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Abstract

We pursue a classification of low-rank super-modular categories parallel to that of modu-
lar categories. We classify all super-modular categories up to rank = 6, and spin modular
categories up to rank = 11. In particular, we show that, up to fusion rules, there is exactly
one non-split super-modular category of rank 2, 4 and 6, namely PSU (2)4x42 fork =0, 1
and 2. This classification is facilitated by adapting and extending well-known constraints
from modular categories to super-modular categories, such as Verlinde and Frobenius-Schur
indicator formulae.

Keywords Super-modular categories - Spin modular categories - Classification by rank -
Fermionic quotient

1 Introduction

Elementary particles such as electrons and photons are either fermions or bosons. But
elementary excitations of topological phases of matter behave like exotic particles called
anyons. When the underlying particles of a topological phase of matter are bosons, the
emergent anyon system is well modelled by a unitary modular category [21]. But most real
topological phases of matter such as the fractional quantum Hall liquids are materials of
electrons. While a substantial part of the theory of anyons can be developed using unitary
modular categories by bosonization, to fully capture topological properties of anyons in
fermion systems require super-modular categories [7].
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Super-modular categories are unitary premodular categories with Miiger center equiv-
alent to the unitary symmetric fusion category sVec of super-vector spaces. Both mathe-
matically and physically, it is interesting to pursue a theory of super-modular categories
parallel to modular categories and study problems such as rank-finiteness and classification.
Moreover, the general structure of unitary premodular categories is reduced to that of mod-
ular or super-modular categories via de-equivariantization [7, 8], which provides another
motivation to study super-modular categories.

Unitary modular categories sit inside (split) super-modular categories as C C C K sVec.
However, the degeneracy of the S-matrix for super-modular categories complicates their
classification: many standard results for modular categories either fail or require sig-
nificant modification. Consequently fundamental problems such as rank-finiteness for
super-modular categories are still open.

In this paper we pursue a classification of low-rank super-modular categories parallel to
[21]. We classify all super-modular categories up to rank = 6, and spin modular categories
up to rank = 11. In particular, we show that for non-split super-modular categories of ranks
2,4 and 6 there is exactly one fusion rule for each rank, namely those of PSU (2)4;+> for
k =0, 1 and 2. We also show that rank-finiteness for unitary premodular categories would
be a consequence of the minimal modular extension conjecture for super-modular categories
[7, Conjecture 3.14].

2 Super-Modular Categories and Fermionic Quotients

Recall [1] that a premodular category B is a braided fusion category with a chosen
spherical pivotal structure. The isomorphism classes of simple objects will be labeled by
IMT:=Tg ={0,...,r} where 1 = X is the monoidal unit object and X; will be a chosen
representative of the class i. The unnormalized S-matrix will be denoted S to distinguish it
from the normalized version: § = % where D? = dim(BB) with D > 0. Notice that the cat-
egorical dimensions of the simple objects X; are d; := S‘o, i, which are strictly positive for
unitary categories, and ) ;. dl.2 = D?. The twists of the simple objects are 6;.

The Miiger centralizer of a subcategory D C B of a premodular category B is the
subcategory C (D) generated by the simple objects W € I3 such that S w.x = dwdx for all
X € D (see [17, Corollary 2.14]), and the Miiger center of 3 is Cg(B) = B’. A modular
category C has trivial Miiger center, i.e. C’ = Vec whereas a symmetric category S has
S" = §. Clearly B’ is itself a symmetric fusion category for any premodular category.
The category of super-vector spaces is the fusion category of Z;-graded finite-dimensional
vector spaces equipped with the braiding given by cv; v; = (-1 )i, for any homogeneous
vector spaces V;, V; of parity i, j € {0, 1} respectively, where 7 is the usual flip map of
vector spaces. The symmetric fusion category of super-vector spaces has a unique spherical
structure so that the dimensions are strictly positive, and we denote this premodular category

sVec and its unnormalized S-matrix is S’SVeC = (i }) A non-trivial simple object in sVec is

called a fermion and we typically denote a representative by f. Itis easy to see that we must
have §y = —1 for this unitary spherical structure. A unitary premodular category B with
B’ = sVec is called super-modular [7]. A super modular category B is called split if there
is a modular category C so that B = C X sVec, and otherwise it is non-split. For example,
sVec itself is split since we may take C = Vec the trivial modular category of vector spaces.
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Classification of Super-Modular Categories by Rank

Remark 2.1 (i) More generally one defines the Miiger center 5" of a braided tensor cat-
egory B as the full subcategory generated by simple objects X such that cy xcx.y =
Idxgy for all objects Y. Then a braided fusion category B with B’ equivalent to
the symmetric category of super-vector spaces is called slightly degenerate in [10].
As we restrict our attention to unitary premodular categories this is equivalent to
super-modular.

