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Turaev-Viro invariant anyon model. A universal set of fault-tolerant operations can be
implemented by deforming the code with local gates, in order to
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erant quantum computation that are closely related to topological
quantum computation, but for which the fault tolerance is imple-
mented in software rather than coming from a physical medium.
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1. Introduction

There have developed two main approaches to fault-tolerant quantum computation. One proposal,
topological quantum computation, is to seek a physical medium that has a topological phase of pro-
tected qubits, and that has adiabatic processes to implement a universal set of logical operations
[18,37,10,34]. Another approach is to construct fault tolerance in software using quantum error-cor-
recting codes [44,1,20,36]. However, from the beginning, this was never a strict dichotomy. Some of
the highest fault-tolerance thresholds on the software side [39,38,8,13] use Kitaev’s toric codes, which
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are error-correcting codes with abelian anyonic behavior. Since abelian anyons are not universal for
quantum computation, these protocols require out-of-code constructions for some operations.

In this article, we will describe fault-tolerant software error correction based on non-abelian any-
ons. These schemes can be universal for quantum computation entirely with in-code operations. Our
framework is a spin lattice model based on the Turaev-Viro invariant of 3-manifold [47], and a gen-
eralization to spherical categories due to Barrett and Westbury [6,5]. An equivalent model was pro-
posed by Levin and Wen as an idealized condensed matter system [30]. They showed that the
Hilbert space of a topological quantum field theory (TQFT) is the code space of a set of commuting lo-
cal observables. However, our interpretation of the model is different. We consider qudits or general-
ized spins with a logical geometry rather than a physical geometry and, crucially, the geometry can be
restructured. For us, an anyonic quasiparticle is an error syndrome rather than a carrier of informa-
tion; as with a toric code, the protected information comes instead from the topology of the logical
surface.

Altogether, this provides a large family of schemes for universal quantum computation using geo-
metrically local operations on locally stabilized codewords. These schemes may serve as a starting
point for developing fault-tolerance schemes using continuous stabilizer measurements and active er-
ror correction.

The existence of such computational schemes based on doubled categories was previously conjec-
tured in [41, Section 6.2]. A similar logical protocol was also proposed by Kadar et al. [21], but their
main emphasis is approximation of topological invariants [14] rather than fault tolerance protocols.
Another similar scheme was proposed by Freedman using the SU(2) Witten-Chern-Simons modular
functor at level three [12], but in contrast to our work the stability of his proposal relies on a conjec-
tured energy gap.

The ideas in this paper originated in an email discussion between one of the authors (G.K.) and
Alexei Kitaev in 1998. Since then, the relations between TQFTs and quantum computation have been
developed by many people. Consequently, the purpose of this paper is partly expository, and we keep
the presentation as self-contained as possible.

Roughly, a TQFT associates to every surface > a Hilbert space Hy, and to every diffeomorphism
h:X¥ — 2" a linear map U(h) : Hy — Hy. In Section 2, we introduce the Hilbert space s for the
Turaev-Viro TQFT. M is a Hilbert space of colored ribbon graphs embedded in ~ modulo local equiv-
alence relations. We explain how self-diffeomorphisms h: %~ — 2 act on Hy by deforming these
graphs. In Section 3, we identify bases of Hx corresponding to anyon fusion diagrams. This boils down
to decomposing the braid group representation on . In Section 4, we explain how the space s
arises as a subspace of qudits on a lattice; this is the Turaev-Viro quantum error-correcting code.
We also introduce the corresponding stabilizer Hamiltonian defined by Levin and Wen [30]. In Sec-
tion 5, we show how to execute logical operations using protected, local gates, and how to initialize
certain states and read out encoded information.

Throughout Sections 2-5, we restrict our attention to the Fibonacci category. In Section 6, we ex-
tend these results to arbitrary ribbon categories. We conclude in Section 7 with a discussion of the
relation between the Turaev-Viro 3-manifold invariant and the Turaev-Viro code.

In the appendices, we give proofs and examples for various claims, and show how our results ex-
tend to mapping class group representations of surfaces with higher genus. In particular, this leads to
an alternative (known) expression for the Turaev-Viro invariant, as discussed in Appendix C.

2. The Hilbert space 7{, of Fibonacci ribbon graphs on X
2.1. Definition of Fibonacci ribbon graphs and Hsx

Let X~ be a compact, orientable surface with boundary, and a single marked point on each boundary
component. We begin by associating to X a “ribbon graph” Hilbert space H.

A ribbon graph (also called skein/spin network or string net) on X' is the smooth embedding into
the interior of 2 of a graph in which each vertex has degree either two or three, except that a single
vertex of degree one is allowed to be mapped to each marked point on a boundary component. The
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ribbon graph Hilbert space Hy is the space of formal linear combinations of ribbon graphs embedded
in 2 modulo the following local relations:

Here the first rule is meant to indicate that ribbon graphs related by smooth deformations of the
embedding are equivalent. The second rule allows us to eliminate loops, picking up a factor of

LA )

provided that the loop can be contracted to a point within the surface. The third rule allows for elim-
inating adjacent trivalent vertices from the ribbon graph.
By applying the above rules, we derive

1
Therefore we impose as an additional rule

—O =0 (6)

The only case in which this is not already a consequence of the other rules is when the dangling edge
connects to a boundary point.

2.2. Computational bases for and inner product on Hyx

The space H; is finite dimensional, with a dimension that depends on the topology of ~. We will
concentrate on the case where X is the n-punctured sphere, X, = S*\(A' U--- UA"), i.e., the sphere S?
with n discs A removed and one boundary point p; € 0A' for every hole. Then 7 has some simple
bases associated to the dual graphs of certain triangulations. We call these bases “computational base-
s” because they are useful for encoding Xy, using qubits.

A labeling ¢ of X associates an element ¢(p) € {0,1} to every marked boundary point p. A ribbon
graph is consistent with ¢ if it has an edge ending at exactly those p with ¢p)=1. Then the space
‘Hy can be decomposed as

My = DHs (7)

where 5 is the subspace spanned by ribbon graphs that are consistent with the labeling ¢.

First consider the case where we restrict the ribbon graph to have open boundary conditions, i.e., to
have no edges touching the boundaries of 2. In this case, fill in every boundary piece with a disk, and
consider a (degenerate) triangulation of X~ whose vertices are the centers of these disks. Then the
graph dual to this triangulation is trivalent. Placing a bit, 0 or 1, in the center of each edge, determines
a ribbon graph by interpreting a 1 as the presence of an edge and a 0 as an absence. The set of all such
0/1 assignments that have no dead ends—that is, for every vertex of the dual graph, zero, two or three
of the incident edges must be set to 1—is a basis for Hy. Moreover, we can define an inner product on
‘Hy by setting these basis states to be orthonormal. One can verify that this inner product does not de-
pend on the choice of basis, i.e., on the triangulation. Several examples are given in Fig. 1.

The fully general setting, in which ribbon graph edges are allowed to go to a marked point on each
boundary component, is slightly more complicated. In this case, again fill in the holes and place a ver-
tex in the middle of each hole. For each of these vertices, add a loop going around the marked point on
the boundary. Then complete this graph to a triangulation of the vertices. The dual graph will be
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Fig. 1. In (a) and (b) are shown two different examples of basis choices for 7y for the case of X being the sphere with three
punctures (indicated with crosses). Dashed lines mark the point-set triangulation of the punctures, while the dual graph, which
is trivalent, is indicated with solid lines. Part (c) gives another example of a basis for the sphere with four punctures. In (a)-(c), it
is assumed that there are no marked points on the boundaries of X. Part (d) shows the more general situation, for the sphere
with two shaded holes, each of which has a marked point on its boundary.

trivalent, except with dead ends at the marked boundary points. Then the basis and inner product are
defined as above on this graph.

For example, if n=0 or 1, then Hy, = C is one-dimensional. (In the case n =1, the rule in Eq. (6)
ensures that H}], ribbon graphs with an edge attached to the boundary, is zero-dimensional.)
Fig. 1(d) shows the n =2 case. Note that there are four edges in the dual graph. Since each edge can
be absent or present (0 or 1), this gives a natural isometry of H;, into (C?)®*. However, there are only

seven edge assignments without dead ends; dim(Hy,) = dim (Hg‘o)) +dim (Hg‘”) +
dim(H‘ZOA‘”) + dim(?—t(;f)) =2+3+41+1=7. More generally, for n > 2, a basis derived in this way

from a point-set triangulation gives a natural isometry from 7, into (C?)®®"® ie. a way of
implementing Hy, using 5n — 6 qubits. Therefore, we call such a basis for Hy, a computational basis.
It defines an inner product on Hy,.

The examples in Fig. 1 suggest a general procedure for defining a basis for Hy,, based on a pants
decomposition of the surface X,. For example, the pants decomposition of X, corresponding to
Fig. 1(c) is

29,/
</

In general, the pants decomposition corresponds to a rooted binary tree with n — 1 leaves, the root and
each leaf associated to one of the holes in 2. The degree-three internal vertices correspond to “pants
segments,” each isomorphic to X5, and the edges are “cylindrical segments,” each isomorphic to X.
The computational basis is obtained by associating four qubits to every leaf, and one qubit to the root
and to every internal pant segment.

2.3. Actions on ‘Hy

Let >4 and X be two surfaces, and let 2 be the surface obtained by gluing together one or more
boundary circles of the surfaces, in such a way that the marked boundary points are matched. Then
ribbon graphs on X4 and X3 with matching boundary labels can be glued together to obtain a ribbon
graph on X. In this way, every element s € Hf’r“s defines a linear operator § : Hy, — Hy. The result of
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applying $ to t € M3, is the linear combination of ribbon graphs obtained by gluing together all ribbon
graphs comprising s and t with matching labels, up to the equivalences in Section 2.1. The map
T Hy — 77;\,3 is clearly an isomorphism of vector spaces; we will therefore interpret ribbon graphs
interchangeably as states or operators. For example, if Xz =2, and 24 = X3,

a.w. a .

In alternative notation, the same equation can be written

@(Q-Y+ﬁ.y):a© (10)

This result can be expressed in terms of the basis ribbon graphs by application of the rules (1)-(3).

Now specialize once more to the case of the n-punctured sphere X = X,. The surface X together
with its marked boundary points p,...,p, defines the mapping class group M(X,{p,,...,p,}). Its ele-
ments are isotopy classes of orientation-preserving diffeomorphisms of X~ which fix the boundary
points. The mapping class group is generated by operators of two kinds, Dehn-twists and braid-moves.
A Dehn-twist is a 27-twist along a simple closed curve. A braid-move affects a pair of pants with two
holes in X, and is defined as a m-twist around a simple closed curved on X enclosing both holes, fol-
lowed by (or preceded by) m-twists on each of the legs, viz.

N B
(11)

The mapping class group M acts on the ribbon graph space Hy by linearly extending its action on
the basis ribbon graphs to the full space H;. This action is unitary with respect to the inner product
defined previously.

Let us give a more explicit description of the action of Dehn-twists and braid-moves on the ribbon
graph Hilbert space. First consider a non-contractible curve 7y

(12)

The surface X' is topologically unchanged if we cut along y and insert into the gap a cylindrical seg-
ment X5. Then the Dehn-twist about the y corresponds to the linear operator D(y) : Hy — Hy given by

(v)=+=?+® (13)
>

Similarly, the operator corresponding to braiding can be specified by

_ v VT
ivg{;’l} \ (14)

where the binary variables i and j indicate the presence or absence of an edge. Indeed, stacking this on
top of the two legs in the diagram on the left-hand-side of Eq. (11) gives the right-hand-side thereof.
We will next identify irreducible subspaces of the mapping class group action.
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3. Doubled Fibonacci anyons in #;

Let X, be the n-punctured sphere. Section 2.2 showed how to construct a computational basis for
‘Hs, based on one of a family of point-set triangulations. It also specialized this construction to the
case of a triangulation derived recursively from a pants decomposition of X,. These computational
bases are useful for encoding Hy, using qubits, and we will study this implementation further in
Section 4.

However, these bases are inconvenient operationally, because they do not transform cleanly under
the application of Dehn-twists and braid-moves. In particular, it is complicated to express in the pants
decomposition computational basis the action of a Dehn-twist about either the root or an internal
cylindrical segment. From the right-hand-side of Eq. (10), the loop has to be propagated upward
toward the leaves, potentially requiring many applications of the ribbon graph equivalence rules.
Additionally, the basis is asymmetrical, since the puncture at the root of the pants decomposition tree
is treated differently from the other punctures. Intuitively, too much information is kept at the leaves.

