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Abstract

We classify which dual functors on a unitary multitensor category are compatible with the
dagger structure in terms of groupoid homomorphisms from the universal grading groupoid to
R~ where the latter is considered as a groupoid with one object. We then prove that all unitary
dual functors induce unitarily equivalent bi-involutive structures. As an application, we provide
the unitary version of the folklore correspondence between shaded planar C* algebras with finite
dimensional box spaces and unitary multitensor categories with a chosen unitary dual functor
and chosen generator. We make connection with the recent work of Giorgetti-Longo to determine
when the loop parameters in these planar algebras are scalars. Finally, we show that we can
correct for many non-spherical choices of dual functor by adding the data of a spherical state on
End¢(1¢), similar to the spherical state for a graph planar algebra.
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1. Introduction

In a rigid monoidal category C, every object has a dual, consisting of a triple (c",eve, coev,)
where ¢V € C and ev. € C(c¥ ® ¢ — 1¢) and coev. € C(1¢ — ¢ ® ¢") satisfy the zig-zag azioms:

¢ m . = (idc®@eve) o (coeve®ide) = ide =: | vacv =

and every object is isomorphic to the dual of some other object. By choosing a dual for each
¢ € C, we get an anti-monoidal dual functor V : C — C defined on a morphism f € C(a — b) by

v =idgv,

cVv

V= = (evg®idev) o (idgv @ f ® idev) o (idgv & coeve).
d\/

Email address:  penneys.2@osu.edu (David Penneys)
© David Penneys, 2020, under a Creative Commons Attribution 4.0 International License.
DOI: 10.21136,/HS.2020.09


https://higher-structures.math.cas.cz/
http://arxiv.org/pdf/1808.00323
mailto:penneys.2@osu.edu
https://creativecommons.org/licenses/by/4.0/
https://dx.doi.org/10.21136/HS.2020.09

Unitary dual functors for unitary multitensor categories 23

A dual functor comes with a canonical anti-monoidal tensorator

(a®b)Y
Vap i=
bY| aY

= (evb & id(a®b)v) o] (idbv RKevy ® idb & id(a@b)v) @) (idbv®av ® coeva®b),

and any two dual functors Vi, Vo are uniquely monoidally naturally isomorphic via

Co = o chl = (ev2®@idyv, ) o (idev, @ coevl).

A pivotal structure on C is a pair (V, @), where V is a chosen dual functor, and ¢ : id = VoV is
a monoidal natural isomorphism. Using ¢, one can define the left and right quantum dimension
of an object ¢ € C; we refer the reader to §2 for a detailed discussion of pivotal structures.

The above definitions are poorly behaved in the context of rigid tensor C* categories. More
precisely, the above definitions fail the principle of equivalence [nLal8], which roughly states
that mathematical definitions should be invariant under the proper notion of equivalence. As a
basic example, when one works with Hilbert spaces, the correct notion of equivalence is that of
unitary isomorphism, i.e., bounded linear maps v : H — K such that v*u = idyg and vu* = idg,
and not bouned linear isomorphism.! As C* categories admit an equivalent definition as those
categories which admit a faithful dagger functor to the category Hilb of Hilbert spaces which is
norm-closed on the level of hom spaces [GLR85]|, we see that one must work with dagger functors
and unitary (natural) isomorphisms to satisfy the principle of equivalence for dagger categories.

Indeed, a dual functor on a rigid tensor C* category need not be a dagger functor, and the
canonical tensorator v need not be unitary. With this in mind, we call a dual functor vV : C — C
unitary if it is a dagger tensor functor, i.e., for all a,b € C and f € C(a — b), the canonical
tensorator v, is unitary and Yt = f1V. Given a unitary dual functor V : C — C™P, there is a
unique pivotal structure for which left and right dimensions of objects are positive? and given

by evio ev. and coev, o coevl. respectively:

@e := (coev] @idewv) o (id, ® coevey) = (idavv @ eve) o (evlv ®1id,). (1)

By [Selll, Lem. 7.5| (which is Proposition 3.9 below), a dual functor V is unitary if and only
if ¢ defined as in (1) above defines a pivotal structure. We call such pivotal structures unitary,
but one should really only consider the term ‘unitary pivotal structure’ as a synonym for ‘the
canonical pivotal structure associated to a unitary dual functor’ as in [Selll, §7.3].

Unitary dual functors on rigid tensor C* categories were first constructed in [LR97, Yam04,
BDH14]. The notion of a quantum dimension for dualizable objects in a tensor C* category with
simple unit object was established in [LR9I7| via standard solutions to the conjugate equations.
In [YamO04|, it was further clarified that for a unitary tensor category C, which is an idempotent

LConjugating a self-adjoint operator by a bounded linear isomorphism need not produce a self-adjoint operator
unless the isomorphism is unitary. Similarly, in finite dimensions, taking coordinates for a self-adjoint opertator
with respect to a basis need not produce a self-adjoint matrix unless the basis is orthonormal. In this respect,
the notions of linear isomorphism and basis fail the principle of equivalence for the C* category Hilbg of finite
dimensional Hilbert spaces, while the notions of unitary isomorphism and orthonormal basis satisfy the principle
of equivalence.

2 We call a pivotal structure pseudounitary if all quantum dimensions of objects are strictly positive. This
definition is equivalent to [EGNO15, Def. 9.4.4] for fusion categories by uniqueness of the Frobenius-Perron
dimensions.
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complete rigid tensor C* category with simple unit object, for every object ¢ € C, there is a unique
balanced dual (¢, ev,, coev,) up to unique unitary isomorphism satisfying the zig-zag axioms and
the balancing equation:

eveo(idz ®f) o evl = coevl o( f ® idg) o coev, VeeC,feClc—c).

Moreover, choosing these balanced duals gives gives a canonical unitary dual functor whose as-
sociated unitary pivotal structure is spherical. This result was later expanded in [BDH14], in
the context of von Neumann algebras with finite dimensional centers, to unitary multitensor
categories, which are idempotent complete rigid tensor C* categories. For a unitary multitensor
category C, 1l¢ is no longer simple; however, since C is automatically semisimple by a gen-
eralization of [LR97, Lem. 3.9], 1¢ decomposes as an orthogonal finite direct sum of simples
1l = @::1 1;. Fach ‘corner’ C;; :=1; ® C ® 1; is again a unitary tensor category.

While the existence of this canonical unitary dual functor and spherical structure for a unitary
multitensor category is extremely powerful, it is not always the most relevant unitary dual functor
for applications. A first example is the unitary tensor category Bimus(R) of bifinite bimodules
over the hyperfinite II; factor R. The most widely used unitary dual functor on Bimpe(R) is
built from the canonical trace on R via left and right R-valued inner products on the subspaces
of bounded vectors (see |Bis97, Penl13, AP17, JP19|). Often, one restricts to spherical/extremal
bimodules where the canonical unitary dual functor agrees with this tracial one.

Notice Bimpe(R) admits a grading by R~ given by the ratio of left to right von Neumann di-
mension. Whether R is the universal grading group of Bimps(R) is a tantalizing open question.
However, this grading is sufficient to understand the difference between the tracial unitary dual
functor and unitary pivotal structure, which corresponds to the identity group homomorphism
R-yp — R-g, and the canonical unitary spherical structure, which corresponds to the trivial
group homomorphism under our Theorem A below. We refer the reader to Example 3.43 for
more details.

A second example is the industry of constructing subfactor planar algebras as planar sub-
algebras of graph planar algebras [Jon01, Gup08, Pet10, BMPS12, Hanl0, MP15a, MP15b,
PP15, LMP15, GMP™18|. (Such a realization is always possible for finite depth subfactor
planar algebras by [JP11], although this result is not necessary in the construction. See also
[GMPT18, CHPS18| for the module embedding theorem.) By Example 4.7 below, the projec-
tion category of the planar algebra of a finite connected bipartite graph I' is dagger equivalent
to EndT(HiIbfd”), the unitary multitensor category of dagger endofunctors of n copies of finite
dimensional Hilbert spaces, where n is the number of vertices of I'. The planar algebra gives a
particular unitary pivotal structure related to Frobenius-Perron data of I', which does not corre-
spond to the canonical unitary spherical structure. However, one has a canonical spherical state
on the graph planar algebra [Jon00, Prop. 3.4], which implies any evaluable planar subalgebra is
a subfactor planar algebra [Jon01, §8|. We refer the reader to §5 for more details.

The relevant unitary dual functor and corresponding pivotal structure to explain this second
class of examples is provided by [GL19| in the context of 2-C*-categories, which defines stan-
dard/minimal solutions to the conjugate equations with respect to a particular object X € C.
While providing deeper insight into well-behaved choices of solutions to the conjugate equations,
they leave open the important question of classifying all unitary dual functors. Notice that
although two unitary dual functors are uniquely monoidally naturally isomorphic, this natural
isomorphism need not be unitary! (The unique monoidal natural isomorphism may fail the
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principle of equivalence for tensor C* categories.) Hence two unitary dual functors need not be
unitarily equivalent.

In this article, we prove the following classification theorem.

Theorem A. Let C be a unitary multitensor category. There are canonical bijections between:
(1) Pseudounitary® pivotal structures up to monoidal natural isomorphism.*
(2) Unitary dual functors up to unitary monoidal natural isomorphism.’

(3) Groupoid homomorphisms U — Rsg, where the latter is viewed as a groupoid with one

object.