(ii)) Let sVec™ denote the other (non-unitary) spherical symmetric fusion category
obtained from the category of super-vector spaces. We do not know of any premodu-
lar categories I3 with B’ = sVec™ that does not split as C XIsVec™. On the other hand,
it is easy to construct non-unitary premodular categories B with B’ = sVec that do
not split (via Galois conjugation, for example).

(iii)) As we do not use the Hermitian structure on our categories, all of our results hold
under the (possibly weaker) assumption that the objects have positive dimensions. We
will always assume the dimensions are positive unless otherwise noted.

Definition 2.2 A fusion rule of rank r + 1 is the collection of matrices N := {N; : 0 <
i < r}sothat (N;); = Ni]f j correspond to a unital based ring (with unit 0) in the sense
of [18, Definition 2.2]. In particular there is an involution * on the labels 0 < i < r so that
Ni+ = (N;)T. A fusion rule is commutative if N; Nj = N;N; for any i, j, in which case
each N; is a normal matrix. A mock S-matrix § = (S;;) of a commutative fusion rule is a
unitary simultaneous diagonalizer of .

Two fusion categories D and C are called Grothendieck equivalent if their fusion rules
are isomorphic, i.e. if there is an isomorphism of Grothendieck semirings Ko(D) = K¢ (C).

2.1 Properties

Fusion rules have been studied in other contexts such as table algebras [3] and association
schemes [2]. Indeed, the following result can be proved by a careful application of results
in [2, Theorem 4.1]:

Theorem 2.3 Let N be any commutative fusion rule.

(i) Let S be a simultaneous diagonalizer of N'. Then a complex square matrix S’ is a
simultaneous diagonalizer of N if and only if S’ = S D' P for some permutation matrix
P and a nonsingular diagonal matrix D’.

(i) If S is a symmetric mock S-matrix of N, then it satisfies the Verlinde rule:

SaiShiSei

c __ J - bjrc]

ab — Z : SO .
j J

Proof (i) LetU be the unital based ring defined by N with basis {x, . . ., x,}. Suppose S is a
diagonalizer of N'. Then S™'N; S = D® for all i, where D) is a diagonal matrix. Then the
map ¢;(x;) = D;;),i =0, ...r,defines a character of {{ foreach j,and {¢; | j =0,...,r}
is the set of all irreducible characters of I/. If S’ is a simultaneous diagonalizer of NV, then
there exists a permutation matrix P such that PS’_IN; s'P~1 = DO = §~IN;S foralli.
Therefore,

s7ls'p~Ip® = s7IN; 5P~ = pOsligpt, Q2.1
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Suppose k, [ are distinct elements of {0, ..., r}. There exist i such that ¢r(x;) # ¢;(x;).
Hence, D() # D(') The Eq. 2.1 implies S~ lS’ P~! = D’ is an invertible diagonal matrix.
The converse of the statement is an immediate and direct verification.

(ii) Let S be a symmetric mock S-matrix of N and S’ be a simultaneous diagonalizer

of A given in [2, Theorem 4.1]. Then there exist a permutation o on {0, ...,r} and a
nonsingular diagonal matrix D’ such that
S'Q=58D (2.2)

where Q is the permutation matrix associated with o. By [2, Theorem 4.1],
STINS =2
. s . .
for all i, where )»?,2 = %(Sjk. Suppose ST'N; S = @ for each i, where ) is a diagonal

matrix. Then,

. . WY
pO =D)'sTINSD = 07! TIN S 0 =000 = ( L, > (S’f 8 )
ooy ) e NS0T

The last equality follows from (2.2). Thus, we find
N; = sps—1,

Since S is a symmetric unitary matrix, the equation implies the Verlinde rule is satisfied
by S. O

In particular for modular categories the usual (normalized) S-matrix is a mock S-matrix.
This implies:

Corollary 2.4 Suppose two modular categories C and D are Grothendieck equivalent.
Then their S-matrices are equal via a permutation and rescaling of columns in the sense of
Theorem 2.3 (i).