In this section, we will define an orthonormal basis that simultaneously diagonalizes the Dehn-
twists. Each basis element will be represented by an “anyon fusion diagram.” Although slightly more
complicated to define, the advantage of this anyonic basis is that it will reveal more mathematical
structure and greatly clarify the steps necessary for obtaining universal quantum computation.

Let a bold, dashed line indicate a linear combination of the two diagrams with and without that
line:

) (15)

Such lines are called vacuum lines, because a simple calculation shows that other lines can pass over
them freely:

TS -
TG 2 \@- D @i G v
Nm? -

Here, Eq. (16) is to be interpreted as a local identity, that is ribbon graphs inside the hatched area or
outside the diagram are assumed to be the same for every term. Its proof is a straightforward appli-
cation of the rules (1)-(3). Lemma A.1 states further properties of the vacuum lines.

3.1. Anyonic fusion basis for Hz,

Fix a pants decomposition of X, corresponding to a rooted binary tree T. Fix a labeling ¢ of the
marked boundary points, as in Eq. (7).

A labeling of T is an assignment to each edge of T either 1 or 7. A labeling is fusion-consistent if no
internal vertex has exactly one incident edge labeled 7. A pair of labelings of T is boundary-consistent
with ¢ if for each boundary point p, with labels of the corresponding edges b. and b_,

{p)=0=b.b_e {11,177}

{p)=1=b,b_e {1, 11,77} (17)

A pair of fusion-consistent labelings of T which is boundary-consistent with ¢ is called an ¢-consistent
doubled anyon fusion diagram.

The anyonic fusion basis states for H‘;-n are an orthonormal basis, with basis elements indexed by ¢-
consistent doubled anyon fusion diagrams. In the remainder of this subsection, we will define the state
|¢,d) e H‘Zn that corresponds to an ¢-consistent doubled anyon fusion diagram d. The state |¢,d) is de-
fined by first constructing a three-dimensional ribbon graph living in the thickened surface > x [-1,1],
and then reducing this ribbon graph down to two dimensions.

Think of each of the two labelings in d as a ribbon graph, by interpreting label 1 as the absence of an
edge and label 7 as the presence of an edge along the edges of the tree T. Place these two ribbon graphs
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on X x{1}and X x {-1}in 2 x [~1,1]. Then add vacuum lines around each puncture in X x {0}, ex-
cept not around the puncture at the root of the pants decomposition.

In the resulting three-dimensional ribbon graph, edges can end at (p, — 1) and (p, 1) for each marked
boundary point p of . However, we would like there only to be a single boundary condition at the
point (p,0). To fix the boundary conditions, close off the ribbon graphs at each boundary with one
of the five following diagrams. Here, the vertical axis represents the second coordinate, from —1 to
1, with the point (p,0) marked.

(18)

Boundary-consistency of d implies that one of these diagrams applies. Note that this closing off is done
inside the vacuum line around the hole at p.

Finally, visualize the three-dimensional ribbon graph as a two-dimensional diagram with crossings.
(This requires slightly offsetting the ribbon graph boundaries in X x {1} from the boundaries in
2 x {—1}. Follow any convention for choosing the direction of the offset; different conventions will
only change the phase of |¢,d).) Use repeatedly the rule

N 737r1',/5> < 3mifs ~—" 1
> = +etmits = (19)

to eliminate ribbon crossings, finally obtaining a ribbon graph in X' x {0} =~ . This state is |/,d).

Note that ribbon graphs in three dimensions can be manipulated similarly to ribbon graphs in two
dimensions, for example by smoothly deforming the embedding. However, it is useful to think of the
ribbon graphs in three dimensions as actually being thin ribbons, since kinks cannot be freely elimi-
nated. For example, we derive from Eq. (19) that

O = emifs

?/ _ 637Ti/5\( (20)

The anyonic fusion basis states form an orthonormal basis. We will prove this and other properties,
in a more general setting, in Appendix A.2.

3.1.1. Example: Anyonic fusion basis states for Hs,
For X5, the only pants decomposition is as a single cylindrical segment. Hy, is seven-dimensional,
spanned by the states{ - , |, ©, @, ©, @, @ }, defined by

JUHUOBHE
JUEHUHHBE
: 1 o . o o Q

To explain the notation, notice, for example, that © corresponds to looking downward on the final
cylinder above, as the base of the cylinder spreads out. The basis elements are all of unit length and
orthogonal, except (6| Q) =1/T.

An anyonic fusion basis for ng is determined by a single label 11, 77, 17 or 71 consistent with the
boundary conditions ¢. Explicitly, the orthonormal bases for Hx, = 5" & H{" @ HEY @ HE" are gi-
ven by
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=00, [ 1011 = VI,
e \/ +T2 TTO\

= V1472 1T\ (22)

Here
_ 1 1-V5
T=—o=s (23)
and we are using the five operators
11 = ! -
Tl4r2 +70)
1 PO 1 P
TTo = +7__2(_ +70) 7-7-1:1+77_2(7J +9+0) (24)
1 1 . 3 A 3
17':?( +Tw™ Q+Tw @) Tlim(J“’T\UJ}Q-‘rTW 5@)

with @ = e™/>. These operators are the five minimal central idempotents in the algebra of operators
Hsx, — Hx, of the form §, where s € Hy,.
We give more details and additional examples for Hy, in Appendix A.3.

3.2. Action of Dehn-twists and braid-moves

The fusion basis states for a particular pants decomposition are simultaneous eigenstates of every
Dehn-twist about a cylindrical segment in the decomposition. This is a main advantage of the fusion
basis.

For concreteness, consider a cylindrical segment with boundary labels ¢=(1,1) and an anyonic fu-
sion basis state |¢,d) = |(1,1),71) such that the segment is labeled d. = 7 and d_ = 1 in the two labelings.
Then the ribbon graph, before reducing to two dimensions, looks like

(25)

where we show only the cylindrical segment x [—1,1], i.e., X, x [—1,1], and not the portion of X to
either side. By applying Eq. (16), a vacuum loop can be pulled out from a puncture within the shaded
region, giving

v ) (26)

For clarity we have stopped drawing the outer boundary of the cylindrical segment x [—1,1].

The action of a Dehn-twist D on this cylindrical segment is to apply a full rotation. The Dehn-twist
was defined in Section 2.3 as acting on X and ribbon graphs in X, but it is naturally extended to
Y x [-1,1], and its action on ribbon graphs in X~ x [-1,1] is easily seen to commute with the reduction
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to two dimensions X x {0}. The resulting state simplifies by moving the ribbon down to X x {0}, pull-
ing it over the vacuum loop with Eq. (16), and then removing the kink using Eq. (20):

- ~
D N - = =
(27)
T - —
- -~ - ~
_ Seem 2 :6747ri/5 A -

Thus D|(1,1), 71) = e~ #™/3|(1,1),71). Had the two edge labels been both 1 or both 7, then similar cal-
culations would have shown |¢,d) to be a + 1 eigenstate of the Dehn-twist D. The eigenvalue is e*4™/>
when the edge labels are 17.
Now fix a pants segment of 2, and let us compute the action of a braid-move R in the anyonic
fusion basis. Let d be a doubled anyonic fusion diagram, and say for example that the labels on the
TT TT
edges incident to the pants segment are given by \< . Then the corresponding ribbon graph in
T1
three dimensions is given by

where we have pulled a vacuum loop out from one of the boundaries of X. Applying R to this state
yields

(29)

Here we have again pulled edges across the vacuum line and applied Eq. (20) to remove the twists.

Thus the action of R in this case is to swap the two portions of d beyond two of the boundaries of
the pants segment, and add a phase. In fact, this would have been the action regardless of the doubled
anyonic fusion diagram d, just with a different phase. The phase acquired corresponds to the R-matrix
of the doubled anyon model. Its general form will be derived in Section 6.5.

3.3. Interpretation as a doubled Fibonacci anyon model

The anyonic fusion basis can be interpreted in terms of the general theory of anyons, in particular of
the doubled Fibonacci anyon model [9]. This interpretation will justify our notation, but readers unfa-
miliar with anyonic theory may safely skip over it.

The Fibonacci category Fib has two anyons, 1 and 7. Each of the two labelings of T defined in Sec-
tion 3.1 is a Fibonacci anyon fusion diagram. An edge of T labeled 1 represents a vacuum anyon, while
an edge labeled 7 represents a 7 anyon. A vacuum anyon can also be interpreted as the absence of a
particle. The fusion-consistency constraint on a labeling requires that each internal vertex satisfy the
fusion rules of Fib:
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1x1=1
1 =
XT=T (30)
Tx1=17

TxT=14+T

The final equation above should be interpreted to mean that fixing two of the incident labels at a ver-
tex to be 7 and 7, the third label can be either 1 or 7. However, in the other three cases, fixing two of
the incident labels at a vertex also fixes the third label.

Notice that under both Dehn-twists and braid-moves the two ribbon graphs, in X~ x {1} and in
2 x {—1}, from a doubled anyon fusion diagram transform independently of each other. Moreover,
if these two ribbon graphs are swapped, then the phase of the eigenvalue of any Dehn-twist or
braid-move is negated.

Therefore, a doubled anyon fusion diagram d is the fusion diagram for the doubled Fibonacci cate-
gory DFib =~ Fib ® Fib*. That is, DFib consists of two copies of the Fibonacci category with opposite chi-
ralities. If we indicate the four possible pairs of labels for an edge by 11, 17, 71 or 77, then the allowed
fusion rules are

11 x 17 = 1T 11 x71= T1
17 x 11 = 1T T1x 11 = 71
1T x1r= 11+ 17 Tlx717l= 11471
HocrT = i rrx1l=  Tr (31)
1T X717 = TT + 17
TT X 1lt= 774+ 71
TIXTT = TT+ 71 rrx Tl = T4 lr
TrX717T= 114174+ 714+77T -
1Tx7l= 77
Tl X1t = 77T

More compactly, the above fusion rules can be written as
((11(12) X (blbz) = ((11 X b1)(a2 X bz) (32)
where a; b; € {1,7}. They simply require that each coordinate separately be fusion-consistent.

The fusion rules also allow us to determine the quantum dimensions of these particules, by regard-
ing them as equations for the dimensions. The result is

d]] =1
d]fr = dT] =T (33)
dTT =T + 1

where, recall, 7 = (l + \fS) /2.
3.4. Changing the pants decomposition: The F-matrix

To conclude this section, we would like to derive an expression for the basis change between any-
onic fusion bases associated to different pants decompositions of the surface 2. A pants decomposition
of X corresponds to a rooted binary tree. A braid-twist swaps the subtrees at a pants segment, which
allows for some basis changes. However, this only reorders subtrees, and does not change the parent-
child structure of the tree.

Any two pants decompositions having the same root puncture and the same left-to-right ordering
of the leaf punctures can be related via a sequence of moves of the following type:

XN =

This move takes two pants segments connected by a cylindrical segment, and reconnects the middle
subtree from one side of the lower pants segment to the other side.
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Let d be a doubled anyon fusion diagram for the pants decomposition on the left-hand-side of Eq.
(34). The change in basis to a superposition of doubled anyon fusion diagrams for the right-hand-side
pants decomposition is most easily seen in the three-dimensional ribbon graph picture. From Eq. (3),
we derive the two equivalent equations

_/ N
- \

U
= 7 _\
By applying these rules separately to the ribbon graph in ~ x {1} and to the ribbon graph in > x {1},

we obtain the anyon fusion basis change. As for Dehn-twists and braid-moves, the two ribbon graphs
transform independently of each other. For example, we find that

17 171r 11717 17 1 1717 17

T T T (36)
1r 17 17 1 1717 17 11717 17

N TR N N

\<<T \/F T T T

since in the above cases the first labeling is always trivial, i.e., the ribbon graph in X x {1} is empty. To
give an example of the basis change where both labelings are non-trivial, note that

TTTTTT | TTTT TT | TTTT TT 1 TTTT TT TTTT TT
= — — - — 37
7 T 1 72 TT 73/2 T + T1 (37)
T T T T T

In general anyonic theory, the matrix of this basis-change unitary is known as the F-matrix; in
Fib ® Fib*, the F-matrix is the tensor-product of the F-matrix for Fib with the F-matrix for Fib*. In fact,
since the F-matrix for Fib has only real-valued entries, it equals the F-matrix for Fib*.

