statistics [23], it
appears that tensor category theory may provide the underlying
mathematical framework for topological orders [24].

However, the string-net and the LU transformation ap-
proaches [6,7,20] only provide a systematic understanding for
topological orders in qubit systems (i.e., quantum spin systems
or local boson systems). Fermion systems can also have
nontrivial topological orders. In this paper, we will introduce a
systematic theory for topological orders in interacting fermion
systems (with interacting boson systems as special cases).
Our approach is based on the LU transformations generated
by local Hermitian operators that contain an even number
of fermion operators. It allows us to classify and construct
a large class of topological orders in fermion systems. The
mathematical framework developed here may be related to the
theory of enriched categories [25], which can be viewed as a
generalization of the standard tensor category theory [26,27].

To gain a systematic understanding of topological order
in fermion systems, we first need a way to label those
fermionic topological orders. In this paper, we show that a
large class of fermionic topological orders (which include
bosonic topological orders as special cases) can be labeled by
a set of tensors: (N,”, F’ ,F;{(':; f ,d;). Certainly not every set
of tensors corresponds to a valid fermionic topological order.
We show that only the tensors that satisfy a set of nonlinear
equations correspond to valid fermionic topological orders.
The set of nonlinear equations obtained here is a generalization
of the nonlinear equations (such as the pentagon identity) in a
tensor category theory. So our approach is a generalization
of tensor category theory and the string-net approach for
bosonic topological orders. We would like to point out that the
framework developed here not only leads to a classification of
fermionic topological orders, but also leads to a more general
classification of bosonic topological orders than the string-net
and the related approaches [6,20].
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From a set of the data (N/, F/, Fjj,"7 % d;), we can obtain
the parent Hamiltonian as a sum of projectors. We believe that
the Hamiltonian is unfrustrated. Its zero-energy ground state
realizes the fermionic/bosonic topological order described by
the data.

In Sec. II, we give a careful discussion on what is a
local fermion system. In Sec. III, we introduce fermionic
local unitary transformations. We then use fermionic local
unitary transformations to define quantum phases for local
fermion systems and fermionic topological orders. In Sec. IV,
we use fermionic local unitary transformations to define a
wave-function renormalization flow for local fermion systems.
In Sec. V, we discuss the fixed points of the wave-function
renormalization flow, and use those fixed points to classify a
large class of fermionic (and bosonic) topological orders. In
Sec. VI, we comment on its relation to categorical framework.
In Sec. VII, we give a few simple examples. In Appendix A,
we discuss the definition of branching structure for a trivalent
graph. In Appendix B, we first discuss the fermionic structure
of the support space. We then we derive the ideal Hamiltonian
from the data that characterize the fermionic/bosonic topolog-
ical orders.

II. LOCAL FERMION SYSTEMS

Local boson systems (i.e., local qubit systems) and local
fermion systems have some fundamental differences. To reveal
those differences, in this section, we are going to define local
fermion systems carefully. To contrast local fermion systems
with local boson systems, let us first review the definition of
local boson systems.

A. Local bosonic operators and bosonic states
in a local boson model

A local boson quantum model is defined through its Hilbert
space V and its local boson Hamiltonian H. The Hilbert space
V of a local boson quantum model has a structure V = ®V;
where V; is the local Hilbert space on the site i. A local
bosonic operator is defined as an operator that acts within the
local Hilbert space V;, or as a finite product of local bosonic
operators acting on nearby sites. A local boson Hamiltonian
H is a sum of local bosonic operators. The ground state of a
local boson Hamiltonian H is called a bosonic state.

B. Local fermionic operators and fermionic
states in a local fermion model

Now, let us try to define local fermion systems. A local
fermion quantum model is also defined through its Hilbert
space V and its local fermion Hamiltonian H . First let us
introduce fermion operator c{ at site i as operators that satisfy
the anticommutation relation

c;-"cf = —cl;cf‘, cf‘(c?)T = —(c

D, @
for all i # j and all values of the «,f indices. We also say
c{ acts on the site i. The fermion Hilbert space V is the
space generated by the fermion operators and their Hermitian

conjugate

V=) .. ]o) 3)
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Due to the anticommutation relation (2), V has a form V =
®V; where V; is the local Hilbert space on the site i. We see
that the total Hilbert space of a fermion system has the same
structure as a local boson system.

Using the Hilbert space V = ®V;, an explicit representa-
tion of the fermion operator ¢{’ can be obtained. First, each local
Hilbert space can be splitas V; = Vi0 ® Vil. We also choose an
ordering of the site label i. Then ¢{ has the following matrix
representation:

0 AY
¢-cll= = ¢):

j<i

g (%0 *
P \o =)

where Ii0 is the identity matrix acting in the space Vi0 and Ii1
is the identity matrix acting in the space V;'. The matrix C¥
maps a state in V, to a state in V;', and vice versa. We note
that

izl =-zicy. )

We see that a fermion operator is not a local bosonic operator.
The product of an odd number of fermion operators and any
number of local bosonic operators on nearby sites is called a
local fermionic operator.

Let us write the eigenvalue of Ef as (—)%. The states in
V have s; = 0 and are called bosonic states. The states in V!
have s; = 1 and are called fermionic states. We can view s; as
the fermion number on site i.

A local fermion Hamiltonian Hy is a sum of terms
H =Y, Op, where )_, sums over a set of regions. Each
term Op is a product of an even number of local fermionic
operators and any number of local bosonic operators on a finite
region P. Such kinds of terms are called pseudolocal bosonic
operators acting on the region. In other words, a local fermion
Hamiltonian is a sum of pseudolocal bosonic operators. The
ground state of a local fermion Hamiltonian H/ is called a
fermionic state.

Note that, beyond one dimension, a pseudolocal bosonic
operator is in general not a local bosonic operator. So a
local fermion Hamiltonian H; (beyond one dimension) in
general is not a local boson Hamiltonian defined in the last
subsection. In this sense, a local boson system and a local
fermion system are fundamentally different despite the fact
that they have the same Hilbert space. When viewed as a boson
system, a local fermion Hamiltonian corresponds to a nonlocal
boson Hamiltonian (beyond one dimension). Thus classifying
the quantum phases of local fermion systems corresponds to
classifying the quantum phases of a particular kind of nonlocal
boson systems.

III. FERMIONIC LOCAL UNITARY TRANSFORMATION
AND TOPOLOGICAL PHASES OF FERMION SYSTEMS

Similar to the local boson systems, the finite-time evolution
generated by a local fermion Hamiltonian defines an equiva-
lence relation between gapped fermionic states

WD) ~ [Y©) ff [y(1) = T[e b A&y ), (6)
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where 7 is the path-ordering operator and H(g) = > 0i(g)
is a local fermion Hamiltonian [i.e.,O;(g) is a pseudolocal
bosonic operator which is a product of even local fermionic

operators]. We will call 7 [ e’ Iy g Hy(s )] a fermion local unitary
(fLU) evolution. We believe that the equivalence classes of
such an equivalence relation are the universality classes of the
gapped quantum phases of fermion systems.

The finite-time fLU evolution introduced here is closely
related to fermion quantum circuits with finite depth. To define
fermion quantum circuits, let us introduce piecewise fermion
local unitary operators. A piecewise fermion local unitary
operator has a form Upy = [, e' /@, where {H;(i)} is a
Hermitian operator which is a pseudolocal bosonic operator
that acts on a region labeled by i. Note that regions labeled
by different i’s are not overlapping. U; = e’ 7 is called a
fermion unitary operator. The size of each region is less than
some finite number /. The unitary operator Upy, defined in this
way is called a fermion piece-wise local unitary operator with
range /. A fermion quantum circuit with depth M is given by
the product of M fermion piece-wise local unitary operators
Uclﬁc = Ug\]y)l U;ZW)I, A ;\A:l). We believe that finite time fLU
evolution can be simulated with a constant depth fermion
quantum circuit and vice versa. Therefore, the equivalence
relation Eq. (6) can be equivalently stated in terms of constant
depth fermion quantum circuits

[y (D) ~ [¥ () iff [y (1) = ULLIw0), (N

where M is a constant independent of system size. Because
of their equivalence, we will use the term “fermion local
unitary transformation” to refer to both the fermion local
unitary evolution and constant depth fermion quantum circuit
in general.

Just like boson systems, the equivalence classes of
fermionic local unitary transformations correspond to the
universality classes that define phases of matter. Since here we
do not include any symmetry, the equivalence classes actually
correspond to topologically ordered phases. Such topologi-
cally ordered phases will be called fermionic topologically
ordered phases.