Here, U is the universal grading groupoid of C, which is defined analogously to the universal
grading group of a tensor category as in [EGNO15, §4.14] (see §3.3 below for the definition).
We show in Lemma 3.26 that from a pseudounitary pivotal structure ¢, we get a groupoid
homomorphism by taking ratios of dimensions of simple objects; that is, if a simple ¢ € C is
graded by a morphism g € U, we get a well defined 7 € Hom(U — R~¢) by

_ dinf(0

7(g) := diTﬁ(C).

Conversely, following a suggestion of André Henriques, given a m € Hom(U — Rsq), we define
a canonical w-balanced dual functor V., which is unique up to unique unitary monoidal natural
isomorphism by finding 7w-balanced solutions (ev’, coev’) to the conjugate equations which satisfy
the zig-zag axioms and for all f € C(¢ — ¢) and morphisms g € U,

v (evg o(idevs ®f,) 0 (evg)f) —n(g)- ¥ ((coevg)T o (f, ®ider) o coevg)

where U the linear functional in C(1 — 1) — C which sends every minimal projection to 1,
fqg € C(cg — ¢4) is the g-homogeneous component of f, and ¢, is the g-graded component of
¢ € C. This proof is similar to [Yam04, Lem. 3.9] and [NT13, Prop. 2.2.15].

Unitary dual functors and pivotal structures are closely related to the more general notion
of bi-involutive structure from [HP17, §2.1|. An involution on a multitensor category [Eggll]
is a conjugate-linear anti-monoidal functor (*,v) : C — C together with a monoidal natural
isomorphism ¢ : ide = =. When C is unitary, we call (7, v, ) bi-involutive if (*,v) is an anti-
monoidal dagger functor and ¢ is unitary. One obtains a bi-involutive structure from a unitary
dual functor V and its canonical unitary pivotal structure ¢ by simply forgetting the evaluation
and coevaluation maps.

Motivated by the example Bimps(R) above and [JP19, Rem. 2.14] (see also Example 3.43),
we prove the following somewhat surprising result in §3.5.

Corollary B. Any two bi-involutive structures on a unitary multitensor category induced by
unitary dual functors are canonically unitarily equivalent.

As an application of Theorem A, we now understand the unitary version of the folklore
correspondence between shaded planar algebras and pivotal multitensor categories with a choice
of generator [MPS10, Gholl, Yam12, BHP12, HPT16b].

3See Footnote 2 on the previous page for the definition of a pseudounitary pivotal structure.
41f two pseudounitary pivotal structures are monoidally naturally isomorphic, they are so in a unique way.
SIf two unitary dual functors are unitarily monoidally naturally isomorphic, they are so in a unique way.
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Theorem C. There is an equivalence of categories®

Triples (C, V, X ) with C a unitary multitensor category,

Shaded planar C* algebras . i
V a unitary dual functor, and a generator X € C with

Po. with finite dimensional % = ’
an orthogonal decomposition 1¢ = 14 @ 1_ such that

X:1+®X®1,

Here, we call X € C a generator if every object of C is isomorphic to a direct summand of

box spaces Py, +

alternating tensor powers of X and XV .

The proof of this theorem is sketched in §4.1 below.

As mentioned earlier, for a chosen generator X € C such that 1¢ = 1 @ 1_ and X =
1y ® X ® 1_ as in Theorem C, the canonical standard/minimal solutions to the conjugate
equations with respect to X € C from [GL19] give a canonical unitary dual functor which makes
both loop moduli identical scalars in the corresponding shaded planar C* algebra:

Q:dxid1+ Q =dxidy_.

There is also a canonical unitary dual functor giving a unitary version of the lopsided convention
from [MP14, §1.1] which has been instrumental for constructing many subfactor planar algebras
as planar subalgebras of graph planar algebras. We refer the reader to §4.2 for more details.

As a final application, in §5, we ‘correct’ for some non-spherical choices of unitary pivotal
structure on a unitary multitensor category C. If C is faithfully graded by M,., the groupoid with r
objects and exactly one isomorphism between any two objects, then any groupoid homomorphism
7 : M, — Ry induces a unitary pivotal structure on C by Theorem A and universality of U.
As usual, picking m = 1 gives the canonical unitary spherical structure.

Theorem D. Suppose dim(C(1l¢ — 1¢)) = r and C is faithfully graded by M,. For each
m € Hom(M, — Rxy), there exists a unique faithful state ™ : C(1¢ — 1¢) — C such that for all

¢ €C and f € Clc— ), ¥ (6 (f)) = W7 (R(f).

This theorem generalizes the existence of the spherical state on the bipartite graph planar
algebra from [Jon00, Prop. 3.4] which allows one to construct subfactor planar algebras by finding
evaluable planar subalgebras. There is also a notion of a spherical state with respect to an object
X € C from |GL19, (7.9); we explain the relation between the two conventions in Example 5.11.

2. Pivotal structures

In what follows C denotes a C-linear category. We write ¢ € C to denote c is an object of C and
we write C(a — b) for Home(a, b).

Definition 2.1 ([EGNO15, Def. 4.1.1]). A multitensor category is a locally finite C-linear abelian
rigid monoidal category such that ® : C x C — C is bilinear. We call C indecomposable if it is
not equivalent to the direct sum of two nonzero multitensor categories. If C(1l¢ — 1¢) is one-
dimensional, i.e., 1¢ is stimple, we call C a tensor category.

We refer the reader to [EGNO15] for basic background material on multitensor categories. To
ease the notation, whenever possible, we suppress the associator and unitor natural isomorphisms.
All results on pivotal categories in §2.1 — 2.3 are well known to experts. We provide some proofs
for completeness and convenience.

SHere we suppress a subtlety about contractible 2-categories; see Footnote 14 in Theorem 4.1 for details.
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2.1 Pivotal categories We start by recalling the standard definition of a dual functor and
a pivotal category. For this section, C is a rigid monoidal category. This means for each ¢ € C,
there exists a dual object ¢V € C together with evaluation and coevaluation morphisms ev.., coev,

which satisfy the zig-zag axioms, and that for each ¢ € C, there is a ¢y € C such that (cy)Y = c.

Definition 2.2. A choice of dual (¢",ev,coev,) for each ¢ € C assembles into a dual functor,
which is a strong monoidal functor V : C — C™°P” defined on f : C(c — d) by

C\/

fv = = (evd & idcv) o (iddv Rf ® idcv) o (iddv X Coch).
d\/

A dual functor V comes with a canonical tensorator v = {v, : a¥ Q¢mopb” :=b¥®a" — (a®b)"'}

(a® b)Y
Va,b =
bVl aY (2)

= (evb () id(a®b)v) o (idbv ®ev, ®idp ® id(a®b)v) o (idbv®av & Coeva®b)

given by

and unit isomorphism r := coevy, : 1 — 1Y. In what follows, we suppress r to ease the notation.

Remark 2.3. Given a dual (¢",ev,, coev,) of ¢ € C, the morphism ev,. is completely determined
by coev,. (Similarly, ev, completely determines coev..) Hence if (¢}, ev,coevi) for i = 1,2 are

two duals of ¢ and if there is a (. € C(cy — ¢Y) such that (id. ®(.) o coev? = coev., then

. oY 2 . . 1
G= T =(e2@idy) o lidy @ coev) ©

2

2 as well. Hence any two choices of dual

which is necessarily invertible, and ev.o((. ® id.) = ev

functor are uniquely monoidally naturally isomorphic.
Moreover, given a dual functor V, the tensorator v from (2) above is not part of the data

of V, as it is the unique isomorphism (,gp for the two duals ((a ® b)Y, evagp, coevagy) and

(Y @ a¥, evyo(idyv @ evy ®idy), (id, @ coevy ® id,v) o coevy).

Definition 2.4. A pivotal structure on a rigid monoidal category C is a pair (V,¢) where
V : C — C™P is a dual functor and ¢ : id = V o V is a monoidal natural isomorphism. This
means ¢ = {p. : ¢ — ¢"V} is a collection of natural isomorphisms such that for all a,b € C, the
following diagram commutes:

a@b% (a®b)V\/

i@%@b i(ybv’a”v (4)
WV @ pvV ety BV @ a¥)V
A pivotal category is a rigid monoidal category equipped with a pivotal structure.

Two pivotal structures (Vi, ') and (Va,?) on C are equivalent if for every ¢ € C, the
following diagram commutes:

1
Pe
c ———— ¢V
2 VvV
e €1
e )
cyV

"We use the notation of [DSPS13]; C™°P denotes the category obtained from C by reversing arrows and reversing
the order of tensor product. In other words, V : C — C is contravariant and anti-monoidal.
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Remark 2.5. If C has a pivotal structure, then the equivalence classes of pivotal structures on C
form a torsor for the group Autg (ide) of monoidal natural automorphisms of the identity functor
of C [EGNO15, Ex. 4.7.16].

Definition 2.6. Given a pivotal category (C, ), we define the left and right trace on C(c — ¢)
for each ¢ € C by

2.2 Semisimple pivotal categories For this section, (C,¢) is a semisimple pivotal multi-
tensor category. This means C(1¢ — 1¢) is a finite dimensional complex semisimple algebra, and
is thus isomorphic to C" for some r € N. The next lemma is well known to experts; we include

a proof for convenience and completeness.