3.5. Recursive construction of the anyonic fusion basis states by gluing

Let X4 = X141 and Xp = 2,41 be two spheres with n + 1 and m + 1 punctures, respectively. By gluing
24 to 2 along a boundary component, one obtains the (m + n)-punctured sphere X = X,,.,. Pants
decompositions for X4 and 2’3 then combine to give a pants decomposition for 2. Anyonic fusion basis
states on X' can thus be understood as the result of combining anyonic fusion basis states for X, and
5

Indeed, for a labeling ¢ € {0,1}™" of the boundary components of X, and a fusion-consistent dou-
bled anyon labeling d of the pants decomposition, we have

—

l6d)y = D Okalls ds)x, |05, da)y, (38)

ke{0,1}

Here, % is the restriction of ¢ to the boundary components of X, additionally with label k assigned to
the glued boundary; and d, is d restricted to the pants decomposition of Z. The quantities ¢¢ and dj
are defined similarly. The coefficient o 4 depends on the anyon labels b.b_ assigned to the connecting
edge by d, according to

if byb_ #17

if bb_=7rand k=0 (39)
if b,b_.=7rand k=1

1

o 1
kd =
1+72 |,
VT
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This can be derived by using the first identity of Eq. (35) to change the ribbon graph locally so that at
most one ribbon crosses from X, to 2.

4. Realizing the Fibonacci ribbon graph Hilbert space 7,

In this section, we define the Fibonacci surface code. Starting with a triangulation of a surface %,
certain fixed boundary conditions ¢, and qubits placed on each edge of the triangulation, we describe
commuting local projection operators such that their joint +1 eigenspace is the code space #5. In
Section 4.1, we define the local projection operators. These operators are essentially the same as
those in the Levin-Wen Hamiltonian, except defined to take into account the boundary conditions.
In subsequent subsections, we argue that the code space is 5, and describe various properties of the
code.

4.1. The Fibonacci code

LletX=23,= S\(A'U - .- UA™) be the n-punctured sphere, and let ¢ be a 0 or 1 labeling of each hole
Al

Let 7 be a triangulation of %, and let 7 = (V,E) be the dual graph to 7. T is a connected graph
embedded in X. The components of X \ T are simply connected, and we refer to them as plaquettes.
The vertices of 7 all have degree at most three. A vertex vin 7 can be univalent (respectively, biva-
lent) if the corresponding triangle in 7 has two edges (resp., one edge) along a boundary of X. It will be
convenient to imagine boundary edges in the dual graph that correspond to the edges along the
boundary in 7. A boundary edge in the dual graph leaves a vertex v and crosses into some hole A’.
If these boundary edges are included, then each vertex v in 7 is trivalent.

Now define a labeling on the boundary edges. For each boundary component, arbitrarily fix one
boundary edge, and label that edge by the value of ¢ on that component. Label all other boundary
edges 0. We will refer to this new labeling also by ¢, cf. Fig. 2.

The Hilbert space H? = (C*)®¥ of our system is obtained by placing a qubit on each edge e. Note
that boundary edges are not given qubits. We use orthonormal bases {|0),|1).} for the local Hilbert
spaces. As in Section 2.2, we will use the convention that a 1 indicates the presence of a ribbon along
the edge, while a 0 indicates the absence of a ribbon.

The Fibonacci code is a subspace of (C?)*, defined as the simultaneous +1 eigenspace of a set of
commuting projections. There are two different kinds of projections:

(a) (b) ()

Fig. 2. The Levin-Wen model with a boundary, realizing #5: qubits sit on the solid lattice edges. In (a) and (b), dashed edges
represent “virtual” qubits fixed to 0. The thick, blue edge represents a virtual qubit fixed to the label ¢(p) of the marked
boundary point p. In (c) is illustrated the gluing of anyon fusion basis states described in Section 4.2. The t virtual qubits are
replaced by qubits, and prepared in states |k) @ [0)*"), for k € {0,1}, entangled with states on either side. Subsequently, all
plaquette operators touching the boundary (shaded plaquettes) are applied. (For interpretation of the references in colour in
this figure legend, the reader is referred to the web version of this article.)
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e For every vertex v of the graph, there is a vertex projection Q,. Q, depends only on the three edges
incident to ¢, and on those three edges is the diagonal operator

Qo= Y liik)(ik] (40)

ijke{0,1}:
i+j+k#1

That is, Q, imposes that the vertex v is a legal ribbon graph vertex without dead ends. If » is con-
nected to one or two boundary edges, then Q, is defined as in Eq. (40), except with the boundary
edges fixed by the labeling ¢. For example, if there is one boundary edge e, then Q, is given by
> ijisjiee 1) (il on the other two edges.
Since all of the vertex projections are diagonal in the same basis, they commute with one another.
Let P be the number of plaquettes in 7 and let A = X, be the surface obtained by placing a punc-
ture in the center of each plaquette in 2. Then the simultaneous +1 eigenspace of the vertex pro-
jections is H(A['OP>, the space of valid ribbon graphs on A with open boundary conditions on the new
punctures. The computational basis for the qubits corresponds to the computational basis for H(A“) )
defined in Section 2.2. We call this space the physical subspace of H?.
In more detail, we regard every physical configuration as a ribbon graph on A, using the embedding
of 7 into A. Because of the punctures P, no two different computational basis states or physical
configurations are identified with the same ribbon graph. This shows that physical subspace is in-
deed isomorphic to H(A['OP).
For every plaquette p of the graph, there is a plaquette projection B,. B, is supported on HX"OP) and
acts on it by adding a vacuum loop, divided by v/1 + 72, around the puncture in the middle of p. Its
action on (C?)®* can be obtained by reducing the resulting ribbon graph back to the computational
basis. This definition of the plaquette projection B, in terms of a vacuum loop is given in the appen-
dix of [30] (see Section 6.6 for more details).
B, depends on all the edges and boundary edges incident to the vertices around the plaquette p.
However, it only possibly changes the qubits on the edges circling the plaquette, i.e., it is a con-
trolled projection, controlled by the edges with exactly one endpoint on the plaquette boundary.
Since the vacuum loop added by B, is separated from other vertices or plaquettes, the plaquette
operators commute with each other and with the vertex operators.

By Eq. (16), the plaquette operator B, has the effect of removing the puncture from plaquette p,
allowing ribbons to be pulled across it. Therefore, the simultaneous +1 eigenspace of all of the vertex
and plaquette operators is isomorphic to H5 (see Lemma 4.1 below). Thus we have defined a quantum
error-correcting code (QECC) based on ribbon graphs. It encodes #5 inside of (€?)®¥, We denote the
code space by Hthgs - H;. Here the superscript gs stands for ground space, because H%gs ~ M. is the

ground space for the Levin-Wen Hamiltonian

Ho=- 3 B- Y Q (41)

plaquettes p vertices v

To describe the isomorphism between # and the simultaneous +1 eigenspace H(A"OP’ of all pla-
quette- and vertex-operators on 7—[; = (€*)®* in more detail, let B be the projection

B=]]B, (42)

Then the following lemma, proved in Appendix B, describes how ribbon graphs are mapped to the qu-
bits on 7.

Lemma 4.1. Given a state |¥'s) € HS, deform the rlbbon g;raph (arbitrarily) to avoid all the points in P. The
state can then be regarded as an element |®,) € H . Then B|®,) does not depend on the initial
deformation (i.e., |®4)). The map

A Hy — HE (43)
T
|@s) > B|®a) (44)
is an isomorphism (preserving the inner product).
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Lemma 4.1 allows us essentially to forget about the graph 7, and work completely in the off-lattice
picture 5. For any state in 4, the corresponding codeword, or ground state, \wﬁ € Hﬁgs is obtained
by mapping the off-lattice ribbon graph to the graph 7, getting a state |DA)), and therl applying the
projection B.

It will often be convenient to use the state |®,) to represent the ground state |y7A> B|®,). O
course the projection B is not one-to-one. However, one can argue that B|®,) = B|®)) ’if and only 1f
|®A) and |@)) are equivalent under certain discrete lattice versions of the local relations in Egs.
(1)-(3) (see [30]).

4.2. Anyonic fusion basis states and gluing

Here we describe the discrete analog of the gluing property explained in Section 3.5. Let 7 be a tri-
angulation of a surface X that is obtained by gluing >4 to X along a closed curve 7. Assume that y is
part of the triangulation 7. Let 7, and 7 be the restricted triangulations of 7 to X4 and X', respec-
tively, and 7, and 75 their dual graphs. Fig. 2 shows these dual graphs schematically; edges inter-
sected by y are shown as “virtual edges” attached to the boundaries of X4 and X, respectively. Pick
an edge e from among the t virtual edges.

The images |¢, d) =Al¢,d) € Hﬁgﬁ of the anyonic fusion basis vectors |¢,d) € H5 satisfy essentially
the same propertles as their off-laftice counterparts. Observe that plaquette operators within X4 and
g do not affect qubits on the virtual edges, and can be applied before the plaquette operators
B() = I1,pry=sBp» Of plaquettes intersecting 7, by commutativity. If we apply the isomorphism A to
a state decomposed as in (38), the result can therefore be written as

jt.d)~ =B(y) D Sl da)~ \f ds>;8|k>e|0>”(“” (45)

ke{0,1}

illustrated in Fig. 2(c). Here the States |k, dA)A |k, d3>; are the anyonic fusion basis states associ-
ated with Hamiltonians Hi , HA" , respectlvely Thus |¢,d)~ results from applying projections along
7 to a certain superposition‘of product states on H~ ® H~ ® (CH™.

Consider now the case t = 1. Then B(y) = B, for a sifigle piaquette g. The following lemma states that
the qubit on edge e directly reveals some 1nformat10n about the anyon labels b.b_ assigned to the con-
necting edge between X, and X by the doubled fusion diagram d.

Lemmad4.2. Let 7, T4, 7 g be graphs as described above with t = 1, and let e be the connecting edge. Then
the anyonic fusion basis state |¢, d>A is given by

|03, da) 165, db) > [0 if b =11
|6, d)~ = \4}47dA>;A\4§;,dB>;B|1>e if b,b_ e {17,711} (46)
%\go,dA>;A|€2,dB>;B|o>e +#|z},dA>;A|z;,dB>;B|1>e if b,b =71

A proof of this statement is given in Appendix B.

4.3. Relating ground spaces for different triangulations

In preparation for presenting a scheme for computing on codewords, in Section 5, let us conclude
this section by deriving how the code space changes under local changes to the triangulation 7.

Let e be an edge in 7 that does not go along the boundary of X. Let 7' be a triangulation obtained
from 7 by reconnecting the edge e as in Fig. 3. In the dual graph 7, this corresponds to an operation on
up to five edges to construct 7.

Since e does not go along the boundary of X, we can use the same boundary conditions ¢ for 7" as
for 7. Moreover, the dual graph 7” has the same number of edges |E| and punctures P, and can be used
to define a punctured surface A’. Thus as before we can define Hilbert spaces HA H'., a Hamiltonian
H , and the associated subspaces “9) and H‘ 8 T/
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/ / A

9]

Fig. 3. Change of triangulation 7 by flipping edge e (left), and the effect on the dual lattice 7.

X N

To study the relatlonshlp between the two ground spaces Hﬁgs and H[ #, we define a linear operator
Fs: H (L0 ) by

>~<>H%'Z>+%'I>
=zl - 1
DESCINN el [ @
IENGIRE e
)

N . ~
N U ]

in the computational bases. Here, a solid line represents the state |1), whereas a dotted line represents
the state |0). We can easily extend this to a unitary F HA — 7-[; (To make sense of unitarity, use the
obvious isomorphism between the two spaces, each 1somorph1c to (C?)®*.) We will henceforth refer
to this as an F-move; depending on which is more convenient, we will use either € or the dual edge e to
label this move.