IV. FERMIONIC LOCAL UNITARY TRANSFORMATION
AND WAVE FUNCTION RENORMALIZATION

After defining the fermionic topological orders as the
equivalence classes of many-body wave functions under fLU
transformations, we would like to use the fLU transformations,
or more precisely the generalized fermion local unitary (gfLU)
transformation, to define a wave-function renormalization
procedure. The wave-function renormalization can remove
the nonuniversal short-range entanglement and make generic
complicated wave functions flow to some very simple fixed-
point wave functions. The simple fixed-point wave functions
can help us to classify fermionic topological orders.

Let us first define the gfLU transformation U, more
carefully. Consider a state |). Let p4 be the entanglement
density matrix of |¢) in region A. p4 may act in a subspace
of the Hilbert space in region A. The subspace is called the
support space V, of region A [see Fig. 1(a)]. Let |$;) be a basis
of this support space V4, and |¢;) be a basis of the full Hilbert
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FIG. 1. (Color online) (a) A fermion local unitary (gfLU) trans-
formation U, acts in region A of a fermionic state; |1/) are formed by
bosonic and fermionic operators in the region A. U, always contains
even numbers of fermionic operators. (b) U gi U, = P is a projector
whose action does not change the state |v).

space V, of region A. The gfLLU transformation U, is the
projection from the full Hilbert space V4 to the support space
V4. So up to some unitary transformations, U ¢ 18 a Hermitian
projection operator

Uy = UPU,, P}=P, Pl=P,

viv, =1, Ulu,=1. (8)

The matrix elements of U, are given by (Paldi). We will call
such a gfLU transformation a primitive gfLU transformation.
A generic gfLU transformation is a product of several
primitive gfLU transformations which may contain several
Hermitian projectors and unitary transformations, for example,
U, = Ui P,U, P, Us.

To understand the fermionic structure of U,, we note that
the support space V4 has a structure V4 = V@ V! (see
Appendix B 1), where VX has even numbers of fermions
and \7/1 has odd numbers of fermions. This means that U,
contains only even numbers of fermionic operators (ie U, is a
pseudolocal bosonic operator).

We also regard the inverse of U,, UgT , as a gfL.U transfor-
mation. An fLU transformation is viewed as a special case
of gfLU transformations where the degrees of freedom are
not changed. Clearly UgUg =P and UgUg = P’ are two
Hermitian projectors. The action of P does not change the
state |Y) [see Fig. 1(b)]. Thus despite the degrees of freedom
that can be reduced under the gfLU transformations, no
quantum information of the state |¢) is lost under the gfLU
transformations.

We note that the gfLU transformations can map one wave
function to another wave function with fewer degrees of free-
dom. Thus it can be viewed as a wave-function renormalization
group flow. If the wave-function renormalization leads to
fixed-point wave functions, those fixed-point wave functions
can be much simpler, which can provide an efficient or even
one-to-one labeling scheme of fermionic topological orders.
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V. WAVE-FUNCTION RENORMALIZATION
AND A CLASSIFICATION OF FERMIONIC
TOPOLOGICAL ORDERS

As an application of the above fermionic wave-function
renormalization, in this section, we will study the structure
of fixed-point wave functions under the wave-function renor-
malization. This will lead to a classification of fermionic
topological orders.

A. Quantum state on a graph

Since the wave-function renormalization may change the
lattice structure, we will a consider quantum state defined on a
generic trivalent graph G. The graph has a branching structure
as described by Appendix A: Each edge has an orientation
and each vertex has two incoming or one incoming edges.
Each edge has N + 1 states, labeled by i =0, ...,N. Each
vertex also has physical states. The number of the states
depends on the states on the connected edges and they are
labeledbya =1,....N org=1,... ,Nl.’; for vertices with
two incoming(outgoing) and one outgoing(incoming) edges.
(see Fig. 2).

Despite the similar look between « index and « index, the
two indices are very different. ¢ index labels the vertices while
« index labels the state on a vertex. In this paper, we very often
use « to label states on vertex «.

The states on the edge are always bosonic. However, the
states on the vertices may be fermionic. We introduce, for
example, F;’ to indicate the number of fermionic states on the
vertex: @ = 1, ..., B, label the bosonic (fermion parity even)
states and @ =1+ B/,...,F’ + B, label the fermionic
(fermion parity odd) states. Here

B =N/ - F ©)

is the number of bosonic states on the vertex. Similarly,
we can introduce Nikj and Iﬂ’;, to indicate the number of
states and fermionic states on vertices with one incoming

edge and two outgoing edges. In this paper, we will assume

FIG. 2. (Color online) The lattice is a graph (described by the
blue lines) with branching structure. The black lines describe the dual
lattice. The state on the vertices are labeled by 7, j,k,m,n =0, ...,N.
The state on the vertices are labeled by «, 8. The vertices are labeled
by «, B. The « vertex has two incoming edges and « has a range
a=1,...,NY. The B vertex has two outgoing edges and 8 has a

range f = lN,';’
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that

ij _ Ak ij _ pk i _ pk
N =N;;, By =By, F =F;,

(10)

as required by unitarity.

We introduce s,’(e) to indicate whether a vertex state
labeled by « is bosonic or fermionic: s, (o) = 0 if the « state
is bosonic and s5;/(a) = 1 if the « state is fermionic. Here
the vertex connects to three edges i, j, and k (see Fig. 2).
Each graph witha given «, 88, . . . ,i,J, . . ., labeling (see Fig. 2)
corresponds to a state and all such labeled graphs form an
orthonormal basis. Our fixed-point state is a superposition of

those basis states
0] B
Z Vhix (§§§/> ‘§/> . a1

all conf.

|/¢Jﬁx> -

In the string-net approach, we make a very strong assump-
tion that the above graphic states on two graphs are the same
if the two graphs have the same topology. However, since
different vertices and edges are really distinct, a generic graph
state does not have such an topological invariance. To consider
more general states, in this paper, we would like to weaken such
a topological requirement. We will consider vertex-labeled
graphs (v-graphs) where each vertex is assigned an index «.
Two v-graphs are said to be topologically the same if one graph
can be continuously deformed into the other in such a way that
the vertex labeling of the two graphs matches. In this paper, we
will consider the graph states that depend only on the topology
of the v-graphs. Those states are more general than the graph
states that depend only on the topology of the graphs without
vertex labeling. Such a generalization is important in obtaining
interesting fermionic fixed-point states on graphs.

B. Structure of a fixed-point wave function

Before describing the wave-function renormalization, we
examine the structure of entanglement of a fixed-point wave
function ¥4 on a v-graph. First let us introduce the concept
of support space with a fixed boundary state.

We examine the wave function on a patch, for example,

i jok i ok
\KP/ . The fixed-point wave function 1//ﬁx<\;§P/> (only the
/ /

relevant part of the graph is drawn) can be viewed as a function

i j ok
ofa,B,m: ¢jjur(a,B,m) = wﬁ,{(%/)ifwe fixi, j,k,l,and
1

the indices on the other part of the graph. (Here the indices
on the other part of the graph are summarized by I'.) As we
vary the indices I' on the other part of the graph (still keep i,
J» k, and [ fixed), the wave function of «, 8,m, ¢;ju,r (o, B,m),
may change. All those ;i r(a,B,m) form a linear space of
dimension D’ K, Dy ¥ is an important concept that will appear
later. We note that the two vertices o and B and the edge m
form a region surrounded by the edges i, j,k,l. So we will call
the dimension-D!’* space the support space V,;”* and D/’* the
support dimension for the state {4x on the region surrounded
by a fixed boundary state i, j,k,I.
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i jok
We note that in the fixed-point wave function wﬁx<\;§P/ ),
!

the number of choices of «,fB,m is N, ijk Zi::o N, Nk,
Thus the support dimension D/’* satisfies D/* < N/*. Here
we will make an important assumption — the saturation
assumption: The fixed-point wave function saturates the
inequality

Dl_]k l_]k

ZN”N . (12)

In general, we will make the similar saturation assumption for
any tree graphs. We will see that the entanglement structure
described by such a saturation assumption is invariant under
the wave-function renormalization.

Similarly, we can define D; i as the support dimension of

INOYT
the CIDﬁX< Y ) on a region bounded by links 7, j,k. Since the

region contains only a single vertex «, we have D; < N,’.
The saturation assumption requires that

D/ =N/. (13)

In fact, this is how N}/ is defined.

We note that under the saturation assumption, the structure
of the support dimensions for tree graphs is encoded in the N ,ij
tensor. Here N ,ij plays a similar role as the pattern of zeros in a
classification of fractional quantum Hall wave functions [28].