2.2 Super Modular Categories and Fermionic Modular Quotients

Let B be a super-modular category, with fermion f and set of isomorphism classes of simple
objects I1. Since the action of f on IT is fixed-point-free, we may partition I1 into two sets
Ty ] fTIp. We may arrange this (non-canonical) partition so that 0 € Ty where Xo = 1
and if X € ITj thensois X*. Indeed, if X € Iy, f®X Z X* since their twists have opposite
signs. We label the simple classes as follows: 0, 1,...,r € Ilo, f, f - 1,..., f-r € fIIp
where X := f®X; and f-0 = f. We will often denote f ® X by juxtaposition f X. For
each object X; the maximal eigenvalue of the corresponding fusion matrix N; is denoted
FPdim(X;) and FPdim(B) := ) ;. FPdim(X;)2. When FPdim(B) = dim(B3) we say that
B is pseudo-unitary.

Lemma 2.5 Let B be a (not necessarily pseudo-unitary) premodular category and D C B a
modular subcategory. If FPdim(D) = % then B = DX B’ as premodular categories.
If B is unitary, by restriction D and ' are also unitary and the equivalence B = DX B’ is
of unitary premodular categories.

Proof By [17, Theorem 4.1] we see that D X Cg(D) is equivalent as a premodular cate-
gory to a fusion subcategory of B. Since FPdim(Cp (D)) > FPdim(’) and FPdim(D) =
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gggf;“((g)), we have that FPdim(B) = FPdim(D X B’). Hence, Cg(D) = B’ and B is

equivalent to D X 3'. Since unitarity passes to subcategories, the proof is complete. O

Theorem 2.6 Let 3 = By @ B be a Z,-graded super-modular category. If f € By then
B = By X sVec as unitary premodular categories with By modular.

Proof LetY € Bpand W € Cp,(Bp) be simple objects. Using [17, Lemma 2.4], we have

1
Srov,w = —SrwSr,w

dw
 dpdwdydy
=0
= dygydw.
Hence Cp,(BBp) C B'. Since f ¢ By, Cp,(Bo) = Vec, that is, By is modular. Applying
Lemma 2.5 yields the result. O

For each i, j, k € T1p we define
N, = dimHom(X; ® X;. X;) + dimHom(X; ® X, f ® Xx) = N, + N/ .

These ]\711‘ ; are called the naive fusion rules for the fermionic quotient, and they define a

unital based ring u B of rank r +1 by Proposition 2.7. By [7, Theorem 3.9], the unnormalized

S-matrix of 3 has the form: § = (g ;) where § is symmetric and invertible. We will see

that § is projectively unitary: 3§85 = %21 and will be called the S-matrix of the fermionic
quotient. This designation is justified by the following:

Proposition 2.7 Let I, Sand N = {N; : 0 < i < r} be as above for a given super-
modular category B. Then:

(a) Sis symmetric and Sl = §§

(b) Nisa commutative fusion rule.

(c) Let{x; | i € Iy} denote the basis ofUB Then the functions @;(x;) := S,j/So, for

0 < i < r form a set of orthogonal characters of the fusion algebra UB, and so §
szmultaneously diagonalizes the matrices N

(d) Z D2 Szm S/m Skm
melly SOm

Note that one interpretation of (c) is that %3‘ is a mock S-matrix for the fusion algebra
Up associated with the fusion rule A of the fermionic quotient of 5.

Proof It is immediate that S is symmetric since S is symmetric. According to [17, Lemma
2.15], for simple objects Y, Z we have

Z SxySx.z = N;Z + N{;Z
Xell
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since the simple objects in B" are 1 and f. By choosing j, k € Tp and setting X = X;,Y =
X1 we then have:

2 §..8 0 fo_ {0
D 0SSk = D? Y SiSik = NJ N = N7
iell ielly

Now since we have chosen Iy to be closed under * we see that N;)k = 84 and so §? =

DTZC where C is the charge conjugation matrix: C; ; = §; j+. Thus we have proved (a).
Notice that we have S; j = Sij» for premodular categories since we may embed them in their
(modular) Drinfeld center. Statement (b) can be verified directly, but is also a consequence
of (c).