Lemma 2.7. The traces tr{ and trﬁ are nondegenerate, i.e., for every nonzero f € C(a — b),
there is a g € C(b — a) such that tr,(g o f) # 0, and similarly for trg.

Proof. Suppose f € C(a — b) is nonzero. Then there is a simple ¢ € C, a monomorphism
g € C(c — a), and an epimorphism h € C(b — ¢) such that ho fog # 0. Then

0#e:=eveolide @(hofogop )] el(c ®c”V — 1¢).
Since we also know 0 # coevey € C(lg — ¢V @ ¢V), by [HPT16a, Lem. A.5],
trp((goh)o f)=trp(ho fog)=eocoevy #0.

Hence try is nondegenerate. The proof that trr is nondegenerate is similar and left to the
reader. O

Definition 2.8. Let 1¢ = @;_; 1; be a decomposition into simples, and for 1 < i < r, let
pi € C(1¢ — 1¢) be the minimal idempotent corresponding to 1;. For ¢ € C and f € C(c — ¢),
we define the M, (C)-valued traces Tr¥ and Tr% by the formulas

(Tr7 (f))igidy, = trf(pi ® f@pj) =

(TrR(f))igidi, = tri(pi ® f @ py) = (i)
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Notice that Tt7(f)T = Tro(fY) and Tr¥(fY) = Trh(c)? for all ¢ € C and f € C(c — ¢).
Moreover, Try, Tr%, : C(c — ¢) = M,(C) are tracial; for all f € C(c — d) and g € C(d — ¢), we
have Tr? (g o f) = Tr¥{(f o g), and similarly for Tr%.

We call (C, ) spherical if for every ¢ € C and f € Ende(c), Try (f) = Tri(f).

For each ¢ € C, we define Dim? (¢), Dim¥,(c) € M,.(C) by

Dim? (¢) := Tr¥ (id.) Dim¥%(c) := Tr;(c). (8)

Notice that Dimf( )T = Dim%(c¢") and Dim¥(c¥) = Dimp(c)” for all ¢ € C. Moreover,
Dim¥, Dim¥, : Ko(C) — M, (C) are ring homomorphisms. For each simple ¢ € C, the matrices
Dim¥ (¢) and Dim(c) have exactly one non-zero entry, which we denote dim?(c) and dim¥(c)
respectively.

Corollary 2.9 ([EGNO15, Prop. 4.8.4]). For all simple ¢ € C, dim{ (c) # 0 # dim%(c).

Definition 2.10. A pivotal structure (V,¢) on a semisimple multitensor category C is called
pseudounitary if dim%(c) > 0 and dim%,(c) > 0 for all simple ¢ € Irr(C). This definition is
equivalent to [EGNO15, Def. 9.4.4] in the context of fusion categories by uniqueness of the
Frobenius-Perron dimensions.

Remark 2.11. Suppose C is a semisimple multitensor category which has a pseudounitary
pivotal structure. Then similar to Remark 2.5, the equivalence classes of pseudounitary pivotal
structures on C forms a torsor for the subgroup Autj(ide) of Autg(ide) of positive monoidal
natural automorphisms of the identity dagger tensor functor, which consists of those monoidal
natural isomorphisms ( : id¢ = id¢ such that for every simple ¢ € C, (. : ¢ — c is a strictly
positve multiple of id..

Lemma 2.12. For two pivotal structures (V1, ") and (Va,p?), the following are equivalent:
(1) (V1,9') and (Va,¢?) are equivalent.

(2) For allc €C and f € C(c — ¢), try(f) = tr2(f).
(3) Forallc €C and f € C(c — ¢), trh(f) = tr%(f).
(4) For all simple ¢ € C, dim} (c) = dim? (c).
(5) For all simple c € C, dimk(c) = dim%(c).
Proof.
1) = (2): This is straightforward.
2) < (3): Note that tr} (f) = trk(fY) and tr% (f) = tr%(fV) for all f € C(c — c).
2) = (4): Take f=1id
4) < (5): Note that dim} (c) = dimk(cy) and dim? (¢) = dim%(cy) for all simple ¢ € C.
4) = (1): By monoidality of ', »?, and the canonical intertwining morphism in (5), (V1, ")
and (Va, p?) are equivalent if and only if for all simple ¢ € C,

we ((Q)) ot =ide )

Now the left hand side of (9) is a scalar multiple of id.. By Corollary 2.9, we may determine
this scalar by applying trlL to both sides as dimiL(c) # 0 for i = 1,2. It is straightforward to
check that tr} applied to the left hand side is equal to dim3 (c), which is equal to dimj (c) by
assumption. Hence (9) holds. O
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2.3 Pivotal functors

Definition 2.13. Given a strong monoidal functor between pivotal categories (F, i) : (C, ¢°) —

(D, pP), for each ¢ in C, we have a canonical natural isomorphism . : F(c¥) — F(c)" given by

Lemma 2.14. Suppose (C,¢%) and (D,¢P) are pivotal categories and (F,u) : C — D is a
pivotal strong monoidal functor. Then (F,u) preserves the left and right pivotal traces, i.e., for

all f € C(e — ¢),

Fl e ) (12)
and similarly for the right pivotal traces.
Proof. Notice that for f € C(c — ¢), we always have
F(tg(f) = = (13)

If (F, p) is pivotal, then the right hand sides of (12) and (13) above are equal. The proof for the
right pivotal trace is analogous. O

The converse of Lemma 2.14 is true under some additional assumptions.
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Lemma 2.15. If (C,¢°), (D, ¢P) are pivotal semisimple multitensor categories and (F, u) : C —
D is a full strong monoidal functor which preserves the left or right pivotal traces, then (F, ) is
fully faithful and pivotal.

Proof. We assume (F, 1) preserves the left pivotal traces, and the proof for the right pivotal traces
is analogous. First, suppose f € C(¢c — d). By nondegeneracy of trfc, there is a g € C(d — ¢)
such that trfc (go f) # 0. Then trfD (F(g)o F(f)) # 0, so F(f) # 0 and F is fully faithful.
Notice this immediately implies F' takes simples to simples, and non-isomorphic simples in C
remain non-isomorphic in D. Now to show (F, u) is pivotal, by monoidality, it suffices to prove
(11) when ¢ € C is simple. By the above argument, F(c) is then simple, and every morphism in
D(F(c) — F(c)) is a scalar multiple of idg (). Since the right hand side of (12) is equal to the
right hand side of (13) by hypothesis, by nondegeneracy of the trace from Lemma 2.7, we must
have gp}%c) = F(p;1) 00} 04Y, and thus (11) holds. O

c)

3. Unitary dual functors

We begin this section with background on dagger structures and C* categories in §3.1. Next,
we give the correct notion of unitary dual functor and unitary pivotal structure from [Selll,
§7.3]. Similar to the situation for tensor categories, in §3.3, we classify pivotal structures on a
multitensor category via homomorphisms out of the universal grading groupoid . In §3.4, for a
unitary multitensor category, we construct a canonical unitary dual functor from each groupoid
homomorphism 7 € Hom(U — Rx), and we show these exhaust the possible unitary equivalence
classes of unitary dual functors. We then describe the canonical bi-involutive structure associated
to a unitary dual functor in §3.5.

3.1 Dagger structures and unitary multitensor categories

Definition 3.1. Given a C-linear category C, a dagger structure is a collection of anti-linear
maps 1 : C(c — d) — C(d — ¢) for all ¢,d € C such that (f o g)T = g7 o fT for composable f and
g, and f1T = f for all f. A morphism f: C(a — b) is called unitary if fT = f=1.

A dagger (multi)tensor category is a (multi)tensor category equipped with a dagger structure
so that (f ® ¢)1 = f ® g for all morphisms f, g, and all associator and unitors are unitary
natural isomorphisms.

Definition 3.2. A functor between dagger categories F' : M — N is called a dagger functor
if F(ff) = F(f)! for all morphisms f in M. Given finitely semisimple dagger categories M
and N, we define FunT(M — N) to be the dagger category of dagger functors from C — D
with dagger structure defined as follows. Given a natural transformation of dagger functors
n: F = G, it is straightforward to show that (7)., := (7,)" for m € M gives a well-defined
natural transformation ' : G = F.® One now calculates that 7 — 7! defines a dagger structure
on Fun"(M — N). It is important to note that a natural transformation 7 : F' = G is unitary
if and only if n,, € N(F(m) — G(m)) is unitary for all m € M.

A dagger equivalence of dagger categories M and N consists of dagger functors F': M — N
and G : N' — M together with unitary natural isomorphisms id = F oG and id = Go F. A
tensor functor between dagger tensor categories (F, ) : C — D is called a dagger tensor functor
if F'is a dagger functor and p. g is unitary for all ¢,d € C. Given a finitely semisimple dagger

®In the C* setting, one only considers bounded natural transformations, i.e., those for which sup,, ¢y [|[7m| < occ.
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category M, End (M) := Fun'(M, M) is easily seen to be a strict semisimple dagger multitensor
category.

Remark 3.3. The principle of equivalence [nLal8] in category theory roughly states that a prop-
erly defined structure should be invariant under the proper notion of equivalence. The proper
notion of equivalence between two objects in a dagger category is that they are unitary isomor-
phic, and the proper notion of equivalence between dagger functors between dagger categories is
that they are unitarily naturally isomorphic. For example, if F,G : C — D are functors between
dagger categories with F' a dagger functor, and n : F' = (G is a natural isomorphism, G need not
be a dagger functor unless 7 is unitary.