It can be shown [27] that F; maps the ground space H"gs isomorphically to H‘Lgs Moreover, this iso-

morphism is compatible w1th the representation of ground states from Lemma 4.1 in the following
sense:

Lemma 4.3 [27]. The following diagram commutes, where B’ is the product of the plaquette terms for 7,
as in Eq. (42):

(¢,0F) B £,gs
HW P

Fe Fe (48)
(¢,0F) B’ L,gs
HA/ H/]"/

5. Computation with doubled Fibonacci anyons in 7y

In this section, we explain how to operate on the code: how to encode qubits, prepare and measure
states, and apply unitary operators on codewords.
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Universality results for Fibonacci anyons were obtained by Freedman et al. [11,29], using an encod-
ing of a logical qubit into three-anyon states:

T T T T T T

0) — \1<( 1) — \T<( (49)

T T

This encoding was also used by Bonesteel et al. [3], who showed how to efficiently approximate any
gate in terms of a sequence of braids, using the Solovay-Kitaev construction [28]. This encoding, while
efficient, has the physical disadvantage that the total anyonic charge of the code-state is non-trivial.
Hormozi et al. [16] used an alternative encoding, with four 7 anyons for each qubit:

T T

T T T T
f RIS 50

1 1

As explained in [11,3,16] (cf. [18,37,34]), an arbitrary n-qubit circuit can be efficiently approximated if
we can

0) — 1

o Create the encoded state |0)“". In both encodings (49) and (50), this amounts to preparing the state
of n pairs of 7 anyons, each pair fusing to the trivial particle 1.

e Execute arbitrary braids.

e Measure the anyon label {1,7} of a fixed edge in a fixed fusion tree basis.

We will use the “doubled” versions 11 and 71 instead of 1 and 7. The other anyons in the doubled
theory, 17 and 77, will not be used for computation.

5.1. State preparation and measurement

A method for preparing the (unique) ground state of the Levin-Wen Hamiltonian on a sphere has
been given in [27]. The essential idea is to apply a version of discretized surgery, which easily
generalizes.

Assume that we have a codeword |%) for the Fibonacci code on a surface X, and a codeword |®) on
the surface Y. Then [27] gives a way of cutting a hole inside a plaquette of 2, and a hole inside a pla-
quette of Y, and gluing these holes together. Here we discuss the details needed to create specific
codewords on the n-punctured sphere.

As explained in Section 4.2, the gluing of codewords associated with two surfaces X, and X takes a
particularly simple form for graphs with tadpole-like structures. To make use of this fact, we change
the triangulation to obtain such structures: Fig. 4 shows how a region X, bounded by a closed curve y
can be isolated from the rest by a procedure cut(y) consisting of F-moves. The inverse procedure
glue(y) integrates a tadpole-like structure into a regular lattice.

Fig. 4. The procedure cut(y) isolates a region X4 enclosed by a closed curve 7, by making F-moves in sequence along the edges
ey,e,...,e,, colored red, counterclockwise along y on the dual graph 7. The result is a tadpole-like structure as in Lemma 4.2,
with a single edge e and plaquette q between the two regions. The inverse operation is glue(y). (For interpretation of the
references in colour in this figure legend, the reader is referred to the web version of this article.)
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Procedure cut(y): Leteq,e,,...,e, € T be the sequence of edges in counterclockwise order consti-
tuting a closed path on 7 along . For i from 1 up to n, apply Fe,.
Procedure glue(y): Let e},e),,... e, be the edges in the deformed lattice corresponding to the
sequence ey, ey,...,e, in the original lattice. For i from n down to 1, apply Fe.

Fig. 5 shows the intermediate steps in an example of applying cut(y). Note that the F-moves con-
stituting cut(y) do not commute with each other. Note also that these F-moves lead to a degenerate
triangulation. By adding more F-moves, this procedure can be modified to keep the degree of the
bounding plaquette small.

Our goal is to create 2n anyons of type 71, which fuse to 11 in pairs. This can be achieved by n times

71 71
cutting out a circular disk and replacing it by a three-punctured sphere with state \< .

11
To describe this in more detail, let 7 be a triangulation of X, a surface obtained by gluing X4 to 2.

Let d4 and dj be fusion diagrams with each root edge carrying the trivial label 11, and consider the
state |£A£B7 dAdB>?

The necessary steps for cutting out X, and replacing it by a different surface X, are especially sim-
ple when 7 has the tadpole-like form considered in Lemma 4.2; we merely have to trace out the qu-
bits on 7 ,, and replace them by a state WudA')zA,- Indeed, by Lemma 4.2, we have

T T

[ats, dads) = 63, da)> |05, dn)> [0)e

tr~

A0

2168, dy)- [0)
B BTB e (51)

append
— |f0r, dAf>’7:A, |(g7 dB)’T\H|O>e

= |€A’£B’dA’dB>/T‘,'
1=1 =2 i =3
=4 i=5 =21

Fig. 5. The successive figures show the intermediate steps of the cut(y) procedure, after applying F,,. The thick, red edges are
e1,...,en. The overall effect of the procedure is shown in Fig. 4. (For interpretation of the references in colour in this figure
legend, the reader is referred to the web version of this article.)
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To give 7 the tadpole form, choose any closed curve 7 not enclosing any holes in the surface—this en-
sures that the corresponding fusion diagrams d4 and dp have trivial total charge. Then use the cut(y)
and glue(y) procedures as in the following circuit:

|0alp, dadp) — cut(y) glue(y) —  |[lalp,dydp) (52)

_ @) ‘

[Car,dar)z,,

In our application, the triangulation 7, can be chosen to be a coarse triangulation of X3, such that
the state |y, d,y); corresponding to a 71 anyon pair can be created by a projective measurement on a
v

small number of qubits.

According to Lemma 4.2, the qubit on the tail of a tadpole is 0 or 1 according to whether the anyon
label of the corresponding pant segment is 11 or 71, respectively. This leads to the following circuit for
measuring the anyon across a particular pant segment:

1€, d) cut(y) A (53)

Implementing these procedures in the presence of noise, with periodic error correction, both
measurements and preparations expose the encoded information. Beneath a threshold, a constant
measurement error rate can be reduced by taking the majority of multiple measurement out-
comes. Errors in preparation can be efficiently dealt with using the composite Fibonacci anyon dis-
tillation scheme of [26], in order to concentrate the entropy into specific regions using reversible
gates.

5.2. Implementing diffeomorphisms on X by changes of triangulation

Recall that the mapping class group of X acts on Hy by deforming embedded ribbon graphs. If 7 is a
triangulation of X, such that the dual graph 7 has N edges, then H~ =~ (C?)®". In this section, we
show how to implement the mapping class group’s action on Hﬁgg =~ ‘H{—both Dehn-twists and
braid-moves—by local unitary operators on (C?)*". As before, the iran)Iementation is based on changes
of triangulation using the operators F, from Eq. (47).

Consider first a Dehn-twist, specified by a simple closed curve 7, as in Eq. (12). Assume that y is
supported on edges of the triangulation 7, and let 2, and Xy be the triangulated surfaces on either
side of y. The Dehn-twist operator D(y) is obtained by applying F-moves along edges of one of these
surfaces, more precisely by the following procedure.

Dehn-twist D()): Let y consist of n edges. Repeat the following for rounds r=1,...,2(n — 1):
In round r, consider the triangulation 7"~! constructed after r — 1 rounds. 7° = 7
is the initial triangulation. Let Ty,...,T,_1 be the triangles bordering ) in Xy, in
counterclockwise order. Assume that each triangle has exactly two vertices on
y; if true in the first round, then this will hold always. Let ¢; be the vertex shared
between T; and Ti+1(modn), let w; be the vertex of T; not in y, and let e; be the edge
(v, w;). For i from 1 to n, apply the maps F,, to obtain the triangulation 7".

Note that the F-moves within each round commute, so can be applied in an arbitrary order. Fig. 6
shows an example of this procedure. A clockwise Dehn-twist can be defined similarly.
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With the isomorphism A described in Lemma 4.1, and the explicit form (47) of the maps F, and
Lemma 4.3, it is straightforward to see that the operator D(y) implements a ribbon graph Dehn-twist
on Hy =~ H%, as studied in Section 2.3. Figs. 7 and 8 show an example, tracking through F-moves

states |@) € HP* that represent ground states.
T

A half-twist twists along a curve y by 7 instead of 27. Define an operator \/D(}) on (C?)*N to exe-
cute only rounds r=1,...,n — 1 of D(y). The braid-move of Eq. (11) can then be implemented by three
half-Dehn-twists about the curves y,4, 75 and y¢ given by

YaT— F=]vp

(54)
vc —
Indeed, we have
VD(ve)V/D(vB)V/D(ya) ! ' = D(Wc)
(35)

Therefore both braids and Dehn-twists on the ribbon graph Hilbert space can be implemented
using F-moves.

6. Quantum computation with Turaev-Viro codes from general anyon models

Although for concreteness and to minimize notational complexity we have focused on the doubled
Fibonacci anyon model, the calculations and methods generalize. In this section and Appendix B, we
will go over the construction of surface codes for other doubled anyon models. Section 6.3 begins by
collecting the data needed to specify an anyon model. Section 6.4 introduces the ribbon graph Hilbert
space Hy associated with a surface X and includes the derivations of a number of useful local identi-
ties. Section 6.5 introduces the doubled fusion basis states by considering ribbon graphs in > x [-1,1].
Section 6.6 describes how the ribbon graph Hilbert space H; is realized as the ground space of the Le-
vin-Wen Hamiltonian.

NANANNNN/
VAVAY INET
VAVAVA
INONONINININ/N,

(a) T° (b) T* () T°

Fig. 6. From left-to-right, the triangulations 7° 7" and 7?2 obtained while implementing a Dehn-twist about the inner curve 7.
The portion X, of the surface within 7 is not shown. The thick, red edges are the locations of F-moves in the next round, i.e., the
edges {e;}. (For interpretation of the references in colour in this figure legend, the reader is referred to the web version of this
article.)
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vz =S

i=0 1=4

Fig. 7. Th;s figure shows for various i hol/v i F-moves in the first round (r=1) of the Dehn-twist D(y) affect a ribbon graph
|®) € H{”) embedded in the dual graph 7.

i =104

e
S

Kt S

i =112

Fig. 8. This figure continues Fig. 7 for larger i, in order to illustrate that D(y) indeed corresponds to the deformation of an off-
lattice ribbon graph by a thn-twist. The half-Dehn-twist /D(7) ispimplemented by i =56 F-moves. After the 107-th F-move,
we switch from |@) € H{"’ to a different representative |@') € H'{*’ for convenience (note that B|®) = B|@')).

6.1. Background on categories

While we only rely on basic definitions of “anyon models” for the generalization discussed below,
some category-theoretic terminology is required to set our work in context. A thorough discussion of
these concepts is beyond the scope of this introductory article. We restrict ourselves to a summary and
refer the interested reader to the literature for detailed definitions.

Roughly, a spherical category as introduced by Barrett and Westbury [6] is a set of data which gives
rise to an isotopy invariant of trivalent directed labeled planar graphs embedded in the two-sphere. A
corresponding “coherence theorem” [6] guarantees consistency (of local rules) under a finite set of
conditions on the data. More specific properties are needed in our context: a unitary braided fusion cat-
egory (see, e.g., the appendix of [19]) additionally has a notion of braiding, and is equivalently referred
to as a unitary ribbon category. The reason for this terminology is that the braiding notion allows to
make sense of crossing edges (i.e., non-planar graphs) and also allows to introduce a notion of twist-
ing. This leads to an invariant of ribbon tangles, as studied by Reshetikhin and Turaev [42]. The coher-
ence theorem in this context is more commonly referred to as Mac Lane’s theorem [31]. Finally, a
unitary modular tensor category is a unitary ribbon category with a non-singular S-matrix, as defined
below; the terminology here stems from the fact that this give rise to a (projective) representation of
the modular group.
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There are multiple ways of obtaining new categories from old ones. The categorical double or
Drinfeld centre DC (see [33] or [17, Section XIII.4]) of a (not necessarily braided) fusion category C is
always a braided category. Moreover, if C is spherical, then DC is modular, as shown by Miiger [33].
The category DC has a particularly simple structure if C is itself already modular: in this case,
DC = C® " is isomorphic to the direct product of C and the conjugate category C* obtained by com-
plex conjugation of all data (see below). We formulate all our results for this case.