Statement (c) is a consequence of the fact that the (normalized) columns of the S-matrix
S of any premodular category are characters of its Grothendieck ring. Indeed, fixing i, j, k €
ITg we have ([17, Lemma 2.4(iii)]):

(/n

SijSik Z m Sim
-/ = =
53 K So.i

N mell

Splitting the right-hand-side into m € Ilg and fm € fTlp and observing that S',-,m = S',-, Fom
we obtain:

D /s (2.3)
52 P 80.i
0,i melly )l

The equation means that {¢; | i € 1'10} is a set of irreducible characters of L{B In fact, this
is the set of all irreducible characters of L{B since (S, i/ S()z )ij is also invertible. Equation 2 3

also implies that the column vector (S,,m)mel-[0 is an eigenvector for N; 7 with elgenvalue S

0,i

for all i, j € I1p. Thus, we have the matrix equation
N;§ = 5.0

for all i € g, where )Lg.i,z = ?’j 8 jk- Now (d) follows from this equation and (a). O
0,i

Lemma 2.8 For X ; a simple self-dual object in a super-modular category B, we have
1= (X)) = —— > NI ydad o\’
27T dim B ab®\ g, )
a,bEHO
where N;. vk jare the naive fusion rules for the fermionic quotient.
Proof The first equality follows directly from [15]. Recall from [6] that the formula of the

second Frobenius-Schur indicator of a self-dual simple object in a premodular category is
the following

n(X;) = d1r:18 Z N(i,bdadb (zf) - 9/' Z diTr <R£]> .

a,bell kelrr(B")\{1}
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The unique non-trivial transparent object in B is the fermion f since B is super-modular,
so that

1 . 0. \?2 .
X)=—— S N dedy (22) —6,T (R“)
va( _/) dimBa%:n a,b%a b<9b> j 1T ¥

Since a transparent fermion does not fix simple objects and X; is self-dual, f is not a
subobject of X; ® X ;. In particular the term 6 jTr(R}J ) vanishes and so

1 . . . . 0 2
J J J J a
dim B woh (N“-b + Na,f'b + Nf~a,b + Nf~a,f~b) dydp (%)
\bellp

v2(X )

1 ‘ - o )2
= J S fj j M
- dimBa%1 (N2 + N+ NI 4 N ) dady <@> :
’ 0

Since the naive fusion rules are given by N l.kj = Nl.k,. + Nif ;k, the statement of the lemma

now follows. O

3 Low Rank Super-Modular Categories

The first examples of non-split super-modular categories are the rank 2(k + 1) adjoint
subcategories PSU (2)ak+2 C SU(2)4x+2 (see [7]). The modular categories SU (2)4x+2
are constructed as subquotient categories of representations of quantum groups U, sl; with

q = oW+, Replacing g by ¢' with (¢, 4k + 4) = 1 yields new categories with the same
fusion rules, which may or may not be unitary. In the notation of [20], this family of mod-
ular categories would be denoted C(slp, ¢', 4k + 4). We will use similar notation for the
adjoint subcategories: C(psl,, g’, 4k + 4). The two we will encounter here are for k = 1, 2.

For PSU (2)¢ we label the simple objects 1, X1, f X1, f: this ordering conforms with the
natural ordering of objects by highest weights in suy. The fusion rules can be derived from:

=1, x¥P=1ex,0 X

and one sees that d; = 1 + +/2.

For PSU(2)10 we have simple objects 1, X1, X2, f X2, fX1, f (again, this ordering
conforms with the standard ordering by highest weights in suy) with all fusion rules
consequences of the following:

e =1,

XP=10X & X,
X1@X2=X1 @ X2 ® fXo,
XP=10X10X28 X1 & X2

From this one computes that d; = 1 + V3anddy =2 + /3.
The goal of this subsection is to classify all non-split super-modular categories of rank<
6, namely:
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Theorem 3.1 Any non-split super-modular category of rank 4 or 6 is Grothendieck equiv-
alent to PSU (2)g or PSU(2)10, respectively. Moreover, any such category is of the form
C(psly, q', 8) or C(psly, ¢, 12) with (¢, 4k +4) = 1.