With this in mind, a dagger category cannot be considered as a category with some extra
categorical structure. For example, if D is a dagger category and the underlying category of D is
equivalent to the category C, there is generally no way to endow C with a dagger structure which
promotes the equivalence to a dagger equivalence. We refer the reader to the helpful discussion
between Shulman and Selinger available at [nLal8| for further details.

Remark 3.4. The forgetful functor on a finitely semisimple dagger (multitensor) category which
forgets the dagger structure is a fully faithful (tensor) functor. Thus the category Hilbgg of finite
dimensional Hilbert spaces is equivalent to the category Vecey of finite dimensional vector spaces

as a linear (tensor) category. Also, for a finitely semisimple dagger category M, EndT(M) =
End(M) as linear multitensor categories.

Definition 3.5. A dagger category which admits orthogonal direct sums is called a C* category
if every endomorphism algebra is a C*-algebra (see |GLR85, HP17]). Notice that a finitely
semisimple dagger category is C* if and only if it is dagger equivalent to Hilb™ for some n € N.

Definition 3.6. A tensor C* category is a linear monoidal dagger category which admits orthog-
onal direct sums and is idempotent complete, and whose underlying dagger category is C*. A
unitary (multi)tensor category is a semisimple (multi)tensor C* category.” As before, the prefix
multi- is used if and only if 1¢ is not simple.

A unitary (multi)fusion category is a finitely semisimple unitary (multi)tensor category. For
r > 1, an r X 7 unitary multifusion category is an indecomposable unitary multifusion category
such that dim(C(1¢ — 1¢)) = r, so we can orthogonally decompose 1¢ into simples as @@;_; 1;.

Warning 3.7. While natural from a non-unitary viewpoint, pseudounitary pivotal structures are
unnatural for unitary multitensor categories. The problem arises from the fact that while a dual
functor is unique up to unique natural isomorphism as in (3), this unique natural isomorphism
need not be unitary! Hence one may only discuss the compatibility of a fized dual functor
V : C — C™°P with . However, compatibility of { with V need not imply compatibility of t with
an equivalent dual functor V' : C — C™°P. We provide Lemma 3.12 below which gives a sufficient
condition to transport the compatibility. In §3.4 below, we give a manifestly unitary approach,
and we reconcile the latter with the former.

Lemma 3.8. Suppose C is a unitary multitensor category and ¢ is a pivotal structure. The
following are equivalent.

9By a generalization of [LR97, Lem. 3.9] (see also the second paragraph on p. 9 therein), a tensor C* category is
rigid if and only if it is semisimple. Hence the adjective ‘tensor’ in ‘tensor C* category’ does not include ‘rigid’
nor having simple unit object, in conflict with the definition of ‘tensor category’ following [EGNO15].
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(1) (C, ) is pseudounitary.
(2) For all a,b € C and all f € C(a — b) with f # 0, tr,(fT o f) >0 and trr(fT o f) > 0.17

Proof. That (2) = (1) is trivial. Suppose (C, ¢) is pseudounitary. We show that for all a,b € C
and f € C(a — b) with f # 0, tr7(ff o f) > 0. The proof that tr%(f o fT) > 0 is similar.

Step 1: Suppose ¢ € C is simple and f € C(c — ¢) with f # 0. Then f = \id. for some A € C*,

so fTo f=|A?id., and tr7(fT o f) = |A|>dim¥ (¢) > 0.

Step 2: Suppose a,b € C are respectively orthogonal direct sums of m,n objects isomorphic to
the simple object ¢ € C and f € C(a — b) with f # 0. Pick m isometries vy,..., v, € C(c — a)
so that > ", v; o v;-f = id,. Note that f # 0 if and only if UZT o fto fowv; €Clc— c) is nonzero
for some ¢ = 1,...,m. Thus by Step 1,

m m

trf(fTof) = Ztrf(viovgoffof) = Ztrf(v;foffofovi) > 0.

i=1 i=1

Step 3: For arbitrary a,b € C and f € C(a — b) nonzero, decompose a and b into orthogonal

direct sums of isotypic components and apply Step 2. O

3.2 Unitary dual functors For this section, C is a unitary multitensor category
The following proposition is [Selll, Lem. 7.5|, which can be viewed as a generalization of
[Vicll, Lem. 2.16] in the non-strict unitary multitensor category setting.

Proposition 3.9. Fiz a dual functor V : C — C™P with its canonical tensorator v from (2).
The following are equivalent.

(1) V is a dagger tensor functor, i.e., for all a,b € C and f € C(a = b), v4y is unitary and
fVT — fTv,
(2) Defining . := (coevl ®1idevv) o (id, ® coevev) gives a pivotal structure ¢ :id = Vo V.

Proof. First, note that ¢ is natural if and only if
ppof=f"op, Vfel(a—D)

if and only if
coevlo(f@idbv) = coev! o(id, ®fV) VfeCla—b)

if and only if fTV = fV1 for all f € C(a — b). Second, note that ¢ is monoidal if and only if
coevl o(id, ® Coevl ®idgv) = Coevl@)b o(idggb @p,q) Va,b e C

if and only if

idyvgav = (idpvgay @ coev! ;) o (idy @ evl ®idy @ id(agpyv) © (ev) @ id(agpyv) 0 o Va,b€C

if and only if v, is unitary for all a,b € C. O

Corollary 3.10. If either of the equivalent conditions of Proposition 3.9 hold, then for all c € C,
(coevi @idovv) o (id, ® coevey ) =: . = (idevv @ ev,) o (evlv ®id.), (14)

which is equivalent to . being unitary for all c € C.

Note that if f¥T = fTV, then trr(fT o f) > 0 if and only if trr(fT o f) > 0.
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Proof. By (1) of Proposition 3.9, we have coev.’ = coevy! = ev{,,, which is equivalent to (14).

Now notice that o} is the inverse of the expression on the right hand side of (14), so (14) holds

if and only if ¢, is unitary. O

Definition 3.11. A dual functor VvV : C — C™°P is called a unitary dual functor if any of the
equivalent conditions of Proposition 3.9 hold. Two unitary dual functors are called wunitarily
equivalent if the canonical monoidal natural isomorphism from (3) is unitary.

In line with the principle of equivalence for dagger categories discussed in Remark 3.3, unitary
equivalence between a unitary dual functor and an arbitrary dual functor transports unitarity, as
we will see right below in Lemma 3.12. Of course, two unitary dual functors need not be unitarily
equivalent, as can be seen from the construction in §3.4 together with Lemma 3.15 below.

Lemma 3.12. Suppose vi,vy : C — C™°P are two dual functors such that V1 unitary. If for all
c € C, the canonical isomorphism (. € C(cV2 — ¢"1) from (3) is unitary, then Vo is unitary.

Proof. Suppose that the canonical isomorphism in (3) is always unitary. Then for all f € C(a —
b),

FY21 = (idyvs ®@(coeva)t) o (idyvs ©fT @ idgva) o ((evy)! @ idgvs)
= (idpy ®(coevy )’ @ (coevy)’ @ (coeva)T) o (idpvagpopvs @1 © idavigagave)
o ((evi)! @ (evy)T ® (evp)T @ id,va)
= (ev2 ®@id,vy) o (idgvs ® coevi) o V1o (evi ®@idyvy ) o (idyve @ coevy)
- fT\/Q‘

Moreover, for all a,b € C, we have
Vb = Coma © Vap © (G ® () € C(a¥2 @ 0% = (b ®a)™?),
which is necessarily unitary as it is a composite of unitaries. Hence Vs is unitary. O

Definition 3.13. We call a pivotal structure (V, ) unitary if V is a unitary dual functor and ¢
is as in (14). Two unitary pivotal structures are unitarily equivalent if they are equivalent and
the canonical monoidal natural isomorphism from (5) is unitary.

Remark 3.14. For a unitary dual functor V, the left and right pivotal traces have alternate
formulas that show they are manifestly positive linear operators C(c — ¢) — C(1¢ — 1¢):

trf(f) (?) €Ve O(idc\/ ®f) © (idcv ®900_1) O COeVev = €Ve O(idEV ®f) o evl

Cor. 3.10

tr(f) = eveo(pe ®idev) o (f ®idev) o coever = coevl o(f ®idev) o coeve.
(6) Cor. 3.10

Hence every unitary pivotal structure is pseudounitary. We will use these alternate formulas in
83.4 below.

Lemma 3.15. Fiz two unitary dual functors V1,Va, and let @', o> be the respective induced
unitary pivotal structures. We have V1 and Vo are unitarily equivalent if and only if @' and p?
are unitarily equivalent.
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Proof. Recall that for ¢ € C, (. € C(¢¥2 — ¢"1) is the unique natural isomorphism from (3).
Observe that Vi and Vg are unitarily equivalent if and only if

Gl =(idpve ® coevJ{) o (evg @idev) = ¢ Veel

if and only if
@ = p2o(ph)7 = (coev} ®idevivy ) o (ide ® coevevy ) o (evevs ®ide)o (idavave ® evg) VeeC
if and only if ¢! and ¢? are unitarily equivalent. O

3.3 The universal grading groupoid We now adapt [EGNO15, §4.14] to the (unitary)
multitensor category setting. For this section, C is a multitensor category which is not necessarily
unitary. In the unitary setting, one should add the terms in parentheses, and one may ignore
them in the algebraic setting.