6.2. Quantum codes from categories

A Turaev-Viro TQFT can be defined using any spherical category C. In particular, the arguments gi-
ven below in Section 7.2 imply the following: For any finite unitary spherical category C, and for any
triangulated surface X, with or without boundary, there is a corresponding quantum error-correcting
code. This code has qudits assigned to the edges, where d is equal to the number of simple objects in C.
Unless C is multiplicity-free, the triangles also need qudits.

For certain categories C, this code can be expressed as the ground state of a Levin—-Wen local sta-
bilizer Hamiltonian [30]. Here we focus on the case where C is modular, and show that the anyons of
the code are from the category C ® C*. A more general theorem [48], proved in the modular case in
[49,46], asserts that if C is any finite semisimple spherical category, then the Turaev-Viro or Bar-
rett-Westbury TQFT is the same as the Reshetikhin-Turaev TQFT for the quantum double DC (see
e.g., [32)]).

6.3. Parameters of an anyon model

Consider an anyon model described by a tensor category C. Such a model has particle types
{1,i,i*,j,j%...}, where * denotes charge conjugation and 1=1% is the trivial particle. Let d; = d;- be
the quantum dimension of particle i (note that d;=1), and let D= Z-d-z be the total quantum

dimension. Let 6, = 1 if the fusion space V¢, is at least one-dimensional, and O otherwise. Assume
for simplicity that the anyon model has no fusion multiplicities. (Our results directly generalize to
anyon models with fusion multiplicities.) These fusion rules satisfy

> i ke =Y, Sjem Oime (56)
m m
which expresses associativity of fusion. The quantum dimensions satisfy
did; = Sidr. (57)
k

It is further necessary to specify the operations for fusing and braiding anyons. The fusion tensor, or
F-move, for changing fusion bases has entries

e mTmn Ny 58)
14

It satisfies the five properties, for all i,j,...,s,

physicality : FI SijmOkim = Fom Sion O
pentagon identity : by FodFib Fin = i Fral
unitarity : (F}ﬁ%) =FJm (59)

. ijm -jim tkm* imj dind

tetrahedral symmetry :  Fi, = Fy. = Fi' = Fie /3
i i . it ki
normalization : Fip = Hja,,k

The braiding operations, called R-moves, are given by
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T Joi L i
T Y ¥ —wn Y (60
k k k k
The entries satisfy |R | =1 and the hexagon identities:

Rlek i mRk] Z Fz “k* mRknFj in

lj'g 4'n tk'g
(61)

ik pkim* pjk ikm* pnk pjin*
R Fi “jg" RI ZFf “jn® R F(*kg

Combined with F-moves, R-moves allow for the resolution of crossings, via, e.g.,

il s ]K
N R TV (62)
i Zk: didj 77 TE s

They also allow for defining the topological phases and the topological S-matrix. The topological
phases are given by 6; = (R’l’) and allow a ribbon to be untwisted:

Pimo,bi 63

The topological S-matrix is defined by

S5 = 18 (64)

This matrix is symmetric and unitary; it satisfies
Sij =Sji =Sy =Sy, Su=di/D. (65)

For an anyon model with particles {1.,a.,b.,...} described by a tensor category C., we can define a
dual category C_ with anyons {1_,a_,b_,...}. Here a_ is the same as a., but with opposite chirality, i.e.,
the topological phase is given by 6, = 0; . Furthermore, the R-matrix is replaced by its adjoint, which

for the multiplicity-free case considered here boils down to R:-“ = <R5f*>*. The double of C =C, is

the category DC = C, ® C_; its particles are {a, ® b_ | a, € C;,b_ € C_}, and the braiding and fusion
matrices are tensor products of those of C, and C_. (Note: Here we used the assumption that C is mod-
ular. For a general category C, the double DC need not be isomorphic to C, ® C_.)

6.4. The ribbon graph Hilbert space Hsx

Using the fusion rules %, the quantum dimensions d; and the F-tensor FI", we can define the rib-
bon graph Hilbert space Hy associated with a surface X as in Section 2.1. A (colored) ribbon graph is a
graph with labeled directed edges embedded into X, with vertices of degree two and three in the inte-
rior, and degree-one vertices at the marked boundary points of ~. Switching the direction of an edge
corresponds to conjugating the anyon label, and edges assigned the trivial label 1 can be removed or
added from the picture according to

Valid ribbon graphs are those that satisfy the fusion rules at every vertex, i.e., having ;. = 1 for every
vertex with incoming edges labeled i, j and k. (For a vertex of degree two, this rule is adapted by adding

an edge with label 1.) The Hilbert space #y is the space of formal linear combinations of such ribbon
graphs, modulo the local relations

(66)
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I

— 461 (68)

Compare to Egs. (1)-(3).

The Hilbert space Hs decomposes into spaces #5 indexed by labelings ¢ of the marked boundary
points on the boundary components of X, as in Eq. (7). H5 is the subspace of ribbon graphs with,
for each boundary point p, an edge carrying label ¢(p) leaving p. An orthonormal basis of #5 can be
constructed using ribbon graphs living on the dual graph of a triangulation of X, as explained in Sec-
tion 2.1. For example, two orthonormal bases of the space H ®'9 on1 the annulus are given by the ribbon

graphs
J j
B:= { 6ki*j*7 i 0* ;ﬁ O} B/ = {
s JANG;

The inner product can be defined using any such basis; the result is independent of the chosen basis
because different triangulations of > with the same number of edges are related by edge flips and F-
moves are unitary.

Opij # 0, 0ije # 0} (70)

6.5. Ribbon graphs on X x [—1,1] and fusion basis states of the doubled model

The anyonic fusion basis states for the doubled theory are defined, as in Section 3.1, by reducing
“doubled” ribbon graphs in the manifold > x [-1,1] down to the surface X.

In the following, we use undirected, unlabeled, dashed lines to denote the superposition of all any-
on types, weighting i by d;/D:

—éZH—éZ” (71)

These vacuum lines generalize Eq. (15). Lemma A.1 below summarizes their main properties.

Consider a fusion diagram describing a state of n anyons of a doubled theory DC = C, ® C_. This is a
tree G with n + 1 leaves at the punctures of the (n + 1)-punctured sphere X = X ,,1, and with edge labels
of the form i, ®j . Consider the manifold M =2 x [-1,1], and take two copies of G, G.=G x
{£1} c 2 x {£1}. For an edge e € G labeled i. ® j_ in the original fusion diagram, label the correspond-
ing edges e, and e_ in G, and G_ by i and j, respectively. In addition to “doubling” the edges in this
fashion, add vacuum lines, from Eq. (71), embedded in X x {0} around n of the punctures.

For concreteness, consider the case of a single anyon i, ® j_, corresponding to the ribbon graph

(72)

on X, x [—1,1]. In this figure, the shaded area is the inner component of (0X;) x [-1,1].
To see that this is consistent with an i. ® j_ anyon, observe first that it has the required idempoten-
cy property, since stacking gives the same diagram up to a constant factor:
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— 7' —_—
- ~
(g‘ ~\~\ =D ( k) (73)
T TS Pt e
J J
R — |

according to the “doubling” property (90) of vacuum lines stated in Lemma A.1. We can also
verify that it carries the correct topological phase 0;, 0; = 0;0;, by computing the action of a Dehn-
twist D(y):

- ~
DO teee S =
(74)
LS —
= L2 =00 A

Here, as in Eq. (27), we have used Eq. (91) to pull the ribbons over the vacuum line, and then removed
the kinks using the definition of the topological phase, Eq. (63).
Next, let us check that this realization reproduces the correct R-matrix, by considering a braid:

(75)

Using Eq. (60), we find that, indeed,
jof koK jk (pKi"\ "
R — RE(RET) (76)

It is easy to see that this definition of “doubled” ribbon graph on X' x [—1,1] also gives rise to the
correct F-matrix of the doubled theory DC, since the tensor factors behave independently.

Note that this realization of the doubled theory by ribbon graphs on > x [-1,1] is only an interme-
diate step; we are ultimately interested in ribbon graphs on X. Ribbon graphs on X~ x [-1,1] can be
reduced to 2. First, pick a label ¢(p) for every boundary point p € 9% fusion-consistent with the anyon
labels i, at (p,1) and i_ at (p,—1), respectively. Then, connect up these two ends, and attach an edge
with label ¢(p) ending at (p,0). Clearly, the resulting ribbon graphs have only one edge ending at every
hole; in particular, we can project the string-net onto X, and then resolve crossings by use of identity
(62). This eventually gives a ribbon graph on X, an anyonic fusion basis state.

For example, for X, we obtain from Eq. (72) the ribbon graphs

AN
TV l\ l (77)
ool s 7
kWe(i, ) = e S ;(}Zj
J i

provided &5 # 0 and 5 # 0. Such ribbon graphs are explicitly reduced to elements of Hy, for
the Fibonacci theory in Appendix A.3. By Lemma A.2 below, the ribbon graphs ,w (ij) are idempotents
under stacking. To give another example, the described recipe gives basis vectors for Hy, of the
form
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(78)

Appendix A.2 proves that the anyonic fusion basis states form a complete, orthonormal basis.
6.6. The Turaev-Viro code as the ground space of the Levin-Wen Hamiltonian

In this section, we present Levin and Wen’s lattice Hamiltonians [30] realizing the space #5 of (col-
ored) ribbon graphs for a general anyon model with no fusion multiplicities, as in Section 6.3. This
generalizes the construction of Section 4 for the Fibonacci model.

As in Section 4, let 7 be a triangulation of %, and let 7 = (V,E) be the dual graph of 7. Let
H; =~ (CY)®F be the Hilbert space obtained by associating a N-dimensional qudit with orthonormal
basis {[i)}; corresponding to the N different anyon labels to every edge. Computational basis vectors
will be represented by directing the edges of 7 and labeling them by anyon labels; reversing the direc-
tion of an edge corresponds to conjugating the label. Labelings ¢ of boundary points p € 9% by anyon
labels will be extended to virtual boundary edges attached to 7 as discussed in Section 4; that is, we
associate the trivial label 1 to all but one edge that carries label ¢(p).

On H?. we define vertex and plaquette projections as follows:

o For every vertex v of 7, there is a vertex projection Q,. This operator depends only on the edges
incident on v, and enforces the fusion rules at ». It is given by

Q=Y k) ik (79)
ijk
As before, Pthese are commuting projections. Their simultaneous +1-eigenspace is (isomorphic) to the
space H “') of ribbon graphs on a surface A. Here A = X,,,p is obtained by placing a puncture into each
plaquette of 7 embedded in X,. Let P be the set of these new punctures. The ribbon graphs in HE
have open boundary conditions on punctures p € P, and are in one-to-one correspondence to the com-
putational basis for the qudits.
o For each plaquette p of 7, there is a plaquette projection B,. By is supported on the subspace Hf‘lp>,
and acts by adding a vacuum loop, divided by total quantum dimension D. By reducing the result-
ing ribbon graph, its action on computational basis vectors is given by

my my
1 X | me A i r M o1 me kX ke m,
J— . X2 ~ X3 — X tvjvjv—
By =55, di0;, where O, i |J' ST ER ) b oo
i . .

LR m kl,...,kn v=1 L m 1
(80)

Here we have assumed that p has r boundary edges, and have identified jo =j, and ko = k,. The pla-
quette operators commute with each other and with the vertex operators.

The Levin-Wen Hamiltonian on H~ on H~ is the sum of these operators, as in Eq. (41). According to
: T 7 . . : . . .
Lemma 4.1 (which holds for the more general definitions given in this section), its ground space
HE H;, i.e., the simultaneous +1-eigenspace of all plaquette and vertex operators, is isomorphic
T

to the ribbon graph space 5. Quantum computations can therefore be performed in a similar manner
as before using F-moves, i.e., five-qudit gates. A generalized version of Lemma 4.2 allowing for state
preparation by gluing and measurement of topological charge is given as Lemma B.2 in the appendix.
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7. The Turaev-Viro invariant and the Turaev-Viro code

In Section 6.6, we have discussed how the ribbon graph Hilbert space Hy can be realized as the
ground space of the Levin-Wen qudit lattice Hamiltonian. Here we give a more direct formulation that
justifies calling this ground space the Turaev-Viro code. This approach historically precedes the Ham-
iltonian construction and explains its origin. It is the extension of the Turaev-Viro invariant of 3-man-
ifold to a TQFT [47].