Proof By Lemma 3.10 below, we have that any non-split super-modular category of rank 6
is Grothendieck equivalent to P SU (2)19 whereas the rank 4 case is contained in [6, Propo-
sition 4.10]. Now by [16, Corollary 8.8] (see also [11, Theorem 3.4]) any braided fusion
category Grothendieck equivalent to PSU (2), for £ > 5 is of the form C(psl,, g, £) (The
notation used there is SO (3),). This completes the proof. O

Remark 3.2 We caution the reader that it is not the case that any modular category
Grothendieck equivalent to SU(2) is of the form C(sly, Q, 2k + 4) for some primitive
(k +2)th root of unity Q. Indeed, [12] show that one may twist the associativity morphisms
to obtain categories not of this form. However, these twists have no effect on the subcate-
gories C(psly, ¢', £), which explains why the classification from [16] only depends on the
choice of a root of unity.

Split super-modular categories can easily be classified in these ranks, using the classifi-
cation of modular categories of rank< 3 [21]. We recall that, up to fusion rules, modular
categories of ranks 2 and 3 are [21, Section 5.3]:

i) SU(@2); (Semion)

(i) PSU(2)3 (Grothendieck equivalent to Fibonacci)
(iii) SU(3)1 (Z3 theories)
@iv) SU(2); (Grothendieck equivalent to Ising)

(v) PSUQ2)s

3.1 Rank=6 Super-modular Categories

In this subsection we will classify super-modular categories of rank 6, up to Grothendieck
equivalence. We will follow the notation used in Section 2.2. Let B be a super-modular
category of rank 6, with transparent fermion f. Recall our partition of the isomorphism
classes of simple objects IT = Tlg | | fT1p. We have d, = d.q, Né.h = le’b + Na{'bc, and
04 = —0f. forall a, b, ¢ € Ip. Notice that interchanging the labels k and f - k for k # 0
(simultaneously interchanging duals if necessary) in the partition does not affect the fusion
rules or the mock S-matrix but changes the signs of the corresponding 7 -matrix entries of
the fermionic quotient.

Remark 3.3 If B is a self-dual super-modular category of rank 6, then by fusion rule
symmetries and self-duality, the (naive) fusion matrices of the fermionic quotient are

o 010 A 001
N1:<lmk), N2:<0kl)
0k ¢ len

for some non-negative integers k, £, m, n.

Lemma 3.4 [f B is self-dual super-modular category of rank 6, then its fermionic quotient
satisfies one of the following:

(i)  The dimensions are dy = 1 and d12 = 2 and the naive fusion rules Nj are the fusion
rules of Ising;
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(ii) dj is areal root ofx3 —2x2—x+1landd, = di/(dy—1)isaroot ofx3 —x22x+1,
and the naive fusion rules are given by
N 010 A 001
Ny :(101), N2:<011);
011 111
or
(iii)  thereis a € N such that the naive fusion rules (following the notation in Remark 3.3)
and the dimensions are given by

k=2a, €=1, m=2a2, n=ua
di =’ +1+ave?l+2=1+ad

d =a+VaZ+2.

Proof The proof from [21] follows mutandis mutatis in this case.

Some important facts that are needed for this proof but are still true in the fermionic
modular case are that the mock S-matrix has orthogonal columns and is symmetric, by
Proposition 2.7, and the Galois group of the field generated by S is abelian since the S-
matrix entries are obtained from a premodular category. O

Remark 3.5 Notice that if « = 0 in Lemma 3.4(iii), then the fermionic quotient has the
fusion rules of Ising (it recovers case (i) in Lemma 3.4).

Lemma 3.6 /n Lemma 3.4(iii), o < 1.

Proof Since B is self-dual, v2(X ;) = %1, for j =0, 1, 2.

o 01 0 N
In case (iii) in Lemma 3.4, the naive fusion matrices are N| = (1 202 20 ), and N, =
200 1

(81) 2?1 { ) It follows from the formula for the 2nd Frobenius-Schur indicator in Lemma 2.8
o

that
2 2 -2 2 01 g 61 - 2
VZ(XZ) = ﬁ <d2(92 + 92 ) + Q’adl + d]dz ((92) + @ + Oldz .