C. First type of wave-function renormalization: F-move

Our wave-function renormalization scheme contains two
types of renormalization. The first type of renormalization does
not change the degrees of freedom and corresponds to a local
unitary transformatlon It corresponds to locally deforming the

iojok i

v-graph \gﬁ/ to . (The parts that are not drawn are
1

;"
the same.) The fixed-point wave function on the new v-graph

N
is given by Wﬁx<\%n/ ) Again, such a wave function can be
!

5 i j Xk
viewed as a function of x,8,n: ¢;ju,r(x,8,n) = Wﬁx(\\%n/
/

if we fix i,j,k,l, and the indices on the other part of the

A X
graph. The support dimension of the state 1//ﬁx<\<%n/> on
!

the region surrounded by i, j,k,/ is Dlijk. Again D,ijk < N;jk,
where N/* = YV NJ*Ni* are the number of choices of

x.8,n. The saturation assumption implies that N* = D/*.
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ik
The two fixed-point wave functions Wﬁx<\;§P/) and
I

ik
A
Vfﬁx<\\%n/> are related via a local unitary transformation.
1

Thus
p’* = b’¥, (14)

which implies

Z Nl] Nmk

m=0

ZN,{kN;'". (15)

i gk
Wﬁx<\%n/> should have the same number of fermionic
/

states. Thus Eq. (15) can be split as

N N
> BB+ FJF™ =" BJ'B/" + FJ*F/",  (16)
m=0 n=0

N N
m=0 n=0

We express the above unitary transformation in terms

of the tensor F,é{fxogﬂ where i,j,k,..., =0,..,N, and
a=1,...,N/, and so on,
N’{k Nlu
Pijis.r (o, B.m) = ZZZ Fas dijuar(x.8.m)  (18)
n=0 x=1 =1
or graphically as
i i Xk
e ‘3(;/ SD DL LT a4 RO
nxd !

where the vertices carrying the states labeled by («, 8, x,8) are
labeled by («, B, x, 8) (see Fig. 2). Here ~~ means equal up to
a constant phase factor. (Note that the total phase of the wave
function is unphysical.) We will call such a wave function
renormalization step an F-move.

There is a subtlety in Eq. (19). Since some values of , 8,...,
indices correspond to fermionic states, the sign of the wave
function depends on how those fermionic states are ordered. In

i jok i

k
X
Eq. (19), the wave functions g« \gP/ and Yy \5?,7/
/ /

are obtained by assuming the fermionic states are ordered in a
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particular way:

i jok

Vfix \;{%/

_Zwaﬁn Ny

J

i Xk
7vz)ﬁx Vn/
/
i j ok

X0n, n,. z
_ Zﬂ’ My \%n/ [xomn2.. >5 01y My
/ (20)

where ) sums over all the indices on the vertices and edges.
n; are indices on other vertices. Here |af, .. .,) 4 ,..., is a graph
state where the o vertex is in the |e) state, the 8 vertex is in the
|B) state and so on. We note that | B, .. .,) g, s also a graph
state where the « vertex is in the |«) state, the S vertex is in
the |8 ) state. But if the |o) state and the |B) state are fermionic
(e si(@) = sy"() = 1), |ep..)gp.... and | ....) po..
will differ by a sign since in |@f, ... ,)ag, ...

the B vertex is created before the ferm1on on the o vertex is
created, while in |Ba, . ..,) ap,.. the fermion on the o vertex
is created before the fermion on B vertex is created. In general
we have -

@B, Vg = (T OlBa s (21

We see that subscript o 8, ..., in |@f, ...,) «g,.., isimportant
to properly describe such an order dependent sign. Similarly,
we must add the superscript in the wave function as well,

i j ok

\g%/ |a6771772-~~>g§g1 -

i j ok
(XF/), since the amplitude of the wave
/

i jok
function depends on both the labeled graph \KF/ and the
!

ordering of the vertices « 1 /R Such a wave function
has the following sign dependence:
aBn n,..
m
/

,l/)ﬁx 1-=2

i j k
— (=)@ (B) e Ty
- fix m
Ljey
Thus Eq. (19) should be more properly written as
5 i jok 5 ik
ap... ijm,o X
wﬁxi \gﬁ/ Z Fk{n X5ﬁ l/}ﬁx \\%}’l/ ’ (23)
! nxs I

where the superscripts « B, ..., and x4, ..., describing the

order of fermionic states are added in the wave function.
Since the sign of the wave function depends on the ordering

of fermionic states, the F tensor may also depend on the
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ordering. In this paper, we choose a particular ordering of
fermionic states to define the F tensor as described by
ap,..., and x§,..., in Eq. (23). In such a canonical
orderlng, we create a fermlon on the ,8 vertex before we create
a fermion on the o vertex. Similarly, we create a fermion on
the § vertex before we create a fermion on the x vertex.

We have seen that, to describe a given fermionic state, the
—
fermionic wave function wﬁx< © A depends on the order

of the fermions on the graph. Different choices of fermion
orders lead to different fermionic wave functions even for the
same fermionic state. To avoid such order dependence of the
fermionic wave function (even for the same fermionic state),
in the following, we would like to introduce one Majorana
number 6, on each vertex ¢ to rewrite a wave function that
does not depend on the ordering of fermionic states on vertices.
The Majorana numbers satisfy

0 for any o # B,

Og.....0p)" =0p.....04. (24)

a=1, 0,05 =—040,
0l =04,
We introduce the following wave function with Majorana
numbers:
j ok i

i k
s () psTE af
- \KP/ _ g g2 \ZP/
/ - /

i jok

LIy k , " s Iy
gy \a?/ = (o5 oy o \6?/
/ 1

where the order of the Majorana numbers (6,04, .. .,) is tied
to the order « B, ..., in the superscript that describes the
order of the fermionic states. We see that, by construction,

(25)

i j ok
the sign of Wﬁx<\%p/> does not depend on the order of the
1

fermionic states, and this is why the Majorana wave function

i j ok
\Pﬁx(\gP/) does not carry the superscript (« 8, ... ,).
f 2

We would like to mention that (04,0) and (0,,05) are
treated as different Majorana numbers even when, for example,
o and yx take the same value. This is because « and yx label
different vertices regardless if o and x have the same value
or not. So a more accurate notation should be

ik ik

S0 (@) s aB..
o | KB | = 00O
1 5

i ok i ok

X in 3.
Wy \?V = [f5 00y
/

where 6, and 6, are different even when o = X Butin this
paper, we will drop the “and hope that it will not cause any
confusion.

(26)
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Let us introduce the F tensor with Majorana numbers

1

. , m‘ mk(ﬂ) in(s) r{'k P s
Finsd = 0w @ay Doy Vo ORI 27)
We can rewrite Eq. (23) as
i

ik ik
i \%P/ ~ Y Fiins Uax \%/ C8)
/ /

nxo

Such an expression is valid for any ordering of the fermion
states.
From the graphic representation (23), We note that

F]g:“x"gﬁ = 0 when
N7 <lorN"™ <1lorN/* <lorN" <1, (29)

or s (a) + s (B) + s (x) + 5"(8) = 1 mod 2.

When N,/ < 1 or NJ'* < 1, the left-hand side of Eq. (23) is
always zero. Thus F,ﬁ{,’,";gﬁ =0 when N,; <1 or N"¥ < 1.
When N,{k < 1or Nf" < 1, wave function on the right-hand
piimap _
) B kin,x8 —
0 when N/¥ <1 or N/" < 1. Also, F;{f;ﬁsﬂ represents a
pseudolocal bosonic operator which contains even number of
fermionic operators. Therefore F/" ngﬂ is nonzero only when

si (@) + 5™ (B) + 51 (x) + 5{"(8) = 0 mod 2.

side of Eq. (23) is always zero. So we can choose

i j okl i j

PHYSICAL REVIEW B 91, 125149 (2015)

For fixed i, j, k, and [, the matrix F,g %’g with matrix
,’:‘;’f = F Xofsﬁ is a matrix of dimension N
[see Eq. (15)]. Here we require the mapping gb,ijk,,r(x ,0,n) —>

@ijri,r(c,B,m) generated by the matrix Fk{ to be unitary.

Since, as we change I, qgijk,,r(x ,8,n) and ¢ r(cr, B,m) span
two N,/ *_dimensional spaces. Thus we require F,;] to be an

ijk
N,

elements (F, ,ﬁl’ )

X Nlij k unitary matrix
ijm' o' B ijmaf\* __
Z Fkln,xé‘ (Fkln,)(a ) - 8m,m’5a,a’8ﬂ,ﬂ" (30)
nys

In this way, the F-move represents an fLU transformation. It
is easy to see that the unitarity condition implies

LTk ; i j ok
vic | N7 | = X (F) e | 5
[ maf !