We proceed as follows. In Section 7.1, we define the Turaev-Viro invariant [47] in the general cat-
egory-theoretic formulation due to Barrett and Westbury [5]. Section 7.2 defines the Turaev-Viro code
for a surface X, based on the Turaev-Viro invariant for the thickened surface > x [-1,1]. Section 7.3
shows that this definition corresponds with the Levin-Wen Hamiltonian’s ground space, by deriving
the Levin-Wen Hamiltonian; applying a plaquette operator corresponds to attaching a “blister” to the
surface. This connection between the qudit lattice Hamiltonian of [30] and the Turaev-Viro invariant
has previously been discussed explicitly in [21,4] (see also [22], where ribbon operators are inter-
preted in a similar manner).!

Appendix C gives an alternative definition of the Turaev-Viro invariant, due to Kontsevich et al.
[25,7,23], and sketches how the anyonic fusion basis state decomposition of # can be used to argue
that the different definitions are equivalent. This background is useful for the proof in [2] that approx-
imating the Turaev-Viro invariant is a BQP-complete problem.

7.1. Definition of the Turaev-Viro invariant

In this section, we present the definition of the Turaev-Viro invariant TV.(M) of an oriented 3-
manifold M. For simplicity, we assume that the F tensor of the category C satisfies tetrahedral symme-
try, though this is not necessary (see [5]). The manifold M may also have a boundary, in which case the
Turaev-Viro invariant TV.(M, ) depends on y, a labeling by anyon types of the oriented edges of a
triangulation of the boundary.

Triangulate M compatibly with the possible boundary triangulation. For each tetrahedron t, place a
total order <, on its four vertices, such that the orders are consistent across tetrahedra, i.e., if t and t'
share an edge {7,w}, v <, w when v <, w. For example, such orderings may be obtained from a single
ordering of all the vertices in the triangulation.

For a labeling ¢ of the edges of the triangulation by anyon types from C, and for a tetrahedron ¢,
define a scalar g/ as follows. First, we consider the “standard” tetrahedron, with vertices ordered
1p<---< w3 and labels i, j, k, ¢, m, n of the six edges as shown in Fig. 9(a). Here we have oriented the
edges according to the vertex orders. Define the tensor

i j om Fim
1= —Ken 81
k ¢ n| Jd.d, (81)

Now for a tetrahedron t, the value g is obtained from this tensor by arbitrarily aligning t to the stan-
dard tetrahedron, and then conjugating a label if the orientation of the edge does not agree with the
standard orientation. For example, if t is the tetrahedron of Fig. 9(b), then

i j m

82
K on (82)

gl =

The tetrahedral symmetry of F implies that g’ is well-defined.

! In recent work, Stirling [45] has argued that neglecting the orientation of an edge labeled by a self-dual irreducible
representation of a quantum group leads to sign errors if the representation is anti-symmetrically self-dual. Unimodality (see [46,
Sec. IL.VL.2]), that is, absence of such anti-symmetrically self-dual irreducibles, is claimed to be required for the connection between
the Levin-Wen model and the Turaev-Viro invariant to hold (cf. [15]). This condition is satisfied for the Fibonacci category
considered here. It appears that keeping edge orientations and using Barrett and Westbury's definition [5] of the invariant
circumvents these issues, eliminating the requirement of unimodality. Note that, while [5] does not give details on how to extend
the invariant to a TQFT, Turaev and Virelizier [48] have recently constructed a TQFT from any spherical (not necessarily unimodal)
category which, for closed 3-manifold, coincides with Turaev-Viro-Barrett-Westbury invariant.
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Fig. 9. A standard tetrahedron labeling and edge orientations (a), and two other labelings.

Then set
—2|V, \'Z
TVe(M, ) =D 2ol %7 [T dyo [T /o ] &t (83)
labelings ¢:  edges edges tetrahedra t
dlom=y esM\oM ecoM

where |V)| is the number of vertices in the triangulation, and |Vpy| is the number of vertices on the
boundary. The sum is over all labelings ¢ that agree with y on the boundary after conjugating labels
so edge orientations on the boundary triangulation agree with the orientations from the full triangu-
lation. It can be shown that the quantity TV.(M, y) does not depend on the choice of triangulation in
the interior of M.

7.2. The Turaev-Viro code

Let X be a triangulated two-dimensional surface. For simplicity, assume that X lacks a boundary.
Consider the 3-manifold M = X x [—1,1]. Triangulate its boundary 6M = X~ x {—1,1} with two copies
of the triangulation of X. Then a labeling y of this triangulation consists of a pair (y+, x_) of labelings
of the triangulation of X. In particular, we can interpret the quantity TV.(M, x) as the matrix element
of an operator

TVe(Ex [-11) = > TVeM, )l (1| (84)
1=Lox-)

This operator acts on the Hilbert space (C™)“* of labelings of the |E| edges of the triangulation of X by
the m anyon labels of C. It only depends on the boundary triangulation, and not on a triangulation of M.
Define the Turaev-Viro code on X as the range of TV.(X x [—1, 1]). Since gluing together two copies
of X x [-1,1] along a boundary component gives again X~ x [—1,1], and since the gluing of manifolds
corresponds to the concatenation of the linear maps from Eq. (84), TV.(2 x [-1,1]) is a projection.
We will next show that the Turaev-Viro code is the same as s, i.e., the Hilbert space of equiva-
lence classes of colored ribbon graphs embedded in X.

7.3. Local stabilizers for the Turaev-Viro code: the Levin-Wen Hamiltonian

Consider a vertex p, with degree r in the triangulation, as in Fig. 10(a). Place a “blister” put on top of
this configuration by introducing a new vertex g, with the new edges on the boundary labeled
k' = (Kj,...,k.), as shown in Fig. 10(c) (the edge from p to q is oriented upwards). The blister is a tri-

angulation of a ball B with boundary edges labeled (E, K, m). Define

Byi= 30 o TVl (R ) ) 6] i 85)

fom VI

a linear map on the space (C™)*" of labelings (E, m). Similarly as before, since gluing two balls to-
gether results in another ball, B, is a projection. The additional factors compared to Eq. (84) are nec-
essary because the outer edges with labels m remain on the boundary when gluing, and the number of
vertices on the boundary stays the same.
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Fig. 10. The neighborhood of a vertex p in a triangulated surface can be oriented as in (a), in turn orienting the trivalent dual
graph in (b). Attaching a “blister” above p gives (c) when r=6.

Fig. 11. For two adjacent vertices p and p’, the products B, B, and B,B, correspond to different internal triangulations of the
same bipyramid. Hence B, and B, commute.

For different vertices p and p’, the operators By, and B, acting on (€™®# commute. This is clear if p
and p’ are nonadjacent. When p is adjacent to p’, both products B, B, and B,B,, correspond to attaching
the same bipyramid to X, only with different internal triangulations, as shown in Fig. 11 in the case
that p and p’ are connected by a single edge. Since the Turaev-Viro invariant does not depend on
the internal triangulation, we conclude B,B,, = By B,.

Similarly, the product [],B, of over all vertices of the triangulation corresponds to a “thickening” of
2, and therefore

118, =Tv(Z x[-1,1)) (86)
p

Hence the Turaev-Viro code equals the simultaneous +1-eigenspace of the B, projections.

In fact, these B, operators are the same as the B, plaquette operators in the definition of the Levin-
Wen Hamlltoman (41). To see this, evaluate the invariant TV, (B, (k K m)) associated with Fig. 10(c)
explicitly. With fixed boundary labels (E, K, m), the only free index is the label i of the internal edge
{p.q}. A typical tetrahedron has the form shown in Fig. 9(c), whence

(k) mek; Fmtk[k[ 1
gt = kaik ik (k)"
t

g \/ B

Substituting into Egs. (83) and (85), we obtain

b= g X S ([TR Gy )@ 88)

kkm i

(87)

Considering the dual graph, in Fig. 10(b), we recognize in Eq. (88) the definition (80) of the Levin-Wen
Hamiltonian’s plaquette operators.
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Appendix A. Ribbon graphs for general categories

In this appendix, we collect various facts about ribbon graphs and the fusion basis states discussed
in the main text. In Appendix A.1, we summarize a few general identities satisfied by ribbon graphs. In
Appendix A.2, we give alternative definitions of the inner product on the ribbon graph Hilbert space
Hx, and use this to show that the fusion basis states are mutually orthogonal. Appendix A.3 provides
a few explicit examples of fusion basis states for the Fibonacci model. We conclude with a short expla-
nation of the generalization to higher-genus surfaces in Appendix A.4.

A.1. Ribbon graph identities

Here we state a few useful equivalence relations between ribbon graphs. First, bubbles can be re-
moved by the rule

4721@_2 = 5mn dld] 4L (89)
j v dn

Next we summarize some of the main properties of the vacuum lines defined in Eq. (71).

Lemma A.1. The following identities hold, regardless of the contents of the shaded region:

iD= D 0
-‘1_)) _p ) (91)
r‘*‘,

(93)

By symmetry, this equals the right-hand-side of Eq. (90). Eq. (91) also follows:

l')) = Zd@ Zd )Q Zd?':) (94)
J

For the proof of Eq. (92), observe that necessarlly

by

\7 = Ozij +] (95)
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for some scalar a; € C. Taking the trace, i.e., closing the loop with label j, gives a;; = DS;;/d;. The claim
then immediately follows because

1 A D d; .
p2 4T @(Z D SZ‘J‘) b (96)
7 7 \b:-/

where the parenthesized term is equal to J;; by the unitarity of the S-matrix. O
An immediate consequence of Eq. (92) in Lemma A.1 is

\/ dy

N =D& — 97
o= N (97)
J J J

Indeed, applymg an F-move to the edge with label 7 gives

Zl

7
\—é:/ pit

_]/*’L *k » .
J J k J J (98)
i

_ T A
=D 0irdjjr Fyeje

and the claim follows by Eq. (59).
A.2. The anyonic fusion basis states form an orthonormal basis

Fix a pants decomposition, corresponding to a rooted binary tree T, of the n-punctured sphere
2 = X . In this section, we show that the anyonic fusion basis states defined in Section 6.5 form a com-
plete, orthonormal basis.

The proof is straightforward, but is made inconvenient by the definition of the inner product in Sec-
tion 6.4. Recall that an anyonic fusion basis state is specified by two edge-labelings of T by particles
from the category C, together with particle labels for each of the n boundary conditions. The corre-
sponding state is given by placing the two fusion diagrams on X x {#+1} ¢ X x [-1,1], adding vacuum
loops around n — 1 of the punctures, closing up the boundary conditions, and then reducing to a rib-
bon graph in 2. For example, Eq. (78) shows a typical fusion basis state on X4, with the pants decom-
position </, before reducing to two dimensions.

To compute the inner product, a ribbon graph in X~ x [—1,1] must first be reduced to 2, and then to
an orthonormal basis of 3, as for example in Eq. (70). To avoid these steps, we will define a new inner
product, the trace inner product, that can be computed directly on ribbon graphs without first reduc-
ing them to two dimensions. Although the definition is quite different, the trace inner product (- | - )¢
agrees with the original inner product (- | - ) from Section 6.4. It is also convenient for extending the
definition of Hy to more general surfaces (see Appendix A.4).

Slightly more background on ribbon diagrams is necessary. A line in a two-dimensional ribbon dia-
gram represents a narrow ribbon that is flat in the plane. A full twist in the ribbon can be drawn as a
kink, as in Eq. (63), and is equivalent to adding a phase to the untwisted ribbon. The same is not true
for half-twists, though, and the ribbon graph notation we have developed so far does not allow for
specifying half-twists. For all the equivalence relations it should be assumed that the involved ribbons
all share the same up/down orientation.

Let 2~ be a compact, orientable surface, with a marked point on each boundary component.
Consider two ribbon graphs in 2. To compute their trace inner product, embed the two diagrams in
X x {#1} c X x [-1,1]. Conjugate all particle labels in the first diagram, and also give them the out-
ward orientation, i.e., turn all ribbons upside down. Next, connect together the ribbons at the bound-
ary points. (Since the ribbons on one-half have been turned upside down, there is no need to twist the
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ribbons to connect them together; a twist would have introduced a phase ambiguity.) Finally, reduce
the resulting ribbon graph to two dimensions. In order to carry out this reduction, it may be useful to
introduce pairs of half-twists on some ribbons in order to flip their orientation in local regions, so that
the equivalence relations can be applied. Now, the inner product is the coefficient of the empty or vac-
uum diagram, divided by the product over all boundary labels i of \/d;.