Recall that a groupoid G is a category where all morphisms are invertible. We will identify
G with its set of morphisms, and we can recover the objects as the idempotents, i.e., those
morphisms e € G such that eoe =e.

Definition 3.16. A grading of C by a groupid G is a decomposition

c=EPc,

geg

where each C; C C is a semisimple (C*) subcategory such that if g, h are composable, the tensor
product maps Cy X Cj, to Cgp. When g, h are not composable, the tensor product on Cy x Cp, is the
zero bi-functor. For every idempotent in e € G, C, is a (unitary) multitensor subcategory of C.
A grading by G is called faithful if C; # 0 for all g € G. Gradings are in bijection with gradings
of the Grothendieck ring K((C) as a based ring, where the basis corresponds to the isomorphism
classes of simple objects of C.

Given any two faithful gradings, there is a common faithful refinement, so there exists a
universal grading of C. We call the groupoid associated to the universal grading of C the universal
grading groupoid, denoted U.

Remark 3.17. If C is faithfully graded by G, then since U is a refinement of G, we get a canonical
surjective groupoid homomorphism U — G given by mapping a v € U to the g € G such that
Cu CCy.

Recall that when C is a tensor category, the universal grading group can be obtained as the
quotient of the free group F[Irr(C)] by relations of the form ¢ = ab whenever ¢ is isomorphic to
a summand of ¢ ® b. For a multitensor category with dim(End(1¢)) = r, the universal grading
groupoid can be obtained as follows. First, choose a decomposition 1¢ = @;_; 1; into simples,
and let C;; :== 1, ® C ® 1; be the ij-th component. Choose a set of representatives of simple
objects Irr(C;j;) of C;;. We define F to be the free groupoid with r objects 1,. .., and morphisms
generated by the simples Irr(C;;) € Hom(i — j) for all 1 < 4,5 < r. We impose the relations
¢ = ab whenever simples a and b are composable in F and the simple ¢ is isomorphic to a
summand of a ® b.
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Remark 3.18. Observe that when C is an r X r multitensor category (indecomposable with
dim(End¢(1¢)) = r), then the universal grading groupoid U is always (non-canonically) isomor-
phic to M,. x G for some group G. Moreover, GG is no larger than the universal grading group of
Ci; forany 1 <i <.

Example 3.19. The matrix category Mat, (Vec) has universal grading groupoid M,, which has
n objects and a unique isomorphism between any two objects. We can identify the morphism
set of this groupoid with the standard system of matrix units {£;;} for M, (C). Given a tensor
category C and n € N, Mat, (C) has universal grading groupoid isomorphic to M,, x Uz where
Ue is the universal grading group of C.

Example 3.20. Let G be a finite group. The multifusion category
Vec(G)  Vec
Vec  Rep(G)
has universal grading groupoid Mo.

Example 3.21. Consider the TLJ category Ai7 and let a =14 9 + 17 € A;7 be the algebra
object whose category of modules is £&7 = Mod 4,.(a). The fusion rules for the generators m,m’
of the dual category B of a — a bimodules are given by the following fusion diagram taken from
[HPT16b, Ex. 3.17] (see also [Got10, §5.3.5]):

/' / 1\/

(

Az &
&P B

has universal grading groupoid isomorphic to Mg x Z/27Z. This follows from Remark 3.18
together with the fact that the universal grading groups of A;7 and B are both Z/27Z, and that
the module category & has a compatible Z/2Z-grading.

The multifusion category

Example 3.22. The Haagerup subfactor gives 2 exotic fusion categories which have trivial
universal grading groups [AH99]. There is one other fusion category in this Morita equivalence
class [GS12], and the three fusion categories can be combined into one 3 x 3 multifusion category
as in [GMP™18, Prop. 3.10]. This 3 x 3 Haagerup multifusion category has universal grading
groupoid Ms.

Similarly, there is a 4 x 4 Extended Haagerup multifusion category with universal grading
groupoid My [GMPT'18].

Example 3.23 (Alternating part). Given a tensor category C and an X € C which Cauchy
tensor generates, the alternating part is the 2 x 2 multitensor subcategory of Maty(C) generated
by X € Ci2 and X € Co1. By Remark 3.18, the universal grading groupoid of the alternating part



Unitary dual functors for unitary multitensor categories 37

is no larger than My x G,q where G,q is the universal grading group of the adjoint subcategory
of C.

For an explicit example, the standard invariant multitensor subcategory of the A_ o sub-
factor N C M [Jon83, Pop94]

Bim(N)  Bim(N, M)
Bim(M,N) Bim(M)

) = (L’M) C Bim(N @& M)

is the alternating part of Maty(Hilbgg(Z)), which has universal grading groupoid isomorphic to
M2 X 7.

Notation 3.24. For ¢ € C, we say c is homogeneous if ¢ lies in one component subcategory
Cy C C for some g € U. For such ¢, we define gr(c) := g. For an arbitrary ¢ € C, we write
c=6 geu Cg for the canonical (orthogonal) decomposition of ¢ into homogeneous subobjects.
For an f € C(a — b), we write fq € C(ay — by) for the g-graded component of f.

For a groupoid G and an abelian group A (whose group law is still denoted multiplicatively),
we denote by Hom(G — A) the set of functors from G to A where the latter is viewed as a groupoid
with exactly one object. Note that Hom(G — A) is a group under pointwise multiplication and

pointwise inversion.

Recall from Remarks 2.5 and 2.11 that Autg(ide) is the group of of monoidal natural auto-
morphisms of the identity tensor functor, and Autg(idc) is the subgroup of positive monoidal
natural isomorphisms of the identity dagger tensor functor.

Lemma 3.25. There is a canonical isomorphism Autg(ide) = Hom(U — C*) which takes the
subgroup Autg(idc) onto the subgroup Hom(U — Ro).

Proof. Given ¢ € Autg(ide), we get a grading of C by C* by assigning to each simple ¢ € C the
number corresponding to (. € C(c = ¢) = Cid.. This gives us a homomorphism f: : U/ — C* by
universality of /. One now checks the map ¢ — f¢ is an isomorphism. Finally, ¢ € Autg(idc) if
and only if (. € Ry id, for all simple ¢ € C if and only if im(f¢) C Rxo. O

For the convenience of the reader, we provide the lemma below which, in the presence of
a pseudounitary pivotal structure (V,¢), provides an explicit bijection between the torsor of
pseudounitary pivotal structures on C and Hom(U — R~() obtained by combining Remark 2.11
with Lemma 3.25.

Lemma 3.26. Suppose (V,p) is a pivotal structure on a semisimple multitensor category C.

Defining for a simple ¢ € C

im? (c
w(e(e) = ko

(15)
gives a well defined a homomophism m: U — C*. If (V, ) is pseudounitary, then im(mw) C Rsg.

Proof. First, note that for a simple ¢ € C, dim{(c) # 0 # dim%(c) by Corollary 2.9. Next, if
¢,d € C are simple such that ¢ ® d # 0,

Dim? (¢) Dim? (d) = Dim¥ (¢ ® d) = dim¥ (¢ ® d) = dim7 (¢) dim¥(d),  (16)
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and similarly for the right dimension. If moreover gr(c) = gr(d), then e := gr(c ® d) is an
idempotent in U (an identity morphism). Since (V, ) restricted to C. gives a spherical tensor
category, we have

dim? (¢) _ dim? (d)
dim%(c)  dim%(d)’

dim¥ (c®d”) = dim%(c®d”) =

and 7 is well-defined. Now (16) immediately implies that 7 is a homomorphism. The last claim
is obvious. O

3.4 Balanced duals In this section, C is a unitary multitensor category. The following
definition was suggested by André Henriques.

Definition 3.27. Let m : Y — R be a groupoid homomorphism. Denote by W the linear
functional in C(1 — 1) — C which sends every minimal projection to 1c. A m-balanced dual of
c € C is a triple (¢V~,evT, coev?) such that the morphisms ev”, coev? satisfy the zig-zag axioms
and the m-balancing condition: for all f € C(c — ¢) and g € U

\J (eV7Cr o(idevr ®fg) © (er)T> =m(g) V¥ ((coevg)Jr o (fg ®ideva) 0 coevZ) . (17)

A unitary dual functor V, is called w-balanced if (17) holds for all ¢ € C, f € C(¢ — ¢), and
geu.

If m(g) = 1 for all g € U, we omit 7 from the notation; we simply say (c",ev,, coev,) is a
balanced dual which satisfies the zig-zag axioms and the balancing condition. A dual functor Vv
is balanced if (17) holds with 7(g) =1 for allc € C, f € C(¢c — ¢), and g € U.

Our next task is to construct a w-balanced unitary dual functor for every m# € Hom(U — R~y).
To do so, we will use the following facts from [Yam04].

Fact 3.28 ([Yam04, Lem. 3.6]). Suppose (cY,ev.,coev.) is an arbitrary dual of ¢ € C. The
positive map C(c — ¢) — C(1 — 1) given by f — evc.o(idey ®f) o evl is faithful: for any
geClc—d),

eveo(ide ®(gh 0 g)) oevl =0 <= (idew ® 0 g) o evl = 0 <= g = 0.
Similarly, f — coev) o(f ®idev) o coev, is faithful.!!

Fact 3.29 (|Yam04, Lem. 3.7.i], |[BKLR15, Prop. 2.6]). For a,b € C with arbitrary choices of
duals (a”,evq, coevy), (bY,evy, coevy) respectively, the following are equivalent:

(1) For all f € C(a —b), fVI = fiV.