3D

The F-move (28) can be viewed as a relationship between
wave functions on different v-graphs that only differ by a local
transformation. Since we can locally transform one v-graph to
another v-graph through different paths, the F-move (28) must
satisfy certain self-consistent conditions. For example, the v-

ikl ijok
b
graph 7 can be transformed to *{j‘f through two
P p
different paths; one contains two steps of local transformations
and another contains three steps of local transformations as
described by Eq. (28). The two paths lead to the following

relations between the wave functions:

ko1
(pT\ \
~ E ijm, o3 t ~ § ijm,a itn,px )
\Ilﬁx " n - fknt,nap \Pﬁx Ny - fknt,mp ‘}—lps,fvy \Pﬁx N S
tn tny;sk
» 1P » np;sky »
i /
-~ ijm,af ritn,ex riktne 9
= Z Fintne Fipsinn 7 isq.o6 Lfix Ve : (32)
tnK;p;sKEy;qoe
)4
i j k1 i j ok i !
m ~ mkn,3x m ~ mkn,Bx ijm,ce 9
Vi W - Zj:lpq,ﬁe Phix &1 - Z Fipgoe Faps,in Vhix Ve ’ (33)
p qde p qoe;spy »

The consistence of the above two relations leads to a condition on the F' tensor.

To obtain such a condition, let us fix i, j, k, [, p, and view Vg, "

ik

wﬁx " n
p

. . ik ijkl
dimension D" space. In other words, D}/

i g ko1

N as a function of «, 8, x,m,n: ¢(a,B, x,m,n) =

p

. As we vary indices on the other part of graph, we obtain different wave functions ¢(«, 8, x ,m,n) which form a

is the support dimension of the state ¥4 on the region «, 8, x ,m,n with boundary
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state i, j,k,l, p (see the discussion in Sec. V B). Since the num-

. . ijkl __ ij k !
ber of ch01A<?es of q?ﬁ,x,m,n is Nj©° = Zmﬂ N N Nz,
we have DYY < Ni¥. Here we require a similar saturation
condition as in Eq. (12)

ijkl __ pyijkl
Np = Dp . (34)
Similarly, the number of choices of §,¢,y,q,s in
ik
9 . ijkl .
Wix Ve is also N, . Here we again assume
p

~ijki ki Sijkl - :
Dy = N;J/*, where D;J” is the support dimension of
ik I

9
wﬁx Y“' !
p

on the region bounded by i, j,k,/, p.

So the two relations (33) and (32) can be viewed as two
relations between a pair of vectors in the two D;jkl -dimensional
vector spaces. As we vary indices on the other part of graph
(still keeping i, j,k,l, p fixed), each vector in the pair can span
the full D/*'-dimensional vector space. So the validity of the
two relations (33) and (32) implies that

jk  Azi
Nl/ N’X[ NSrl
ijm,af itn,px jkt,nk
Z Z Z Z ‘Fknt,nw ‘Flps,w flxq,tw
t n=1 ¢=1 k=1
N
~ mkn,Bx ijm,oe
~ N Fmnr (35)
e=1

q.,0¢ ' qps.¢y’

which is the fermionic generalization of the famous pen-
tagon identity. The above expression actually contains

many different pentagon identities, one for each labeling
i jok i j ok i j k

!
9 N
scheme of the vertices in 7 , N1 wa o,
p p P

ij ko1 ikl

9 .
\37, and \\Q’%/ We obtain

Yx ¥

P )2

Jk it 1l
N© NN

- ijm,of itn,px —jkt,nk
Z Z Z Z fkmw flp&w ]:lsq,5¢
t =1 p=1 k=1

mq

Nﬁ

~ mkn,Bx ijm,ce

- Z]:lﬂq,ﬁe ‘qumy‘ (36)
e=l1

We can use the transformation
ijm,af i0 ijm,ap
Finys = € Funys (37)
to change ~ to = in the above equation and remove the
Majorana numbers to rewrite the above as

N/k N,’;’ N;’

ijm,af pitn,px rjktnk
Z Z Z Z ka,nw Flm,w Flsq,&b

t n=1 ¢=1 k=1

Ny
_ _y’il{(a)_ykl(s) mkn,Bx ijm,oe
=) ! ZFIPME Fops.py - (38)
e=1

PHYSICAL REVIEW B 91, 125149 (2015)

The above fermionic pentagon identity (38) is a set of nonlinear
equations satisfied by the rank-10 tensor Fy," X"gﬁ . The above
consistency relations (38) are equivalent to the requirement
that the local unitary transformations described by Eq. (28) on
different paths all commute with each other up to a total phase
factor.

D. Second type of wave-function renormalization: O-move

The second type of wave-function renormalization does
change the degrees of freedom and corresponds to a general-

ized local unitary transformation. One way to implement the
i

second type of renormalization is to reduce / k to + i, so that

i

we still have a trivalent graph. This requires that the support
i

dimension D;;s of the fixed-point wave function Vg,| / k
i

is given by
Dji = 8. (39

This implies that

=

z/)ﬁx = 6ii’wﬁx (40)

The second type of renormalization can now be written as
(since D;; = 1)

where the ordering of the vertices is described by a 87, ....
We will call such a wave-function renormalization step an
O-move. Here 0/ satisfies

ik
NI N

Y3300y =1 42)

k.j a=1 p=1
and
05 =0, if N* < 1ors/ (@) +s/5(8) = 1 mod 2. (43)

The condition (42) ensures that the two wave functions on the
two sides of Eq. (41) have the same normalization. We note
that the number of choices for the four indices (j,k,«,8) in

Oij “f must be equal or greater than 1
Di=Y (N> (44)
Jk

In fact, we should have a stronger condition: The number
of choices for the four indices (j,k,«,B8) that correspond to
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bosonic states must be equal to or greater than 1

D =Y (B/) + (F/*)’ > 1. (45)
jk
The wave functions in Eq. (41) are defined with respect to the ordering of the fermionic states described by « 817, . Let

us introduce

Wiy G i> = [egm...mﬂ“ G ,-) (46)

and
Oijk,aﬁ _ QS’ (a)g; (ﬂ)Oijk,aﬁ‘ 47

We can rewrite Eq. (41) as

~ OF g, Gz) (48)

which is valid for any ordering of the fermionic states.

E. Third type of wave-function renormalization: Y-move

The third type of wave-function renormalization also changes the degrees of freedom. The support space of iT jT is one

Ny J y
dimensional, while the support space of )/Q{: is >, (V! )> dimensional. So the wave function 1/fﬁX<iT JT) is a particular vector
i#BNJ

NG J
in the support space of X . Thus, the third type of wave-function renormalization takes the following form:
p

i J
o
sy () e (1 o
ka8 Vtix > N1 fix J (49)

k.af i J
where the ordering of the vertices is described by « B 1, .... We will call such a wave-function-renormalization step a Y-move.
We can choose
Yy =0, if NJ < lors!(@)+s!(#)=1mod 2. (50)
The wave functions in Eq. (49) are defined with respect to the ordering of the fermionic states described by « 817, . Let
us introduce
NG T y y NS
;7 () 5577 (B) ps apfn..
Vi ){ = [ Ve Doy Jug ){ ,
ixpuJ = ixpuJ
Wy iT jT = (057 Joy z'T jT
(5D
and
Wop =03 V0% Y], (52)
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We can rewrite Eq. (49) as

- N
o >{f\ ~ gy iT jT (53)
kaB iFPNJ

Z yk aﬁqjﬁx

which is valid for any ordering of the fermionic states.

F. Relation between Oij ko8 and y,‘j b

We find that the following wave function has two ways of
reduction:

Z yv ﬂ’vqu‘x
By

(54)

~ Zy 5 01 W
i,
= Y V00T G) (55)
By

The two reductions should agree, which leads to the condition

O]kasz l]l;}y(,)]kyko/kaﬁ (56)

G. “Gauge” freedom

We note that the following transformation changes the wave
function, but does not change the fixed-point property and the
phase described by the wave function

()T (F). o

where f;’ is a unitary matrix

2: z;a ljot

= Sqo- (58)

Similarly, we have a unitary transformation f g for vertices
with two incoming edges and one outgomg edge. Such
transformations correspond to a choice of basis and should
be regarded as an equivalent relation.