Assume @ > 2. Since d; = 1 + adr > dr > 2« and v(X7) = %1, we have that

—_

2 2
2 2 6 N, D
0 = 20d} +ad} +2didsRe ( L ) +2d:Re (63) + =
2
> Qa — Dd} + (@ — Dd; — 2d1dy — 2dr — 1
> 3d? 4+ d3 —2didy — 2dy — 1
> d? + Qa —2)dy — 1 >0,
which is a contradiction. Therefore, « < 1 as stated. O

Corollary 3.7 If B is a self-dual super-modular category of rank 6, then its fermionic
quotient satisfies one of the following:

(i) The S-matrix y of the fermionic quotient and naive fusion rules N correspond to the
Ising category.
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(ii) The S-matrix S of the fermionic quotient and naive fusion rules N correspond to
those of PSU (2)s.

A 1 243 143
(iii) The S-matrix of the fermionic quotient is of the form S = | 2++/3 1 —1-3 |, the
1+v3 —1-V3 143

N 010 ~ 001
naive fusion rules are given by N1 = ((1) % %) and Ny = ((1) % } ), and the dimensions
ared; =2+ ~3anddy = 1+ /3.

Lemma 3.8 If B is a self-dual rank 6 super-modular category whose fermionic quotient
has the same fusion rules as an Ising category L, then B = T X sVec.

Proof By assumption the fermionic quotient of B has the same fusion rules as an Ising
category Z and it has simple objects 1, o, ¥. Then B has simple objects 1, o, ¥, f, fo, fi.

Since 1 = 1\7;”(, = N;/fg + N({g, the object o2 in 13 either contains ¥ or fi. Then,
o’ =1@®¢yandy ®c =ocoro? =1@® fy and fy ® 0 = o. Notice that it is
always true that (f1)> = 1 = % in B. Therefore, the subcategory of B generated by o
is an Ising category, which is always modular by [9, Corollary B.12]. Then, it follows from
[17, Theorem 4.2] that B = 7 X sVec. O

Lemma 3.9 If B is a self-dual rank 6 super-modular category whose fermionic quotient has
the same fusion rules as PSU (2)s, then B = D K sVec where D is a PSU (2)5 category.

Proof The simple objects of the quotient are denoted 1, X and X», where X is the d-
dimensional object and X» has dimension d? — 1, whered = ZCOS(%) (see [21, 5.3.6] for
details on this category). We denote by 1, X1, X5, f, f X1, f X> the simple objects in B.
Notice that when defining a fermionic quotient there is always a non-canonical labeling
choice between objects X and f X-indeed, we obviously have Nx =N fx. In particular
when lifting naive fermionic fusion rules to a super-modular category we are free to inter-
change simple objects X <> f X due to this labeling ambiguity. For notational convenience

we use f-i to label the matrix entry of f®X; in what follows. Since 1 = ]\722’2 = N22,2—|—N2]i'22
and N ;22 2= N{ '22 we may assume N22’2 = 1 and N{ '22 = 0 by interchanging X, and
f X if necessary. Similarly, we have 1 = ]\721’2 = Nzl’2 + N{ '21 so that interchanging X
and f X allows us to assume Nzl’2 =1and N{ '21 = 0. After these two labeling choices, all
remaining fusion rules for B3 can be derived from the following by tensoring with f:

f®2 -1

X$? =1®aX, ®b(fX2) wherea +b = 1

X1®X2o=aX1® X2®b(fX1)and
X$T=1@® X1 @ Xa.

Computing X1 ® X?z in two ways and comparing the multiplicities of X (which are
(14 a%+b?) and (14 a)) reveals that 2a%2 —3a + 1 = 0, which has solution (a, b) = (1, 0).
Thus, the subcategory D of B generated by X; and X, has rank 3 and is Grothendieck
equivalent to PSU (2)s5. Moreover, B is graded with By = D and By = fD. Therefore it
follows Theorem 2.6 that B = D K sVec, and D is a PSU (2)s modular category. O
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Lemma 3.10 If B is a self-dual rank 6 category whose fermionic quotient is the one in
Lemma Corollary 3.7(iii), then B is Grothendieck equivalent to PSU (2) 1.