(2) For allge C(b—a), g'T =g™V.

(3) Foralla,beC, f€C(a—1D), and g € C(b— a),

evg o(idgv ®(g o f)) o evl = evyo(idyy @(f 0 g)) o GVZ. (18)
(4) Foralla,beC, f€C(a—D), and g € C(b— a),

coevl o((go f) ®id,v) o coev, = coevz o((fog)®idyv) o coevy. (19)

"More is true: given a morphism e € C(c¥ ® ¢ — 1¢), the map f — eo (id.v ®f) o€l is faithful if and only if there
is a morphism 7 € C(l¢ — ¢ ® ¢") such that (c¥,¢e,7) is a dual of c. This is proven in [Yam04, Lem. 3.6] where
the condition that 1¢ is simple is never used. A similar statement holds swapping € and 7.
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Proof.
(1) = (2): Suppose (1) holds and g € C(b — a). Then g' € C(a — b), so

gTV _ (QT)\/TT _ (QT)TVT — gVT_

(2) = (1): Analogous to (1) = (2).

(2) < (3): This is similar to the proof of [Yam04, Lem. 3.7.ii|, which does not require that 1¢ is
simple or that a = b. (Indeed, |[BKLR15, Prop. 2.6] does not assume a = b.) In more detail,
observe that for f € C(a — b) and g € C(b — a),

evgo(idgv ®(g o f)) o evl = evyo(gY @ f) oevl .
By faithfulness from Fact 3.28, the above is equal to the right hand side of (18) if and only if
(coevlT7 ®idg) o (idy ®g" @ id,) o (idy @ evl) = ¢ = g't =gt
(1) < (4): This is similar to (2) < (3) and left to the reader. O

Proposition 3.30. Fiz a groupoid homomorphism m : U — Rsqg. For each ¢ € C, there exists a
unique T-balanced dual (cV=,evl, coev™) up to unique unitary isomorphism.

Proof. We adapt the proof from |Yam04, Lem. 3.9] and [NT13, Prop. 2.2.15|.

Step 1: Suppose ¢ € C is simple, and let (¢V,ev., coev.) be a dual of c. Then (17) is satisfied if
and only if \Ii(evcoevl) = W(gr(c))\ll(coevlocoevc). Since 7(gr(c)) > 0, we can scale ev. and
coev, by inverse scalars to achieve this. Moreover, this choice of scalar is unique up to a phase.
Hence the choice of ev] and coev] satisfying (17) is unique up to a unique phase in U(1).

Step 2: Suppose ¢ € C is an orthogonal direct sum of n objects isomorphic to the simple object
a € C. Let (a¥=,evT, coevT) be the unique 7-balanced dual of a from Step 1. Suppose ¢/~ €
C can be equipped with an evaluation and coevaluation which make it a dual for ¢. Pick n
isometries vy, ..., v, € C(a — ¢) and wy, ..., w, € C(a"™ — ¢’~) with orthogonal ranges so that
S qvio vg =id; and > w;o wg = id,v~. Define

n n
evl = Z evny o(wz ® vj) and coevy = Z(vz ® w;) o coevh .
i=1 i=1
It is clear that ev] and coev] satisfy the zig-zag axioms. Moreover, for vy o v;f, we calculate that

evy o(ideve ® (vg 0 U;)) o (evZ)T

= Z evy o(w;r ®v)) o (ideve @(vy, 0 v;[)) o (w; ®vj) o (ev™)T

(2

n
= Z ev] o(idvx ®(”UZ-T o © v} owvj)) o (evM)T
ij=1
= 51@:((6"2 O(eVg)T) (20)

and similarly,

(coev™)T o ((vg 0 vg) ® idevn ) © coev™ = dp—g((coev™)T o coevT™). (21)



40 David Penneys, Higher Structures 4(2):22-56, 2020.

Hence (17) is satisfied since it was true for a € C by Step 1.

Now suppose in addition to (¢V~,evT, coev?), we have a second dual (c¥,ev,coev.) which
is m-balanced. Pick n isometries xl,.. Ty € Cla — ¢) and Y1,--,Yn € Cla¥™ — ¢") with
orthogonal ranges so that y ;" ; x; o x =id; and > y; 0 y = id.v. Since (c",ev,coev,) is
m-balanced, so is (a",ev.o(y; ® x;), (v ;r ® yz) o coeve), so by Step 1, there is a unique phase
¢; € U(1) such that ev? = ¢; - ev.o(y; ® x;) and coev? = ¢; - (:Ej ® yj) o coev.. We replace y;
with ¢; - y; for each i so that ev] = ev.o(y; ® ;) and coev] = (;1@2r ® yj) 0 coeve.

Now C(¢ — ¢) =2 M, (C) acts on the Hilbert space C(a — ¢) = C™ with the isometry inner
product determined by the formula (£, g)1som ids = g' o f by post-composition. Since {z;} ; and
{vi}I_| are orthonormal bases for this inner product, there is a unitary v € C(c — ¢) such that
uz; = v; for i = 1,...,n. Define the scalars u;; := a:;f ouoxj € Cla— a)=C, and observe that
(wij)fj=1 € My(C) is unitary. Define U := >, s u;;(w; o yh) € C(¢¥ — ¢r), which is necessarily
unitary by construction. Then we have

Uj :uo:L‘j = E uijl‘@' and UOyZ’ = E uijwj,
P -

which implies

in ®c (Uoy;) = Zu,](acz Rc wj) = Zvj ®c w; € Cla — ¢) ®c C(a¥ — ).
- — ;

Now applying the map f ®c g+ (f ® g) o coevT € C(lg — ¢ ® c¥™), we see

(id. ®U) o coev, = (E x; @ (U oy, ) o coev, = E vj ® w; | ocoevy = coevy, .
J

By Remark 2.3, we have that the unique isomorphism ¢V — ¢V~ is equal to U and is necessarily
unitary.
Step 3: Suppose ¢ € C is arbitrary. Decompose ¢ into an orthogonal direct sum of isotypic

components and apply Step 2. O

Lemma 3.31. Fiz a groupoid homomorphism 7 : U — Rsg. Consider m-balanced duals (¢'~,evT, coevT)
and (dV~,evT, coevl) of ¢ and d respectively. For ¢ ® d € C, the dual

(dV" @ '™ evl o(idgv= ®evh ®idy), (id. ® coev] ® id.vx ) o coev?)
1s m-balanced.
Proof. We prove the lemma in the case ¢, d are homogeneous following [Yam04, Lem. 3.11.i],

and we leave the rest of the details to the reader. In this case, for f € C(c®d — c®d), f is
homogeneous, and we define

EX(f) == (evT ®idg) o (idevs @ f) o ((evT) @ idy) € C(d — d)
ER(f) == (id, ®(coevF)T) o (f ® idgva) o (id, ® coev?) € C(d — d),
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which are also homogeneous morphisms. We then calculate
v ((evg o(idgv» ®evi ®idg)) o (idgvrgeve @f) © (evg o(idgv» ®evi ® idd))T>

= 0 (evg olidas ®EL(f)) o (evh))

@) W (o7 oliders @EF(f)) o (ev]))

gr(e))m(gr(d)) - ¥ ((coevg)Jf o (ideve @ER(f)) 0 coev?)

v (((idC ® coevy ®ideva) o coev)T o (f @ idgvrgevr) ((ide ® coevy ®@idevr) 0 coevZ)) .
Thus the dual (d¥*®c", evT o(idgv» ® ev] ®idy), (ide ® coev] ®id.v~ )ocoevT) is m-balanced. O

Corollary 3.32. For every m € Hom(U — R~q), there exists a unique m-balanced unitary dual
functor V., up to unique unitary monoidal natural isomorphism.

Proof. By Proposition 3.30, for every ¢ € C, there is a unique m-balanced dual (c¢¥, evT, coevT) up
to unique unitary isomorphism. By Lemma 3.31 and Proposition 3.30, the canonical tensorator
v™ from (2) is necessarily unitary. It remains to prove V. is a dagger functor. As in the proof of
[Yam04, Lem. 3.9], By (20) and (21), equations (18) and (19) hold, i.e., the positive linear maps

f = evTo(idevs ®f) 0 (evM)T € C(1 — 1)
f = (coevP)T o (f ®@ideva) 0 coev® € C(1 — 1)

are tracial (and faithful by Fact 3.28). Hence by Fact 3.29, V. is a dagger functor. O

Theorem (Theorem A). Let C be a unitary multitensor category. There are canonical bijections
between:
(1) Pseudounitary pivotal structures up to monoidal natural isomorphism.

(2) Unitary dual functors up to unitary monoidal natural isomorphism.

(3) Hom(U — Ry).
Proof.

(2) < (3) : Suppose V is a unitary dual functor, and let ¢ be the canonical associated unitary
pivotal structure, which is pseudounitary by Remark 3.14. Thus (15) from Lemma 3.26 gives us
a function V — my from unitary equivalence classes of unitary dual functors to Hom(U — Rxg),
which is injective by Lemmas 2.12 and 3.15. Surjectivity now follows immediately from Corollary
3.32, since it is easy to calculate that m, = 7 by (17).