Let us first sketch the argument that the trace inner product agrees with the original definition of
the inner product. For computational basis states on the annulus X,, we have

_ Ok e (99)

and,

where on the right-hand-side the two ribbons labeled ¢ should be matched up and then the diagram
reduced to its vacuum coefficient. Carrying out this calculation—beginning with an F-move between
the two ribbons j and j/—indeed gives dyy d. d; 97, agreeing with the standard inner product. The gen-
eral calculation of the trace inner product on computational basis states on the n-punctured sphere X,
is quite similar; for example,

a; as as aj ah al 0 50p, 0
< \{( | K{ > _ a@a’ "%2C (100)
and, A, e daldagdmdcz

which by Eq. (89) simplifies to 5z 9z .

Next we argue that the anyons are orthonormal under the trace inner product. Again we begin with
the case of the annulus X,. The anyonic fusion basis states on X, are the ribbon graphs . ,(ij) of Eq.
(77) with e = dypp- = 1.

Lemma A.2. Under stacking,
oy . dy
oWy (0,0)i(1,]) = 64y 0y 0¢ D dd; e Wi, ). (101)

Proof. By Eq. (90) in Lemma A.1 and Eq. (97),

O (102)

i®)

In particular, }J,/ S (i) is an idempotent corresponding to a realization of the fusion space Vie:

Now the trace inner product of ,wy (i',j') and (i) is given by 1/+/d,d, times the vacuum coeffi-
cient of their stack v, (i',j)w(i,j), where additionally the ribbons ¢ and ¢ are connected together.
The coefficient of the trivial particle 1 in a vacuum line is d/D = 1/D, so by Lemma A.2,
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g . 1 ¢
<e/lpk/(2/7]/)|kq/g(l,]>> = 5 /5 /5kk/5wm @ = (5%/5]']-/5%/5“/ (103)
1y ]

Define anyonic fusion basis states for s,

// \\// \\/ \
| 1

(104)

Analogous states ,w,(d, b, ¢, a) € Hy, can be defined for any n > 3 using a “standard” pants decompo-
sition of X,,. We show that these states, with fusion constraints satisfied, are mutually orthogonal and
unit-normalized.

Lemma A.3. Let v = ,(d,b,¢,d) and @' = ,w,(d,b,c,d) be the states in My, with n>3, as
introduced in Eq. (104). Then

W'|w) = 5kk’5z750a/555/5cc’553/ (105)

Proof. Although the calculation is fully general, we continue to illustrate the case of n = 3. Applying F-
moves, we find

(106)

and similarly for ¢’. Thus we can separate the calculation of the inner product (¢'|¢) into two parts,
the inner products of the topmost states in 5, and the inner product of the lower doubled trees. From
Eq. (103), this gives

@)= 3 TL( (R ) Fii b 616y 000 ) (@10

mm' i
- WZ H < ", bim:)(@;ﬁ@m) (107)

where

(108)

and @, is defined similarly.
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By definition of the trace inner product and using F-moves, we have

dmz / L\ — L V (17711 (5aiblm:‘
Z H <da1 d},z 6alb1m:‘> <‘I’m|(bm> = \/@ ; ];[ <—da1 dbi

mooi

N \V4 dk l_.[z daq db,

= 566,5ﬂ

dd’

(109)

The last step uses Eq. (89) repeatedly. O

A.2.1. Completeness of anyonic fusion basis for Hyx,

It remains to show that the anyonic fusion basis spans Hy,. We do so by verifying that the number
of standard computational basis states equals the number of anyonic fusion basis.

The proof is by induction in n. For n € {0,1}, Hs, is one-dimensional. For n = 2, X, the annulus, with
boundary labels k* and ¢, the numbers of computational basis states and of anyonic fusion basis states
are both

> iy e (110)
ij

See Eqs. (70) and (77).
For Hy, with a fixed root puncture, let s,(k) be the number of standard basis elements with label k
on the root. This function satisfies the recursion, forany m,2 <m<n -1,

(k) =" Sy Sm(1)Sn.1-m () 111)
ij

Similarly, let a,(k) be the number of anyonic fusion states in Hy, with root labeled k. We will show
that a,(k) satisfies the same recursion, Eq. (111), as s,(k). For this purpose, let a, (¢, ¢') be the number
doubled fusion diagrams on a tree with n leaves, with arbitrary boundary-consistent labels on the
n — 1 leaves and the doubled anyon label ¢ ® ¢ at the root. Since picking a boundary-consistent label
k for the root puncture gives a valid anyonic fusion basis state, we have

= Zan(fal’)éﬂ’k* (112)

o
Moreover, a satisfies the recursion, for2<m<n-1,

Zb,ﬂ S+ Um (i, 1)1 -m (. 1) (113)

ll_)]
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Reinserting this into Eq. (112) gives
= Z am(i, il)an+l—m(j:j,) Z 5éi’k*5ijé*5i’j’z"*

T T
= Zéfi’k (Z A (i, )87, ) (Z An1-m(j, )0 /’*) = Z OS¢k Om (€)n1-m(€) (114)
00k ok

the desired recursion. Here in the second step we used

Z Sg i Oijer Oy = Z Oyt Oy ¢+ O (115)

o o

which is a consequence of the associativity of fusion, Eq. (56). In particular, the left- and right-hand
sides respectively equal the number of ribbon graphs

(116)
and

with fixed boundary conditions (i, ,j,j’,k*). In other words, both sides of Eq. (115) count the dimension
of the space of ribbon graphs embedded in a ball, with five fixed boundary labels.

A.3. Application to the Fibonacci model

Let us now specialize these statements to the Fibonacci model, and give a few examples of the any-
onic fusion basis states described in Sections 3.1 and 6.5. Here the F and R tensors are specified by Egs.
(35) and (20), respectively. Crossings can therefore be resolved according to Eq. (19).

A.3.1. Computation of idempotents on ‘Hs,

For the annulus X5, anyonic fusion basis states are equivalent to idempotents, up to normalization,
when the boundary labels are identical. We therefore restrict our attention to the idempotents.
According to Lemma A.2, the idempotents can be written as

PLIS PRl P TS

4 N ? \ , A Y
1y ) I 1A}
11:5 ) T1:5\~ ,' 17':5 \_,'
.- - | (117)
'I ~\ 'I s\
EI |
_ Ty ’ 7\/F\
TT()—D sG; TT]——D ¢,¢

where D = v/1 + 72. Writing out this definition and resolving the crossings, it can be verified that these
expressions coincide with the idempotents given in Eq. (24). For example, we get

D17 = ‘ +® ‘ /67 /@ (118)
|

For later reference, note that the same type of calculation gives

4-\\ '4-5\
o 1 [ B 1
\ é/ = ¢~ 3mi/10 ‘sg_/ = ¢37i/10 ‘ (119)

=
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A.3.2. Computation of anyonic fusion basis states for Hs,
For the 3-punctured sphere, we have for example the following three fusion basis states,

“=s '¢‘~ Lamh 'f“'s Camh

' d
~
4
~

1T T1 71
(120)
where the subscript ‘1’ indicates that we choose to have an edge ending on the boundary.
Let us reduce to two dimensions the first diagram. Apply an F-move to the left leg to get
'4-s\ ',"'s‘ ',a"s\ ’,"'s
'l \ ' \ ,l |
s C A\
7'7'\<‘rl (121)
1T T

Removing the twists with Eq. (20) and inserting from Eq. (24) the expressions for the 77 and 71 idem-
potents gives

T T e—4mif5 o
\<11=D—( J e sl ip—e gt IR 9—09))
T (122)

flfrt/]O

\FD (QH +7.€37r!/5(ap+1_{9—3ﬂ/a(i§))

Since (G| Q@) = 1/7, this state indeed has unit norm, as asserted by Lemma A.3.
A.4. Generalization to higher-genus surfaces

Our results extend to a surface X of higher genus. To describe a fusion diagram basis of X, fix a han-
dle decomposition of X into an n-punctured sphere with handles attached to some of the holes. A han-
dle is a punctured torus, shown in Fig. 12(a). An anyonic fusion basis for s is defined by extending a
doubled anyon fusion diagram in X, x [-1,1] by attaching at each handle one of the diagrams in
Fig. 12(b). Here a.a_ is the label on the leaf, and (a.,b,,b}) and (a_,b_,b") are fusion-consistent tri-
ples from C, and C_, respectively. These two choices result in bases that are diagonal with respect to
Dehn-twists along the loops {, 8} and {«, )}, respectively, in Fig. 12(a).

Together with F-moves, the change of basis matrix S*¢ (SZ,‘ W bb ) defined by

/1l //ﬁ'\\
b+b =3 St & ;&‘}mb, (123)
aya_ by b— aya_

fully specifies the action of the mapping class group of X. (For the torus, there are two inequivalent
bases, and a similar change of basis matrix S.) By similar arguments as those used in Section 6.5 for
the R-matrix, one can derive that S bob = A"‘ », By » where

/

b v b
1 1
ap== S e - =D (124)
N o Vo= pyd,
a a

We refer to [19, Appendix E] for a proof of the unitarity of these matrices.
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(a) (b)

Fig. 12. An anyonic fusion basis for a surface with n punctures or handles is specified by using for each handle one of the two
bases in (b), combined with a doubled anyon fusion tree in X, x [-1,1].

Appendix B. Discretizing and gluing: proofs

In this appendix, we prove Lemmas 4.1 and 4.2. Lemma 4.1 states that the simultaneous +1-eigen-
space H“¥ of all plaquette- and vertex-operators of the Levin-Wen Hamiltonian (41) is isomorphic to
T

the ribbon graph space 5. In preparation for the proof of this fact, we derive the following auxiliary
statement.

Lemma B.1. Consider two surfaces X~ and X', where 2’ is the same as X but with a puncture inserted at
p € 2. Let ¢ be a labeling of the boundary points of %, and let H(;,‘” be the space of ribbon graphs on X’ with
open boundary condition on p. Consider a state |px) € Hs. We deform the ribbon graph locally around p,
and regard the resulting ribbon graph as an element |®y/) € H(Z’;”. Let B : Hg’” — Hg;]) be the map which
adds a vacuum loop around p, divided by D. Then B|®y) is independent of the initial deformation (i.e.,

|@5)). Furthermore, the map

AHs —HE
125
W) > DB|&y) (12

is a norm-preserving isomorphism.

Proof. Observe that the state B|®y ) has a vacuum loop inserted around the puncture p. Since locally
deformed configurations of ribbon graphs near a puncture enclosed by a vacuum loop are equivalent
according to Lemma A.1 (90), the state B|®; ) indeed does not depend on the initially chosen deforma-
tion. This implies that the map A : H5 — H(Z”;U is well-defined. It is easy to see that the map is surjec-

1)

tive; a preimage of an element \W;) € H(Z, is simply the same ribbon graph embedded in X (this can

be checked with Lemma A.1 (91)).

Now consider the inner product (@ s|@x) of two states |¥y), |¥s) € Hs. Since local deformations do
not change the equivalence class, we may assume that these ribbon graphs avoid p. To evaluate the
inner product (@y [wy) of the images |&y) = A|Ws), [¥y) = AjWs), consider a ribbon graph basis B’ of
Hg,’” whose ribbon graphs are obtained by attaching a tadpole with head surrounding p (and fusion-
consistent labels) to the elements of a ribbon graph basis B of #5. Evaluating the inner product
(@ |y ) with respect to this basis reduces to the evaluation of (x| ) and the norm of a vacuum line
around p. This gives

Uy |wy) = (sws) -% (126)

which implies the claim. O
The proof of Lemma 4.1 is now immediate.
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Proof of Lemma 4.1. Let [px) € M5, and let |®,) € H(A“P) be a state obtained by locally deforming & )
to avoid the points in P. Observe that the state B |®,), where B is the product of all plaquette operators
(cf. (42)), has vacuum loops inserted around each puncture p € P. This corresponds to the situation
described in Lemma B.1. By inductively applying this lemma to all p € P, we obtain the claim. O

We now prove the following more general version of Lemma 4.2, which describes the effect of
gluing.