Proof After interchanging the labels 1 and 2 in Corollary 3.7(iii) we have the following

naive fusion rules

. 010 " 001

N = (1 1 1) andN2=(012).

012 122

Since 1 = Nll’l = N]I,] —1—Nljf'11 and N;_'ll.f,] = Nljf'll we may assume Nll’] =1 and N]jf'll =
0 by interchanging X and f X if necessary. Similarly, we have 1 = Nfl = lel + le "12
so that interchanging X, and f X, allows us to assume N12,1 = 1and N{ '12 = 0. After these
two labeling choices, all remaining fusion rules for 13 can be derived from the following by
tensoring with f:

f®2:1

X =10X1 0 X,

X1® Xy =X1®aX,®b(fX2) wherea + b = 2 and

X?Q =10aX1®cXo®d(fX2) ®b(fX) wherec+d =2.

Computing X ?2 ® X» in two ways and comparing the multipicities of X, (which are (a +
¢+ 1) and (1 + a® + b?)) reveals that 2b% — 3b + d = 0, which has solutions (b, d) €
{(0,0), (1, )}. Butif b = d = 0thena = ¢ = 2 and 1, X and X, form a premodular
subcategory, contradicting [19, Theorem 3.5]. Thus a = b = ¢ = d = 1, which yield the
fusion rules of PSU (2)o described above. O

Lemma 3.11 If 3 is a non-self dual super-modular a primitive 3rd root of unity w such that
-~ . N 111
§=3& (1) ands = (1 B w>

lw? o

Proof Since B is a non-self dual, rank 6 super-modular category, its fermionic quotient has
a non-self dual, rank 3 fusion rule.

The rest of the proof proceeds in the same way as the analysis in [21, Appendix A.1]. Itis
important to remark that we use that the S-matrix of the fermionic quotient Sis symmetric
and (projectively) unitary by Proposition 2.7. O

Corollary 3.12 If 3 is a non-self dual rank 6 super-modular category then B = P3 K sVec
where Ps is a cyclic rank 3 pointed modular category.

Proof Recall that at the beginning of this section, we arrange a (non-canonical) partition of
the simple objects IT into two sets [Tg|_| fTIp so that 1 € [Ty and if X € T then so is X*.
Then, X7 = X». Since X3 is non-self dual and X5 # f ® X then X?z # 1, f. Therefore
X 53’ Z=Xx 1 or fX.In the latter case we may simultaneously interchange fX»> <> X» and
fX1 < X toreduce to X£®2 = Xj.

In this case the rank 3 subcategory By generated by X5, X; and 1 is modular by
Lemma 3.11. Since its centralizer is sVec and f € 3] the result now follows from
Theorem 2.6. O
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4 Low Rank Spin Modular Categories

A spin modular category is a modular category C containing a fermion [7]. The key
outstanding conjecture for super-modular categories is the following [7, Conjecture 3.14]:

Conjecture 4.1 Any super-modular category B is a ribbon subcategory of a (spin) modular
category C with dim(C) = 2 dim(B).

For a super-modular category B, a modular category C satisfying these conditions is
called a minimal modular extension of /3, and the results of [14] imply that if one minimal
modular extension exists for a given super-modular category B then there are precisely 16
of them. One consequence of this conjecture would be rank-finiteness for super-modular,
and hence premodular categories. To see this, we first prove a lemma, the idea of which
came from Bonderson (see [4, 5]).

Let C be a spin modular category with fermion f. The Z; grading afforded by (f) =
sVec will be denoted Cy @ Cy, where Cy is super-modular with minimal modular extension
C. Since f € Cy, a further refinement of C; can be obtained by defining C, C C; to be
the abelian subcategory generated by simple objects X with f ® X % X and C, C C; the
abelian subcategory generated by simple objects X with f ® X = X. The following may
be derived from [5], but we provide a proof for completeness:

Lemma 4.2 Let (C, f) be a spin modular category with Cy, C,, and C, as above, and their
ranks denoted by |Cy|, |Cy|, |Cs | respectively. Then:

(a) |Col = |Cy| + 2|Cq |, in particular |C| = 2|Co| — |Cs .
(b) 31Col/2 < IC] < 2|Cyl.
(c) |Cy| and |Cy| are even.