(1) & (3) : Since a pseudounitary pivotal structure exists on C, this follows immediately by com-
bining Remark 2.11 and Lemma 3.25. OJ

Remark 3.33. Suppose C is faithfully graded by the groupoid G. Then for any 7 € Hom(G —
R~0), we get a unique lift 7 € Hom (U — R~¢) using the canonical canonical groupoid surjection
U — G from Remark 3.17. Then the unique m-balanced unitary dual functor is w-balanced: for
all simple ¢ € C with gr(c) =g € G and all f € C(c — ¢),

\If(evf o(idev ®f) o (evf)T) =7(g) - \I/((coevf)T o(f®ide) o coevf).
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Choosing G to be trivial or 7 € Hom(U — R~g) trivial yields the following corollary.

Corollary 3.34 (|Yam04, Thm. 4.7] and [BDH14, §4|). A unitary multitensor category has a
unique unitary spherical structure corresponding to m = 1 such that for all f € C(c — ¢) and
geu,

Y (COGVZ o(fy ®@idev) o coevc> =V (evC o(idev ®fy) © evl) . (22)
Remark 3.35. Starting with a balanced unitary dual functor V, we can rescale V by a m €

Hom(U — Rsg) to obtain a m-balanced unitary dual functor V. : C — C™°P as follows. For a
homogeneous ¢ € C with gr(c) = g € U, we define

ev = 7(g)* ev, coev™ := m(g) "V coeve,.. (23)

It is immediate that these renormalized maps satisfy the zig-zag axioms, and moreover, we see
(cV,evT, coevT) is m-balanced:
evT o(idew ®@f) o (ev™) = m(g)/2 - (evC o(idev ®f) o evi)
= 7(g)"/?- (coeV;r o(f®idev) o COGVC)
=mn(g) - <((:0eV’CT)Jf o(f®idev)o coevﬁ) .
However, notice that we have left v and ¢ unchanged! Indeed, if c¢,d are homogeneous with
gr(c) = g and gr(d) = h, then ¢ ® d is homogeneous with gr(c ® d) = gh, and
Vg = (evg ®@id(cgqyv) © (idgv @ evy ®@idg ® id(egayv) © (idgvgev @ coevyg,)
= 7(g)"/*m ()" (gh) 1.
((evd & id(c@d)v) o (iddv Rev,®idg ® id(c®d)v) o (idd\/@Cv & Coch®d))
= Vegd-

-1

Similarly, gr(c¥) = g~ !, and

" = ((coev™) @ idewv) o (ide ® coev™)
=7(g) V(g )~V ((coevl ®idevv) o (ide ® coevcv)) = Q.
Since v, p are completely determined on homogeneous objects by naturality, we see that v™ = v
and ™ = .
Conversely, starting with V, a m-balanced unitary dual functor, we can obtain a balanced

unitary dual functor by rescaling evaluations and coevaluations on homogeneous objects ¢ € C
with gr(c) = g € U by

eve = m(g) V/evT coev, := m(g)"/* coevT . (24)

As before, v and ¢ remained unchanged by this scaling.

3.5 Bi-involutive structures The notion of unitary dual functor is stronger than the similar
notion of bi-involutive structure from [HP17, §2.1].
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Definition 3.36. An involutive structure [Eggll| on a multitensor category C consists of a
conjugate-linear tensor functor (+,v) : C — C™P 12 together with a monoidal natural isomorphism
¢ :ide — =13, When C is unitary, we call (*,v,¢) a bi-involutive structure [HP17] if = is a
dagger functor and v, ¢ are unitary.

Example 3.37. Complex conjugation gives a bi-involutive structure on the tensor C* category
Hilb of separable Hilbert spaces.

Example 3.38. Similar to the previous example, complex conjugation gives a bi-involutive
structure on Bim(M ), the tensor C* category of separable M — M bimodules where M is any
von Neumann algebra with the Connes fusion tensor product.

By Proposition 3.9 and Corollary 3.10, every unitary dual functor V. : C — C™°P on a unitary
multitensor category C gives a bi-involutive structure (=™, 2™, ¢™) as follows. On objects, we
define ¢™ := ¢V~ and on morphisms f € C(a — b), we define

We take the canonical unitary monoidal natural isomorphisms v™ = {7, : @™ ® b= bad '}
and 7 :id = = induced by V.

Remark 3.39. Notice that the data of a bi-involutive structure (=™, v", ™) is weaker than
that of the dual functor V, as we have forgotten the evaluation and coevaluation morphisms
evl, coevl for ¢ € C. Thus we cannot recover V. from (=7, 0™, ¢™).

In order to discuss unitary equivalence of bi-involutive structures, we first define the notion
of a bi-involutive tensor functor from [HP17].

Definition 3.40. A bi-involutive tensor functor between bi-involutive tensor C* categories
(Fop,x) = (C,76,05,¢5) = (D, 7P,0P, o)

is a dagger tensor functor (F, p) (our convention is pi,p : F'(a) ® F(b) = F(a®b)) equipped with
a unitary natural isomorphism x.. : F(¢) — F(c) which is monoidal with respect to p, ¢, vP and

involutive with respect to ¢€, P, That is, the following diagrams commute:

(ngb)

F@®Fb) — ™  Faob) Fb@a) F(a

lXa@Xb le@)a l‘ﬂg(a) JXU

Fla) © FO) —250, 506 Fla) — 2 T o d) Fla) «——— F(@)

12Using the notation of [DSPS13|, C™P denotes the tensor category obtained from C by reversing the order of
tensor product. In other words, (*,v) : C — C is conjugage-linear and anti-monoidal.
3Monoidality is similar to (4).
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Definition 3.41. Two bi-involutive structures (%, %, ¢*) on C for i = 1,2 are unitarily equivalent
if there is an anti-monoidal involutive unitary natural isomorphism y : = = 2. This means that
X satisfies the commutative diagrams in Definition 3.40 substituting D with C and F': C — D
with id¢ : C — C.

Remark 3.42. Given a bi-involutive structure (*,v,¢) on a unitary multitensor category C,
an autoequivalence x € Aut((~,v,¢)) consists of a unitary y. € C(¢ — ¢) for all ¢ € C such
that for all a,b € C, Xba © Vabh = Vap © (Xa @ Xp) and Xq = Xa_l- Similar to Remark 2.5 and
Lemma 3.25, looking at simple objects, we get a canonical isomorphism between Aut((~,v,p))
and Hom(U°P — U(1)), but notice g + g~' gives an isomorphism U = U°P. This means for
any two bi-involutive structures (~%, ¢, %) on C for i = 1,2, Hom((*1, 0!, 1) — (72,02, ¢?)) is
either empty or a torsor for Hom(U°? — U(1)). Hence there is not a unique unitary equivalence
between two unitarily equivalent bi-involutive structures. However, we will see in the proof of
Corollary B below that given two unitary dual functors, there is a canonical unitary equivalence

between their induced bi-involutive structures.

Example 3.43. When (V, tr) is a II; factor with its canonical trace, there are two distinguished
unitary dual functors that are often used in applications. One is the balanced dual functor
giving the canonical spherical structure corresponding to the trivial homomorphism m = 1. The
other is obtained from the grading on Bimps(N) given by taking the ratio of the left to right von
Neumann dimension. When N = R, the hyperfinite II; factor, this grading is faithful, since the
fundamental group of R is Rsg [MvN43|. Taking the group homomorphism id : Ryy — Ry as
in Remark 3.33 gives the tracial unitary dual functor. Calculating the universal grading group
of Bimps(R) remains an important open question. Interestingly, both the spherical and tracial
unitary dual functors induce unitarily equivalent bi-involutive structures as was noted in [JP19,
Rem. 2.14].

Motivated by Example 3.43, we now prove the following.

Corollary (Corollary B). Any two bi-involutive structures on a unitary multitensor category
induced by unitary dual functors are canonically unitarily equivalent.

Proof. Suppose Vi and Vo are two unitary dual functors on C, and let 71 and o be the corre-
sponding homomorphisms in Hom(U — R~(). While the unique monoidal natural isomorphism
¢ : V2 = Vj from (3) is not unitary, it can be rescaled as in Remark 3.35 to obtain a canonical
unitary equivalence between the bi-involutive structures induced by Vi and Vs. Indeed, we define
for a simple ¢ € C with gr(c) = g,

- (Y U = ()

The above formula is derived as follows. First, we rescale Vi and Vs to get balanced dual functors

V4 and V4 as in (24). By Corollary 3.32, the unique monoidal natural isomorphism from (3)
¢b . V4 = V¢ is necessarily unitary. Notice now that x. = ¢® as morphisms from ¢'2 = Vs

to V1 = ¢V1, as the rescaling procedure fixes the dual objects. Hence y is unitary. It is now

straightforward to verify that for all a,b € C, Xt@a © Vap = Vap © (Xa ® Xp) and Xq = Xgl. O

Remark 3.44. While the canonical unitary equivalence x from the proof of Corollary B is not
unique by Remark 3.42, it is the unique unitary natural isomorphism which can be obtained
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from the unique monoidal natural isomorphism ¢ : Vi = Vo by scaling the (. for simple ¢ € C
by strictly positive real numbers. Hence if we have three unitary dual functors V; for i =
1,2, 3 which induce bi-involutive structures (*¢, 1%, ¢*) for i = 1,2, 3, then the canonical unitary
equivalence x'? composed with the canonical unitary equivalence x?? is equal to the canonical

unitary equivalence x!3.
We finish this section by providing some important results on bi-involutive tensor functors.