PHYSICAL REVIEW B 91, 125149 (2015)

The above transformation induces the following transfor-

. ijmaB  jkoeB yij o .
mation on (Fyy, 5", 077, Y )

jhop Jk.B A Jk.e ﬂ
Oi fjk o fl 0

ij ijo kB \* v ij
Yo = (fila ) (fijp) Yewp-
ijm,aﬁ lj()t mkﬂ ik, x"\* in,8' \* ijm,o '
Fanrd = fobs 17 (L) (F5°) Fams - (59)
We can use the above “gauge” degree of freedom to choose
05 = 05,5, 0/ > 0. (60)

Oj k- is chosen to be a real number.
Then Eq. (56) implies that Y,i’a ~ 1/0*, and we can
choose the phase of Y, kfa to make

Y/, =1/0/* (61)

H. Dual F-move and a relation between 0’ ** and F, ;{:’ sj‘(ﬁ

We also find another wave function that can have two ways
of reduction as well:

2 : Jkl, /m’
fmm ,X Qo ﬁX

(1)

~ Fiklpt Okm XOJP@( )8 i’""(X)JrSfP(a)\pﬁX <+z) .

gkl put km,x JP, a
~ FripnaOp X O;

mip,xo

~ ~ikl,put
‘7:777 P, X ‘Ilﬁx

ijkl ST Oyk uOlm T\Ij

mip,x o

(r)
G > (62)

All the edges have a canonical orientation from up to down,
and f,i{,’,"x";ﬂ , the dual so-called F-move, can be expressed as

Jq_-jkl ST O]k pOlm T\IJ

mip,xo

P(a) KO0 st () s (T)
f,ij},"x’;’—ea 6y "0, 03

Um ;r:' (63)

kln xa
This allows us to obtain another condition

ZFJkI;LrOkaOJPOt(Olmr) (Ojky,) 1‘ (64)

2 ikl e
F mip,xa

mip,xa

F]kl T

We require F,; "

to be unitary, which leads to

Okm»X/ ij’,a’

km,x ~Jp.o
S (R ) S it 0y "0
mip', x'o l ik, mip,xa | ik,
o Omroj;l. Om‘roju

km,x" ~jp'.@" ~km,x ~jp.a

F/kl;MOP’ O; 0, "0}
Im,t ~Jjk,pu\2
(0,7 0f™")

_ 2 : Jki, ,ur
szp X Ot mip,xa
1

lnt

= 88,05 Ourr (65)
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or
5 () Pt _
(Olm T Ojk u) -

Ipt

SP[’/(SXX,SD‘O[/ . (66)
(0} 0y

The above condition can be satisfied by the following ansatz

o= |=Ls!, D=>"dl. di>0, (67
\ Dd; l

where 8ijk =1 for Nijk > 0 and Sijk =0 for Nijk = 0. From
Eq. (42), we find that d; satisfies

> did;
ij

N/ =dD, D= d}. (68)
1

The solution of such an equation gives us the quantum
dimension d;.

I. H-move and an additional constraint

Jka ijm,ap
between O; " and F;,, ; 3x

Let us consider a new type of move — the H-move.

~ kim,af g,
- ZHjlmx5 Wi
k / nxd

Again, we use the convention that all vertices have a canonical

ordering from up to down. Similar to the F-move, H*"*/

jin,ys can
be expressed as

szm ap

el — Qsm(a)eslmk(ﬁ)esz (B)GSH (X)Hk’m ap (70)
Jjln,x :

Jjln,x8

In the following, we will show how to compute the coefficients
kim,op ijm,af

Hj, s from Fy, = and d;.
First, by applylng the Y-move, we have

N, ¥
\I!ﬁx m =~ Z yykL:fX/(S\I]ﬁx (7])
k / n,x'8
Next, by applying an inverse F-move, we obtain
Frmit\ T
Jnl,Bx’ fix
(72)

PHYSICAL REVIEW B 91, 125149 (2015)

Finally, by applying the O-move, we end up with

(73)
All together, we find
ku i, T af
Hiped =3 Vs (Faph ) O 74

x'B

Under the proper gauge choice Eq. (60), we can further
express the coefficients Hk{ P as

kim,aB ki kmi,ax\* ~km,
Hjln X8 Yn B(Fjrlll.lﬂé ) Oima
kmi,ox\* kl,8\~1 ~km,
= (Fiu'ps) (0,7°) o™ (75)

The unitarity condition for H-move requires that

i)
(o)

nyé

_ 8mm’8aa’8ﬂf3’
"oy

: (76)

With the special ansatz Eq. (67), we can further simplify
the above expressions as

i |dnd .
kim,aff __ mn kmi,o
Hjln,xé - didl (anl,/%x) (77)
and
m'i,a mi,ax\* did
Zd ijnl g 85 Jknl /35)() = _Smm’Sozoc’Sﬂﬂ“ (78)

nys

Similarly, we can also construct the dual-H move

B
k
Ve | %y | =D HIS e (79)
k ) nxo
~kim,af
and we can express 1, " 5 as

Hkl m,af

jln,x8 — 951 (5)95m(01)951 (5)9571 (X)Hktm af (80)

jln,xs >

. ~kim,
where the coefficients 71}, 7 can be expressed as

kim otﬂ_ k] k,as Hml,B
His = Y Finiy O
imk,ax ( ~kl,6\~1 Aml.pB
= Fis (o) ot (81)

Again, with the special ansatz Eq. (67), we have

rykim,af dmdn
Jjln,x8 djdk

imk, o8
Fpia (82)

It is easy to see that the unitarity condition for dual H-move is
automatically satisfied if the H-move is unitary.
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J. Summary of fixed-point gfL.U transformations
To summarize, the conditions (15), (17), (45), (30), (29),
(38), and (68) form a set of nonlinear equations whose
variables are N, F/, Fj" Vof\ﬁ , d;, Let us collect those
conditions and list them below:

N N
() Y NIN™ =" NN,
m=0 n=0

N N
(i) Y BUF™+ FiJB"™ = BJ*F/" + F/'B}",

m=0 n=0

i) Y (B + (F/) > 1.
ik

(v) N* = B/* + F/%, (83)
W) Y Ed ST Fd Y = S Saar S g
nyé

(vi) F,y,;" Xofsﬂ = 0 when
N,’;{ < lorN,’”k < lor N,{k < 10eri” <1,
or st (o) + 57" (B) + s1°(x) + 5"(8) = 1 mod 2;
N NN
SODIDIPIP I e oy

t =1 ¢=1 k=1

Ny
3;,{ a)sk (8 mkn, B ijm,ae,
=) (e )Z Flpq,é‘e XFq;s,dﬁ;’ &)
e=1
(viii) Y did;N/ =diD. D= d}; (85)
ij !
. m'i,a mi,ax\* did,
(IX) ZanJ]-{nl’t;,sf( (Fjl'cnl,béx) = d—(Smm’(Saa’(Sﬁﬂ/. (86)

nyé

Finding N/, F/, F,i{,'l" y“f , and d; that satisfy such a
set of nonlinear equations corresponds to finding a fixed-
point gfLU transformation that has a nontrivial fixed-
point wave function. So the solutions (N, F.,F})' ;;ﬂ Jd;)
give us a characterization of fermionic topological orders
(and bosonic topological orders as a special case where
F/ = 0).

We would like to stress that, although the solutions
(N ,F,ﬁj,F,i{:f)’/Of,di) decscribe 2 + 1-dimensional [(2 + 1)D]
fermionic topological orders with gappable edge, the corre-
spondence is not one to one. Given a set of solutions, the
transformation in Eq. (59) on F},' y“f will generate another
set of solutions (since the equations for d; and Fjj,' yuf
decouple). The two sets of solutions describe the same
topologically ordered phase. Also Eq. (59) does not include
all the redundancy: Two solutions that are not related by
“gauge” transformation Eq. (59) may still describe the same
fermionic topological orders. We need to compute the modula
transformation 7 and S from the data (N,”, F;’ ,F,if,:'f;,o;ﬁ ,d;) to
determine the 2 4 1D topological order [9,29,30].
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VI. CATEGORICAL FRAMEWORK

To provide a conceptual understanding of our generaliza-
tion of string-net model, we discuss briefly the categorical
picture which underlies earlier algebraic manipulations. Such
a mathematical framework will provide more examples for our
fermionic string-net Hamiltonians in Appendix B 2.

A string-net or Levin-Wen Hamiltonian can be easily
constructed using 6 symbols from a unitary fusion category
C. The elementary excitations of the model form a unitary
modular tensor category (UMTC) &, which turns out to be
the quantum double Z(C) of the input category C. A priori,
the output modular category £ is not necessarily related to
the input category C. Therefore, it is conceivable that similar
Hamiltonians can be constructed from some other algebraic
data where the elementary excitations still form a UMTC,
which is not necessarily a quantum double. This is explored in
Ref. [6]. In the preceding sections, we generalize the string-net
model by including fermionic degrees of freedom.