Proof We only prove (a); the other two statements follow directly.

We partition the basis IT = ITo || fTo || [Ty || fI1, ] [ for the Grothendieck ring
of C so that Cy has basis = Ip |_]| f 1o, Cy has basis IT, |_| fI1, and C, has basis I1,. With
respect to this ordered basis the S matrix of C has the block form:

1§18 A4 4 x
18 18 —a-A—x
S=1AT —AT B —B 0
AT —AT —B B 0
xT —xT 0 0 o0

From this form we see that S maps the subspace spanned by the linearly independent set
{X; — fX;i: X; € Iy} bijectively to the subspace spanned by {Y; + fY; : ¥; e [1,}U{Z; €
1, }. The dimension of the first subspace is |Co|/2 whereas the latter two have dimensions
|Cy|/2 and |Cy | respectively, proving (a). O
Now Conjecture 4.1 implies:

Conjecture 4.3 There are finitely many premodular categories of rank r.

Indeed, it is enough to show there are finitely many super-modular categories by [8].
If Conjecture 4.1 holds then every super-modular category of rank r is a subcategory of a
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modular category of rank at most 2r, of which there are finitely many by the main result
of [8].

4.1 Classification of Spin Modular Categories of Rank=< 11

From the classification of super-modular categories of rank< 6 we obtain a classification
of spin modular categories of rank at most 11. First we determine the ranks of components
Co, Cy and Cy:

Lemma 4.4 Let (C, f) be a spin modular category and Cy the corresponding super-
modular category.

(a) If|C| = 3,4 0r5then |Cy| = 2. Moreover, C = SO(N) in this case (and in particular
ICI #5).

(b) If|IC| = 6,70r8, then|Cy| = 4 and (|Cy|, |Cs|) = (0,2), (2, 1) and (4, 0) respectively.

(c) IfICl = 9,10 or 11, then |Co| = 6, and (ICy],1Cs) = (0,3),(2,2) and (4,1)
respectively.

Proof The upper and lower bounds from Lemma 4.2(b) provide the value of |Cy| immedi-
ately. Kitaev’s [13] classification of spin modular categories of dimension 4 finishes (a). For
the remaining statements use Lemma 4.2(a). O

In [7, Section III.G] all 16 minimal modular extensions of PSU (2)4x+> are explicitly
constructed. Combining with the results above, we have:

Theorem 4.5 Let C be a spin modular category of rank |C| < 11. Then either,

(a) C=DKX SO(N) for some positive integer N < 16 and D a modular category with
ID| <3 or,

(b) |C| =17, andC is Grothendieck equivalent to one of the 16 minimal modular extensions
of PSU (2)¢ described in [7, Section II1.G] or

(b) |C| = 10 or 11 and C is Grothendieck equivalent to one of the 16 minimal modular
extensions of PSU (2)19 described in [7, Section 1I1.G].

Proof If Ko(Co) % Ko(PSU((2)4g+2) for k = 1,2 then we have seen that Cy is split
super-modular, i.e. of the form Cy = sVec X D for some modular category D. Since there
are exactly 16 (or 0) minimal modular extensions of any super-modular category and the
extensions DX SO(N); for 1 < N < 16 are minimal and distinct, we have proved (a).

If Cy is Galois conjugate to PSU (2)4r+2 for k = 1, 2 then we extend the Galois auto-
morphism o to C which changes Cy to PSU (2)4x+2, apply the classification of [7, Section
1I1.G]. O

Notice that if |C| = 12 then |Cy| = 6 or 8, and in these cases we have (|Cy|, |Cs|) = (6, 0)
or (0, 4) respectively. Of course we may construct many such spin modular categories as
Deligne products of SO (N); with modular categories of rank 4 (for N odd) or rank 3 (for N
even), but presumably there are others. In fact, for |Cy| = 6 and |C| = 12 our classification
implies that Cp must be split super-modular, hence C = DX SO (N)1, as a minimal modular
extension of a split super-modular category. From the evidence we have seen so far (i.e. up
to rank 6) the following may be true:
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Conjecture 4.6 If B is super-modular with S-matrix S® G i) with S the S-matrix of

some modular category, D, then B is split super-modular.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.
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