LemmaB.2. Let 7, T4, Ts b., b_and e be as in Lemma 4.2. Then the anyonic fusion basis state |¢, d)- is
given by

dy
6, d)~ = Z dy d; oo | a3, 1. do) ) (127)

Proof. Consider the off-lattice ribbon graph |¢,d), € Hs described in terms of a ribbon graph on
X x [-1,1]. By doubling a vacuum loop around a boundary component twice, and pulling out the
loops, we can obtain two vacuum loops running parallel to the gluing curve y if we introduce an addi-
tional factor of # Applying an F-move then results in

(128)

We can analyze the effect of applying the plaquette operator B, in the off-lattice picture: it adds a
puncture, a vacuum loop around it and a factor of L. It transforms this state to

(130)

It is easy to see that applying the product [],.,B, of the remaining plaquette operators results in the
state on the right-hand side of Eq. (127). O
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Appendix C. The Witten-Reshetikhin-Turaev invariant

In Section A.4, we sketched how, based on a modular category C, the Turaev-Viro construction
yields a representation pj,. y of the mapping class group MCG3 of a surface 2. Furthermore, this rep-
resentation is described by the doubled category DC = C ® C*. More generally, any modular category
C gives rise to a (projective) representation

Pes - MCGy — GL(He.)/ (€72, (131)

where H s is a Hilbert space of anyonic fusion diagrams. (In this expression, (¢2™“/?4) denotes the cyc-

lic group generated by ™21 where c is a scalar called central charge.) A certain matrix element of
the representation (131) for the boundary X = oM, of the g-handlebody M; (cf. Fig. 14) defines the Wit-
ten-Reshetikhin-Turaev (WRT) invariant [50,43], as we now explain.

A closed, oriented 3-manifold M can be represented by a Heegaard splitting (g,x), i.e.,agenus g € N
and an element x of the mapping class group MCG(OM,) of the surface oM,. Roughly, the element x
specifies how to glue two copies of M, together to obtain M. The pair (g,x) uniquely specifies the equiv-
alence class of M under homeomorphlsms up to (i) a certain stabilization move (g,x) — (g + 1,%)
which corresponds to attaching a 3-sphere with a standard genus-1 Heegaard splitting, and (ii) mul-
tiplication of x by the subgroup MCGgMg of mapping class group elements which extend to homeomor-
phisms of M.

For a modular category C, the Witten-Reshetikhin-Turaev invariant of a manifold M with Heegaard
splitting (g,x) is given by

WRT(M) := D5 (veg|peg (%) | veg) (132)

where |vc,) is the unit-normalized vector corresponding to the anyon diagram shown in Fig 13.
Invariance follows from the fact that the vector |vcg) is invariant under the action of MCG(,M , and
the factor D¥~' compensates for stabilization moves. Eq. (132) is the Crane-Kohno- Kontsevich
[25,7,23] version of the WRT invariant. Its original [43] and more commonly known definition is based
on the Dehn surgery presentation of manifolds. Piunikhin [35] (see also [24, Section 2.4]) showed that
these definitions are equivalent (for C = SU(2),).

For a closed 3-manifold M and a modular category C, definition (83) of the Turaev-Viro invariant
reduces to

TVeM) =D 3" [[doey [ & (133)

labelings¢ € tetrahedra t
The invariants (132) and (133) are related by the categorical double, that is,
TV (M) = WRTpe(M). (134)

Eq. (134) was shown by Walker and Turaev [49,46] (see also [40]) and holds more generally if C is a
spherical category [48]. As explained in Section 6, the double DC takes the form C ® C* for a modular
category C and (134) becomes

TVe(M) = [WRTe(M)[? (135)

This is because p, .. = p, ® p. is a tensor-product representation of € and its conjugate, the state of
Fig. 13 factorizes as |veser g) = |Veg) ® | Ve ), and the total quantum dimension of C ® € is equal to D?.
Eq. (135) has direct application to quantum computing: it facilitates the proof in [2] that approximat-
ing the Turaev-Viro invariant is a BQP-complete problem.

In the remainder of this section, we sketch a proof of (134) (for modular C) based on our description
of doubled anyonic fusion basis states arising in the Turaev-Viro code.

Fig. 13. The anyonic basis state |vcg) € Heam,, here for g=4. All edges carry the trivial label 1 of C.
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A first step is the observation that, by definition of a Heegaard splitting, a manifold described by
(gx) is the result of gluing together 3-manifold: two copies M, M, of the g-handlebody, and a “map-
ping cylinder” or cobordism defined by the mapping class group element x. Contracting the Turaev—
Viro-tensor networks corresponding to the handlebodies gives two states |Z(Mg)) and |Z(M,)) o
Hom,, and Hom, respectively, while the mapping cylinder gives rise to a linear map pg. (X ) :
Homy — Hom- The state |Z(Mg)) is given by

1Z(Mg)) := > TVe(Mg, 2)l1) (136)
b4

where the sum is over labelings y of the edges of the triangulated surface OM,. (In the context of
TQFTs, such states associated to 3-manifold are sometimes called partition functions [49].) Because
of its definition in terms of the Turaev-Viro invariant, this vector is in the Turaev-Viro code subspace
on 9M,, defined by the projection (84). A similar expression holds for |Z(My)). The linear map p,- (%)
can be interpreted as being composed of F-moves (i.e., local changes of the triangulation) because of its
definition in terms of contractions of the F-tensor, and p,,.. is a representation of MCG(0Mjg). This is
the representation (131) arising from the doubled category C ® C* (cf. Appendix A.4).
Combining these three components, we conclude that the Turaev-Viro invariant has the form

TVe(M) = (Z(My)|peee ()1Z(Mg)), (137)

which already bears some resemblance with the WRT invariant (132). Indeed, Eq. (134) follows from
(137) and the following lemma, which determines the anyonic fusion basis state corresponding to
|Z(Mg)).

Lemma C.1. Consider a genus-g handlebody M, with triangulated boundary OM,, and let |Z(My)) be the
Turaev-Viro codeword given by Eq. (136).

(i) The off-lattice ribbon graph underlying |Z(M,)) (cf. Lemma 4.1) consists of a vacuum loop around
each handle, as in Fig. 14.
(ii) The state |Z(My)) has squared norm [||Z(M,))|* = D&V,

In particular, up to a phase, |Z(My)) is equal to D* ' | ve.c- ¢), Where |veac- ¢) is the normalized anyonic fusion
basis state given in Fig. 13.

The proof of this lemma proceeds by induction in the genus g, using the fact that a genus-g handle-
body can be built from a genus-(g — 1) handlebody by gluing together two discs from the boundary, as
illustrated in Fig. 15. To derive a gluing formula describing the transition from |Z(M;_,)) to |Z(My)), we
may locally choose a convenient triangulation, and consider the result of contracting the correspond-
ing tensor indices against each other. For example, we may choose each disk to be a single triangle,
and moreover may take the triangle to be degenerate, with two of its sides the same edge. In this case,
the dual graph is locally a tadpole. From the characterization of the Levin-Wen plaquette operators in
Section 6.6 each as adding a vacuum loop around a puncture within the plaquette, and Eqs. (91) and
(68), the qudit along the tail of a tadpole is fixed to 1. Hence the state |Z(M;_,)) can be factored as

Z(Mg1)) = V) @ [11) @ ( Zd|l> (138)

where the second term corresponds to the two tadpole tails, the third term is the state of the tadpole
heads, and |v') is a state on the remaining qudits. This expression then implies the desired result for

Fig. 14. The state |Z(M,)), here for g =4, is the projection of this ribbon graph, with a vacuum loop around each handle.
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RIS

Fig. 15. Two surfaces can be joined by puncturing each and identifying the boundaries of the holes, as in Section 5.1. In the case
that the surfaces are the same, the boundary of a 3-manifold, gluing together two disks from the boundary adds a handle to the
manifold. The Turaev-Viro state for the resulting manifold has a vacuum loop going around the handle.

|Z(Mg)) when using the definition of TV.. Below we will give an alternative proof that avoids using
degenerate triangulations.

Proof. We first prove (i) by induction in the genus g. For the genus-zero case, the Turaev-Viro code
space on the sphere is one-dimensional, and given by the projection of the “empty” ribbon graph; this
is the claim (i). For the induction step, we use the gluing procedure illustrated in Fig. 15. This is
equivalent to taking two patches of surface with the free tensor indices all 1, adding a layer of
tetrahedra to project to the Turaev-Viro code, and then identifying the indices for patches on either
side. Therefore, the new tensor that we are contracting on corresponds to a sphere with two separated
disks of indices all fixed to 1. By retriangulating, we may take this sphere to consist of just three
tetrahedra, as in Fig. 16(a). We want to understand this tensor with the six indices marked . fixed to 1.
This leaves six free indices, marked x. By the fusion constraints on the associated ribbon graph, these
indices must all match. It remains only to determine the coefficient of this shared index; call it i.
Up to a power of D, we can read off from Eqgs. (83) and (81) the coefficient as

111 111
\/E Fux F111 F::}7 (139)

Vi /di

6 . . .
where the first term, v/d; , comes from the term [T, ,1+/do in the Turaev-Viro expansion, and the
other terms are the tensors for the three tetrahedra. Now substitute in Fj. = %gjé,jk, so Fi!! =1 and

F;j 1 = 1/d;. We find that the coefficient is proportional to d;, as claimed.

For the proof of (ii), note that the squared norm of the vector |Z(M)) associated with a 3-manifold M
is equal to the Turaev-Viro invariant of the closed 3-manifold obtained by gluing M to itself. In
particular, the squared norm is independent of the triangulation of M. We can therefore again choose
convenient triangulations.

As the ball is triangulated by a single tetrahedron, as in Eq. (81), we immediately obtain

2
I1Z(Mo))[* = TVe(Mo) =D Y ‘F}j’; did;dyd,. (140)
ijkemn
By unitarity, >°, F}f,”1 = 'jm* Skme» SO applying Eq. (57) repeatedly gives
2 1
lZMo)II” = = (141)

for the genus-0 case.

Fig. 16. Two triangulations of a handle, used in the proof of Lemma C.1.
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To compute the norm of |G(My)) for g > 1, fix a triangulation of M,_; and consider the triangulation
of M, obtained by connecting two triangular faces on dMg_; using two tetrahedra as shown in
Fig. 16(b). In this figure, the face with edge labels (m,j,1) is glued to a triangle on OM;_4, while the face
with edge labels (4,q,s) is glued to another such triangle. We claim that

IZ(Me)|1* = D*[[1Z(Mg-1))]? (142)

Using (141), the claim (ii) immediately follows from (142).
To show (142), observe that the contribution to TV(M, y) of a labeling y locally matching Fig. 16(b)
is given by

i*jm qrri
i F”“ did;did,dmd,d,d,ds (143)

Vud, \/dds

since all edges are on M. On the other hand, the restriction ' = An,., gives a contribution

\/dmdid; - 1/ dqd,ds (144)

to TV(x'.Mz_1). We can therefore write

|Z(Mg)) = DW|Z(M;_1)) where W = Z v/ drd Nk RCTELM iikeemngrs) ((iim| © (qés|)  (145)

ne's® ki*n
ijkemngrs 'V dmdid

In (145), the additional factor of D accounts for the fact that the number of vertices on M is equal to
Vom| = [Vowr| + |Vawr| — 1 since the two faces share a vertex after gluing. Using the tetrahedral sym-
metry of the F-tensor, we get

wiw = > ﬁ <§j,m,dk Fiit \F’kf;” ) lijm) (ijm| ® |q¢s) (qts]) (146)
" =X({jmqts)
We claim that
X(ijmqls) = 0y s q0pjm for all (iimqfs), (147)

that is, W is an isometry on the span of valid labelings of &M,_;. This proves the claim (142) and con-
cludes the proof of (ii). Indeed, we have, again by unitarity of the basis change,

SR = e (148)
-
and therefore
Z FZ;? ’F;QJ,T = O¢'sq0;jm Smke (149)
nr

Multiplying by % and summing over k using (57) gives (147).

Having shown (i) and (ii), we can reexpress |Z(M,)) in terms of the anyonic fusion basis as follows.
First, we use properties (91) and (90) of Lemma A.1 to add vacuum lines around the g — 1 constrictions
between the handles in Fig. 14. Since the resulting vacuum lines correspond to a pants decomposition
of OM,, we can use the correspondence between doubled fusion basis states and ribbon graphs to
conclude that the state |Z(Mg)) is proportional to the anyonic fusion basis state |vggerg). The
proportionality constant is determined by the normalization (ii). O
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