The mathematical framework for such a generalization is
the theory of enriched categories [25]. An enriched category is
actually not a category, just like a quantum group is not a group.
We will consider only special enriched categories, which we
call projective super fusion categories. The ordinary unitary
fusion categories are enriched categories over the category of
Hilbert spaces, while projective super fusion categories are
enriched categories over the category of super Hilbert spaces
up to projective even unitary transformations.

To the physically inclined readers, the use of category
theory in condensed matter physics seems to be unjustifiably
abstract. We would argue that the abstractness of category
theory is actually its virtue. Topological properties of quantum
systems are independent of the microscopic details and are
nonlocal. A framework to encode such properties is necessarily
blind to microscopic specifics. Therefore, philosophically,
category theory could be extremely relevant, as we believe.

A. Projective supertensor category

We use supervector spaces to accommodate fermionic
states, and generalize the composition of linear transforma-
tions to one only up to overall phases—a possibility allowed
by quantum mechanics. The projective tensor category of
vector spaces is the category of vector spaces and linear
transformations composed up to overall phases, and the
category of supervector spaces is the tensor category of
Z,-graded vector spaces and all even linear transformations.

In the categorical language, a fusion category is a rigid
finite linear category with a simple unit. Equivalently, it
can be defined using 6 symbols: An equivalence class of
solutions of pentagons satisfying certain normalizations [27].
Fermionic 6; symbols F;;" yaf » in Eq. (28) with certain
normalizations define a projective super fusion category if
they satisfy fermionic pentagon equations Eq. (35). However,
the setup used in this paper may only generate a subclass of
projective super fusion category.

B. Supertensor category from superquantum groups

The trivial example of a supertensor category is the category
of Z,-graded vector spaces and all linear transformations.
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More interesting examples of supertensor categories can be
constructed from the representation theory of superquantum
groups.

Superquantum groups are deformations of Lie superal-
gebras [31,32]. Though a mathematical theory analogous
to quantum group exists, the details have not been worked
out enough for our application here. In the literature, the
categorical formulation focuses on the invariant spaces of
even entwiners, while for our purpose, we need to consider
all entwiners. In particular, we are not aware of work on
Majorana-valued Clebsch-Gordon coefficients, therefore, we
will leave the details to future publications.

VII. SIMPLE SOLUTIONS OF THE
FIXED-POINT CONDITIONS

In this section, let us discuss some simple solutions of
the fixed-point conditions (83), (84) (85), and (86) for the

fixed-point gfLU transformations (N’ , F’ F,ﬁ{;" yoj\ﬂ .dp).

A. Solutions from group cohomology

Many bosonic solutions can be constructed from a finite
group G. Here we treat the edge index i, j,k, ..., as elements

in the group: i, j,k € G with group mulitplication i - j € G.
We choose the fusion coefficient as
ii 1 if i-j=k
J ’ ) _
Ne = {O, if i-j#k, =0. &7

Since N,i = 0,1, we can drop the indices «,f on vertices.

,é{,;"ycf\ﬂ that satisfies Eq. (84) is given by

Fil' = ws(i, j NI N NI NJ", (88)

where ws(i, j,k) is the three-cocycle in the group cohomology
class H3[G,U(1)] [33,34]. In this case, the self-consistent
condition Eq. (84) for the F tensor becomes the cocycle
equation for ws(i, j,k):

(,()3(i,j,k)(1)3(i,j : k,l)(,()3(],k,l) = (1)3(1 : j,k,l)(,()3(i,j,k : l),

(39)
where d; that satisfies Eq. (85) is given by
di = 1. 90)

Such a solution describes a “twisted” gauge theory in 2 +
1D [35-37]. If we choose a trivial three-cocycle ws (i, j,k) = 1,
the solution will describe a standard gauge theory with gauge
group G in 2 + 1D.

B. Solutions from group supercohomology

Similarly, many fermionic solutions can be constructed
from a finite group G. Again we treat the edge index i, j, k, .
as elements in the group: i, j,k € G with group muhtphcatlon

- j € G. We choose the same fusion coefficient N;’ . as for
bosomc solutions, but with nonzero F kj :

g (1, if i-j=k
iy _ ) )
Nk—{o, i £k
F = (i, )N, #0, ©1)
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where n,(i,j) € Z, valued on 0,1 is two-cocycle in the
obstruction free subgroup of group cohomology class
BH?[G,Z,). By obstruction free, we mean that for any 7,(i, j)
satisfying the two-cocycle condition

Jk) =na(i,j - k) +na(jk),  (92)

the following £1-valued function

na(i, j) + na(i

(_)nz(i,j)nz(k,/)’ (93)

must be a coboundary in B4[G, U (1)] when we view it as a four-
cocycle with the U (1) coefficient. Each elementin BH?[G,Z,]
becomes a valid Z,-graded structure for fermion systems.

On the other hand, since N,” = 0,1, we can again drop the

Fl]m af

indices &, B on vertices. Fy;, -, that satisfies Eq. (84) is given

by
FI™ = @i, j, k)N NP NIE N, (94)

where @3(i, j,k) is the three-supercocycle in the group super-
cohomology class H}[G, U(1)] [33,34], which satisfies

@3(i, j,k)s(i,j - k.Dds(j.k.D)
= ()OI EDay(i - kD@3, ok D, (95)
Again d; that satisfies Eq. (85) is given by
di =1. 96)

Such a solution describes a fermionic gauge theory in 2 + 1D,
e.g., the recently proposed fermionic toric code [38].

VIII. SUMMARY

Using string-net condensations and LU transformations
(or in other words, unitary fusion category theory), we have
obtained a classification of 2 4 1D topological orders with
gappable edge in bosonic systems [6,20]. An interacting
fermionic system is a nonlocal bosonic system. So classifying
topological orders in fermion systems appears to be a very
difficult problem.

In this paper, we introduce LU and gfL.U transformations,
which allow us to develop a general theory for a large class
of fermionic topological orders. We propose that 2+ 1D
topological orders with gappable edge in fermionic systems
can be classified by the data (N}, F,i’ F ’f{': af ,d;) that satisfy
a set of nonlinear algebraic equations (83) (84) (85), and (86).
Such a result generalizes the string-net result [6,20] to
fermionic cases. We hope our approach will be a starting point
for establishing a mathematical framework for topological
orders in interacting fermion systems.
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FIG. 3. (Color online) Two branched simplices with opposite
orientations. (a) A branched simplex with positive orientation and
(b) a branched simplex with negative orientation.
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APPENDIX A: BRANCHING STRUCTURE OF 2D GRAPH

To define a lattice model a space M, we first triangulate of
the space M to obtain a complex M. We will call a cell in
the complex as a simplex. To define a generic lattice theory
on the complex My, it is important to give the vertices of
each simplex a local order. A nice local scheme to order
the vertices is given by a branching structure [33,34,39]. A
branching structure is a choice of orientation of each edge in
the n-dimensional complex so that there is no oriented loop on
any triangle (see Fig. 3).

The branching structure induces a local order of the vertices
on each simplex. The first vertex of a simplex is the vertex with
no incoming edges, and the second vertex is the vertex with
only one incoming edge, and so on. So the simplex in Fig. 3(a)
has the following vertex ordering: 0,1,2,3.

The branching structure also gives the simplex (and its
subsimplexes) an orientation denoted by s;;. .. » = =. Figure 3
illustrates two three-simplices with opposite orientations
So123 = + and 59123 = —. The red arrows indicate the orienta-
tions of the two-simplices which are the subsimplices of the
three-simplices. The black arrows on the edges indicate the
orientations of the one-simplices.

In this paper, we will only consider 2D space. The graph
that we use to define our lattice model is the dual graph of
the 2D complex My;. The branching structure of M leads to
a branching structure of our graph: Each vertex of the graph
cannot have three incoming edges or three outgoing edges.

APPENDIX B: PARENT HAMILTONIAN
FOR FIXED-POINT WAVE FUNCTIONS

1. Fermionic structure of support space

To understand the fermionic structure of the support space
V4, let us first study the structure of p,. Let |¢;) be a basis
of the Hilbert space of the region A and |@;) be a basis of the
Hilbert space of the region outside of A. |¢/) can be expanded

by |¢:) ® |é7):
W) = Ciilen) ® 7). (B1)

Then the matrix elements of p4 is given by

(oa)ij = Y _(Ci)*Cj. (B2)

i
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For a fermion system, the Hilbert space on a site, V; has
a structure: V; = V2 @ V!, where the states in V have even
numbers of fermions and states in Vl.1 have odd numbers of
fermions. The Hilbert space on the region A, V4, has a similar
structure V4 = VO @ V!, where states in V! have even number
of fermions and states in V} have odd numbers of fermions.
Let |¢; «) be a basis of V§. Similarly, the Hilbert space on the
region outside of A, Vy, also has a structure V; = Vg ® Vf%.
Let |¢; ) be a basis of V{. In this case, |[{/) can be expanded
as

V) =) Ciaipldia) ® |67p). (B3)
iaip
the matrix elements of p4 can now be expressed as
(PA)iasjip = Z(Ci,a;f,y)*cj,ﬂ;f,y' (B4)

iy
Since the fermion number mod 2 is conserved, we may assume

that |¢) contains even numbers of fermions. This means
Ciwiy =0whena +y = 1 mod 2. Hence, we find that

(0a)ia;jp =0, wheno + 8 =1mod?2. (BS5)

Such a density matrix tells us that the support space V4 has
a structure V4 = V) @ V1, where V? has even numbers of
fermions and \74 has odd numbers of fermions. This means
that U, contains only even numbers of fermionic operators
(i.e., Uy is a pseudolocal bosonic operator).

2. Compute the parent Hamiltonian
In Sec. V, we have constructed the fixed-point wave
functions from the solutions (N,/,F,’,F, ,ilj,;";;ﬁ ».d;) of the
self-consistent conditions. In this section, we will show that
those fixed-point wave functions on a honeycomb lattice (see
Fig. 4) are an exact gapped ground state of a local Hamiltonian

H=) (1-0)+) (1B, (B6)
v p

where )" sums over all vertices and Zp sums over all
hexagons.

The Hamiltonian A should act on the Hilbert space Vg
formed by all the graph states. It turns out that it is more
convenient to write down the Hamiltonian if we expand the
Hilbert space by adding an auxiliary qubit to each vertex

Ve = Ve ® (®y Vaubit), (B7)

l
p

/

DWW

FIG. 4. A honeycomb lattice. The vertices are labeled by v,
hexagons by p, and links by /.
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where ®, goes over all vertices and Vi is the two-
dimensional Hilbert space of an auxiliary qubit |1}, I = 0,1.
So in the expanded Hilbert space V¥, the states on a vertex
v are labeled by |@) ® |I), I = 0,1. V; is embedded into V&*
in the following way: Each vertex state |«) in Vi correspond
to the following vertex state |a) ® |s;jx()) in VS, where we
assume that the states on the three links connecting to the vertex
are i), |j),and |k). So the new auxiliary qubit | /) on a vertex is
completely determined by (i, j,k,o) and does not represent an
independent degree of freedom. It just tracks if the vertex state
is bosonic or fermionic. The |0) state corresponds to bosonic
vertex states and the |1) state corresponds to fermionic vertex
states.

In the expanded Hilbert space, O, in H acts on the states
on the three links that connect to the vertex v and on the states
|y @ |I) on the vertex v:

Q. \??> o) = ’\?Z’> O N >0, =5 (),
~ |inoy
O \%;>®|I>:0 (B8)

Clearly, 0, is a projector Qi = 0,.The ép operator in H acts
on the states on the six links and the six vertices of the hexagon
p and on the six links that connect to the hexagon. However, the
B p operator will not alter the states on the six links that connect
to the hexagon. Let us define the Majorana-number-valued

. aa,bf,cy,dxrewn, fv ..
matrix element Ba,a,'b/ﬂ/yc,y,yd%e,u,‘f,v,(l,],k,l,m,n) as

ac,bl,cy,d\eu, fv ..
Ba'd'€?57,c/y',71*§/,e/;u,f/y/ (i,7,k,1,m,n)

J i

={ Uy

(B9)

To compute 3, we consider the following local deformation:

(B10)

We note that the self-consistent conditions satisfied by the F
tensor and O tensor ensure that all those different ways to
transform between the two above states lead to the same B
matrix.

To understand how I3 acts on a state that is not in the support
space, let us consider the dimension D;jyj, of the support
space Vijiimn, which can be calculated by deforming the

PHYSICAL REVIEW B 91, 125149 (2015)

I3
Lot

FIG. 5. Up is generated by an inverse H-move, an F-move, a dual
H-move, an inverse F-move, and finally one O-move, which turns
a hexagon graph into a tree graph. (Up)' turns a tree graph into a
hexagon graph.

i,j,k,l,m,n fixed)

Dijkimn = ZN[th,f’NY’lNS"m. (B11)

trs

In particular, we can have the following two paths that
connect the two states (see Fig. 5):

where U/ is a gfLU transformation. We find that

B =U\CUp, (B12)

B

where C, acting on Wy 7| is a dimension

D;jjximn X Dijximn identity matrix. In the following let us
compute the explicit form of Up.
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As seen in Fig. 5, let us first apply an inverse H-move, an F-move, a dual H-move, an inverse F-move, and finally one O-move,

thus we obtain

TR B

txd

_ § :E : ]1157X5 tfb oy

- fba, a,ﬁ k'r‘ /{n\Ijﬁx
txd TN

o j’Lf X5 tfb 5

- 2 : 2 : § : fba, a/;’ kr JKT)

txd TKN SpY

DB R W AL

txd TN spp n'v'e

= 2.0 2 D (i)',
txd TN spp Ve

Therefore, we finally derive

\bB,cy.dx,eu, [
U Ter eIV G ke lm,n) = (H

~rfe, KA
dls ptp

tfb oy
ckr,km” “dls,pe

tfb [ 2%

Jit,x8
fba,ap

A v
HTfC N (‘7:7516571 ;Lp6>T\IIﬁX

A ! (B13)
ckr,kn Slfsc:tp (‘7:1{5572 Z;)TOTfLeVWJ \I/ﬁx
i b8y yyrfe, /

) el ity s Fovsig) OF™" (B14)

Also Up, containing only one O-move (see Fig. 5), has a form Up = U,PU, where U > are unitary matrices and P is a
projection matrix. So the rank of B is equal or less than D;xm,. Since it is the identity in the D; jxim,-dimensional space V;jiimn,
the matrix B is a Hermitian projection matrix onto the space V;jiimn

Baa,bﬂ,cy,dA e, fv
" by AT e W Y

a’'a" b”ﬂ” "y A"\ e f// "

aa,bp,cy,dx,epn, fv P
=By pg ey airew, ol ik Lm,n).

In the above calculation of the /3, we first insert a bubble on
the a link. We may also calculate B by first inserting a bubble
on other lines. All those different calculations will lead to the
same BB matrix, as discussed above.

We note that B,, B,, and B,, B, are generated by different
combinations of F-moves and O-moves. Since the two com-
binations transform between the same pair of states, they give

(lsjak’l’msn)Ba/ar’brﬂ/ cy

a”a”,b”ﬂ” C” " d"\, e/r " f// 7

d)\’euf’ @, j,k,l,m,n)

(B15)

(

rise to the same relation between the two states. Therefore B P
and B,, commute

A

By, By, = B, By, (B16)

We see that the corresponding Hamiltonian H is a sum of
commuting projectors and is exactly soluble.

[1] L. D. Landau, Phys. Z. Sowjetunion 11, 26 (1937).

[2] L. D. Landau and E. M. Lifschitz, Statistical Physics: Course of
Theoretical Physics Vol. 5 (Pergamon, London, 1958).

[3] M. B. Hastings and X.-G. Wen, Phys. Rev. B 72, 045141 (2005).

[4] S. Bravyi, M. B. Hastings, and F. Verstraete, Phys. Rev. Lett. 97,
050401 (2006).

[5] S. Bravyi, M. B. Hastings, and S. Michalakis, J. Math. Phys. 51,
093512 (2010).

125149-16


http://dx.doi.org/10.1103/PhysRevB.72.045141
http://dx.doi.org/10.1103/PhysRevB.72.045141
http://dx.doi.org/10.1103/PhysRevB.72.045141
http://dx.doi.org/10.1103/PhysRevB.72.045141
http://dx.doi.org/10.1103/PhysRevLett.97.050401
http://dx.doi.org/10.1103/PhysRevLett.97.050401
http://dx.doi.org/10.1103/PhysRevLett.97.050401
http://dx.doi.org/10.1103/PhysRevLett.97.050401
http://dx.doi.org/10.1063/1.3490195
http://dx.doi.org/10.1063/1.3490195
http://dx.doi.org/10.1063/1.3490195
http://dx.doi.org/10.1063/1.3490195

CLASSIFICATION OF TWO-DIMENSIONAL FERMIONIC ...

[6] X. Chen, Z.-C. Gu, and X.-G. Wen, Phys. Rev. B 82, 155138
(2010).
[7] B. Zeng and X.-G. Wen, Phys. Rev. B 91, 125121 (2015).
[8] X.-G. Wen, Phys. Lett. A 300, 175 (2002).
[9] X.-G. Wen, Int. J. Mod. Phys. B 04, 239 (1990).
[10] X.-G. Wen, Adv. Phys. 44, 405 (1995).
[11] D. S. Rokhsar and S. A. Kivelson, Phys. Rev. Lett. 61, 2376
(1988).
[12] X.-G. Wen, F. Wilczek, and A. Zee, Phys. Rev. B 39, 11413
(1989).
[13] N. Read and S. Sachdev, Phys. Rev. Lett. 66, 1773 (1991).
[14] X.-G. Wen, Phys. Rev. B 44, 2664 (1991).
[15] R. Moessner and S. L. Sondhi, Phys. Rev. Lett. 86, 1881
(2001).
[16] X.-G. Wen, Phys. Rev. B 65, 165113 (2002).
[17] A.Y. Kitaev, Ann. Phys. (NY) 303, 2 (2003).
[18] G. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).
[19] X.-G. Wen, Phys. Rev. Lett. 66, 802 (1991).
[20] M. A. Levin and X.-G. Wen, Phys. Rev. B 71, 045110
(2005).
[21] F. Verstraete, J. 1. Cirac, J. I. Latorre, E. Rico, and M. M. Wolf,
Phys. Rev. Lett. 94, 140601 (2005).
[22] G. Vidal, Phys. Rev. Lett. 99, 220405 (2007).
[23] A. Kitaev, Ann. Phys. (NY) 321, 2 (2006).
[24] M. Freedman, C. Nayak, K. Shtengel, K. Walker, and Z. Wang,
Ann. Phys. (NY) 310, 428 (2004).

PHYSICAL REVIEW B 91, 125149 (2015)

[25] G. M. Kelly, in Reprints in Theory and Applications of
Categories No. 10 (Cambridge University Press, Cambridge,
England, 2005), p. 1.

[26] S. MacLane, Categories for the Working Mathematician. Grad-
uate Texts in Mathematics, Vol. 5 (Springer-Verlag, New York,
1971).

[27] Z. Wang, in Topological Quantum Computation, Proceedings
of the CBMS Regional Conference Series in Mathematics
(American Mathematical Society, Providence, RI, 2010).

[28] X.-G. Wen and Z. Wang, Phys. Rev. B 77, 235108 (2008).

[29] E. Keski-Vakkuri and X.-G. Wen, Int. J. Mod. Phys. B 07, 4227
(1993).

[30] T. Lan and X.-G. Wen, Phys. Rev. B 90, 115119 (2014).

[31] M. Chaichian and P. Kulish, Phys. Lett. B 234, 72 (1990).

[32] P. Minnaert and S. Toshev, J. Math. Phys. 35, 5057 (1994).

[33] X. Chen, Z.-C. Gu, Z.-X. Liu, and X.-G. Wen, Phys. Rev. B 87,
155114 (2013).

[34] X. Chen, Z.-C. Gu, Z.-X. Liu, and X.-G. Wen, Science 338,
1604 (2012).

[35] R. Dijkgraaf and E. Witten, Commun. Math. Phys. 129, 393
(1990).

[36] L.-Y. Hung and Y. Wan, Phys. Rev. B 86, 235132 (2012).

[37] Y. Hu, Y. Wan, and Y.-S. Wu, Phys. Rev. B 87, 125114 (2013).

[38] Z.-C. Gu, Z. Wang, and X.-G. Wen, Phys. Rev. B 90, 085140
(2014).

[39] F. Costantino, Math. Z. 251, 427 (2005).

125149-17


http://dx.doi.org/10.1103/PhysRevB.82.155138
http://dx.doi.org/10.1103/PhysRevB.82.155138
http://dx.doi.org/10.1103/PhysRevB.82.155138
http://dx.doi.org/10.1103/PhysRevB.82.155138
http://dx.doi.org/10.1103/PhysRevB.91.125121
http://dx.doi.org/10.1103/PhysRevB.91.125121
http://dx.doi.org/10.1103/PhysRevB.91.125121
http://dx.doi.org/10.1103/PhysRevB.91.125121
http://dx.doi.org/10.1016/S0375-9601(02)00808-3
http://dx.doi.org/10.1016/S0375-9601(02)00808-3
http://dx.doi.org/10.1016/S0375-9601(02)00808-3
http://dx.doi.org/10.1016/S0375-9601(02)00808-3
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1142/S0217979290000139
http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/10.1080/00018739500101566
http://dx.doi.org/10.1103/PhysRevLett.61.2376
http://dx.doi.org/10.1103/PhysRevLett.61.2376
http://dx.doi.org/10.1103/PhysRevLett.61.2376
http://dx.doi.org/10.1103/PhysRevLett.61.2376
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevB.39.11413
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevLett.66.1773
http://dx.doi.org/10.1103/PhysRevB.44.2664
http://dx.doi.org/10.1103/PhysRevB.44.2664
http://dx.doi.org/10.1103/PhysRevB.44.2664
http://dx.doi.org/10.1103/PhysRevB.44.2664
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevLett.86.1881
http://dx.doi.org/10.1103/PhysRevB.65.165113
http://dx.doi.org/10.1103/PhysRevB.65.165113
http://dx.doi.org/10.1103/PhysRevB.65.165113
http://dx.doi.org/10.1103/PhysRevB.65.165113
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/S0003-4916(02)00018-0
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1016/0550-3213(91)90407-O
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevLett.66.802
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevB.71.045110
http://dx.doi.org/10.1103/PhysRevLett.94.140601
http://dx.doi.org/10.1103/PhysRevLett.94.140601
http://dx.doi.org/10.1103/PhysRevLett.94.140601
http://dx.doi.org/10.1103/PhysRevLett.94.140601
http://dx.doi.org/10.1103/PhysRevLett.99.220405
http://dx.doi.org/10.1103/PhysRevLett.99.220405
http://dx.doi.org/10.1103/PhysRevLett.99.220405
http://dx.doi.org/10.1103/PhysRevLett.99.220405
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2005.10.005
http://dx.doi.org/10.1016/j.aop.2004.01.006
http://dx.doi.org/10.1016/j.aop.2004.01.006
http://dx.doi.org/10.1016/j.aop.2004.01.006
http://dx.doi.org/10.1016/j.aop.2004.01.006
http://dx.doi.org/10.1103/PhysRevB.77.235108
http://dx.doi.org/10.1103/PhysRevB.77.235108
http://dx.doi.org/10.1103/PhysRevB.77.235108
http://dx.doi.org/10.1103/PhysRevB.77.235108
http://dx.doi.org/10.1142/S0217979293003644
http://dx.doi.org/10.1142/S0217979293003644
http://dx.doi.org/10.1142/S0217979293003644
http://dx.doi.org/10.1142/S0217979293003644
http://dx.doi.org/10.1103/PhysRevB.90.115119
http://dx.doi.org/10.1103/PhysRevB.90.115119
http://dx.doi.org/10.1103/PhysRevB.90.115119
http://dx.doi.org/10.1103/PhysRevB.90.115119
http://dx.doi.org/10.1016/0370-2693(90)92004-3
http://dx.doi.org/10.1016/0370-2693(90)92004-3
http://dx.doi.org/10.1016/0370-2693(90)92004-3
http://dx.doi.org/10.1016/0370-2693(90)92004-3
http://dx.doi.org/10.1063/1.530831
http://dx.doi.org/10.1063/1.530831
http://dx.doi.org/10.1063/1.530831
http://dx.doi.org/10.1063/1.530831
http://dx.doi.org/10.1103/PhysRevB.87.155114
http://dx.doi.org/10.1103/PhysRevB.87.155114
http://dx.doi.org/10.1103/PhysRevB.87.155114
http://dx.doi.org/10.1103/PhysRevB.87.155114
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1126/science.1227224
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1007/BF02096988
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.86.235132
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.87.125114
http://dx.doi.org/10.1103/PhysRevB.90.085140
http://dx.doi.org/10.1103/PhysRevB.90.085140
http://dx.doi.org/10.1103/PhysRevB.90.085140
http://dx.doi.org/10.1103/PhysRevB.90.085140
http://dx.doi.org/10.1007/s00209-005-0810-0
http://dx.doi.org/10.1007/s00209-005-0810-0
http://dx.doi.org/10.1007/s00209-005-0810-0
http://dx.doi.org/10.1007/s00209-005-0810-0