Proposition 3.45. Suppose (F,u) : (C,V) — (D, V) is a dagger tensor functor between unitary
multitensor categories equipped with unitary dual functors, and let ¢ and ©P be the induced
unitary pivotal structures. The following are equivalent.

(1) (F,p) is pivotal with respect ¢ and oP.

(2) The canonical isomorphism d. from (10) is unitary for all ¢ € C.

Proof. For notational simplicity, we simply denote evaluations and coevaluations in this proof
by ev and coev. Recall from (11) that (F,u) is pivotal if and only if for all ¢ € C, §) o gpg(c) =
Sev 0 F(¢S). This equality holds if and only if

F(coev!) o peev = coev},(c) o(idp(c) ®9c)
if and only if
5e = (idp(eyv @F (coev])) o (idp(eyv @pteer) © (vl @idp(ev))
if and only if 5. = (61T is unitary. O

Corollary 3.46. If either of the equivalent conditions in Proposition 3.45 hold, then (F,u,d) is
bi-involutive.

Proof. We must verify the diagrams in Definition 3.40 commute for (F,u,d). For the first dia-
gram, one shows both composites from F(a") ® F(b¥) — F(b® a)V are equal to

([F(eva) o ,U,av,a] ® idF(b@a)V) o (idF(a\/) ®[F(6Vb) o Nb,bv] ® idF(a) & idF(b@a)V)

o (idF(a\/)®F(b\/) ®,ubi; Y idF(b®a)V) o (idF(av)®F(b\/) X COGVF(b®a)).

We leave the details to the reader. For the second diagram, just notice that this is exactly the
pivotality condition (11) when § is unitary, as 6. = (6y) L. O

The following remark is based on a suggestion of Marcel Bischoff.

Remark 3.47. Suppose that C,D are unitary multitensor categories which are both faithfully
graded by the groupoid G. Suppose that we have unitary dual functors on C and D, and let
(7€, €, %) and (7P, P, ¢P) be the induced bi-involutive structures. Suppose that (F, ) : C —
D is a dagger tensor functor such that the canonical isomorphism d. from (10) is unitary for all
c € C, so that (F, p,d) is bi-involutive by Corollary 3.46.

Suppose now that (F,p,0) preserves the grading groupoid G, i.e., gr(F(c)) = gr(c) for all
homogeneous ¢ € C. Picking an arbitrary 7 € Hom(G — R+g), we can renormalize the cups and
caps by 7 as in (23) from Remark 3.35 to get new unitary dual functors on C and D respectively.
Note that these new dual functors need not be m-balanced unless the unitary dual functors we
started with were the canonical spherical ones. However, for lack of better notation, we will

denote the new evaluations and coevaluations by ev™ and coev”™ respectively.
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Notice that rescaling as in (23) leaves § unchanged! Indeed, denoting the new canonical
monoidal natural isomorphism by 0™ (again due to lack of better notation), for a homogeneous
¢ € C with gr(c) = gr(F(c)) = g € G, we have

¢ = ([F(evy) o prev o] @ idpe)v) 0 (idp(e) © coeviy,)
=7(g) 7 (g)"H* - (([F(eve) 0 prev o] @ idp(eyv) © (idpe) @ coevp(g)) = de.

Since the bi-involutive structures of C and D did not change by Corollary B, we conclude from
Proposition 3.45 that (F, u) is pivotal with respect to the new unitary pivotal structures, as the
pivotal functor condition (11) still holds.

4. Planar algebras and projection categories

Planar algebras come in many variants; among them are unoriented [Jonll, Def. 1.1.1] (see also
[MPS10]), oriented [Jonll, Def. 1.1.5] disoriented [CMWO09]|, and shaded [Jonll, Def. 1.1.4] (see
also [Pet10, Jonl12]).

Shaded planar algebras were first defined in [Jon99| to axiomatize the standard invariant of
a finite index subfactor. Since, they have been a valuable tool in the construction [BMPS12,
MP15b] and classification [JMS14, AMP15] of subfactor planar algebras as they give a generators
and relations approach to subfactor theory.

The following theorem is known to experts [MPS10, Gholl, Yam12, BHP12, HPT16b|.

Theorem 4.1 (Folklore). There is an equivalence of categories 4
{Oriented planar algebras} <— {Pairs (C, X) with C a pivotal category and generator X € C}

Here, we call X € C a generator if every object of C is isomorphic to a direct summand of a
direct sum of tensor powers of X and XV.

Theorem 4.1 holds for many sub-classes of planar algebras and pivotal categories. We provide
a helpful dictionary below:

Planar algebras Pivotal categories with generators
unoriented symmetrically self-dual generator
connected (dim(Pp) = 1) 1¢ simple
2-shaded partition 1¢ = 14 @ 1_ with generator X =1, ® X ® 1_
2-shaded connected in addition to line above, 1,,1_ are simple
semisimple semisimple
finite depth finitely semisimple
spherical spherical
C* C* with unitary pivotal structure

For example, we get an equivalence of categories between finite depth subfactor (2-shaded con-
nected spherical C*) planar algebras and pairs (C, X)) where C is a finitely semisimple unitary
multifusion category with its canonical spherical structure (see Corollary 3.34) such that 1¢
decomposes into simples as 1¢c =14 @ 1_ and X =1, ® X ® 1_ generates C.

14 Pairs (C, X) form a 2-category which is equivalent to a l-category in the following sense. Between any two
1-morphisms, there is at most one 2-morphism, which is necessarily invertible when it exists. We refer the reader
to [HPT16b, Lem. 3.5] and the paragraph thereafter for more details on this subtelty.
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4.1 Correspondence between planar algebras and projection categories In all of
the above cases, one can recover the original pivotal category from the planar algebra as the
idempotent category, or in the C* cases as the projection category. We only spell this out here in
the case of 2-shaded planar C* algebras.

Definition 4.2. The projection category of a shaded C* planar algebra P, is the unitary mul-
titensor category with unitary pivotal structure defined as follows:
e The objects are the projections p € Py, + (p = p! = p?) and the tensor product is horizontal
juxtaposition (which is zero if the two shadings do not agree).
e The morphisms spaces are given for p € P, 1+ and ¢ € P, 4+ by

HOm(p — Q) = 5:|:/::|:57L/ETL mod2 § T € ,P(n+n/)/27i

e The adjoint is the dagger structure of the planar algebra; notice that if x € Hom(p — q),
then z' € Hom(q — p).

e We get a homomorphism 7 : U — R+ by taking the ratio of left to right traces as in (15)
from Lemma 3.26. The m-balanced dual of p € P, 4 is given by the the 180°-rotation of p
in P, 7, with evaluation and co-evaluation given by using cups and caps:

n n n n
coevy, := *(P) (@) * evy = (@@ .
n n n n

It is straightforward to calculate from the formula for the unitary pivotal structure in (2)
of Proposition 3.9 that ¢ = idp.
The generator corresponds to the unshaded-shaded strand | € Py 4.

Definition 4.3. Conversely, given a unitary multitensor category C where 1¢ = 14 & 1_ is an
orthogonal decomposition (with 11 not necessarily simple) together with a fixed 7 € Hom(U —
R-¢) and generator X = 1. ® X ® 1_, we obtain a shaded C* planar algebra P, by a unitary
version of [Gholl, §4|. Let (XY=, ev’%,coev’) be the m-balanced dual of X as in Proposition
3.30. We use the notation

Xalt@n =X® XV ®-® X? (Yw)altéan — X Vr XX ® (XV’T)?

n tensorands n tensorands

where X” = X if n is odd and XV~ if X is even, and (XV7)? = X if n is even and XV~ if n is
odd. The box spaces are defined for n > 0 by

Pn;i— = C(Xalt®n N Xalt@n) ,Pn,— — C((X\/ﬂ)alt(@n N (X\/ﬂ)alt®n). (25)

The action of tangles is via the graphical calculus for pivotal categories; details appear in [Gholl,
§4|. For our purposes, we specify the actions of the following shaded planar tangles, which
determines the action of every shaded planar tangle.

e The strand is the identity morphsim ’ :=idx and |:=idxv«

e Caps and cups which are shaded above are given by /™ := ev’ and \U := coev’
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e Caps and cups which are shaded below are given by /™ := (coevk)’ and \ := (ev%)T

9]
e Vertical join is composition in C :=gof

e Horizontal join is tensor product in C Eﬂ =f®g.

The f-structure on P, is just { on morphisms in C.

4.2 Making closed loops scalar valued For this section, we assume C is a unitary multi-
tensor category such that dim(C(1¢ — 1¢)) = r and that C is faithfully graded by the groupoid
M, from Example 3.19.

While C has a canonical spherical structure from Corollary 3.34, it is not always the most
relevant one for planar algebraic purposes, including graph planar algebra embedding. Example
4.7 below discusses the graph planar algebra in detail. Given an object X € C which partitions
1¢ into a source and target summand, one may desire that closed loops count for scalars in the
planar algebra associated to (C,V, X)) for some unitary dual functor V. The conditions on V are
exactly provided by the recent article [GL19]|, which introduced the notion of standard solutions
for the conjugate equations for a unitary multitensor category with respect to an object X € C
in the more general context of C* 2-categories. We now rephrase their definition in our setup.

Definition 4.4 (|GL19, Def. 7.25 and 7.29]). Suppose X € C such that there is an orthogonal
decomposition 1¢ = 14 @ 1_, which are not necessarily simple, such that X =1, @ X ® 1_. Let
V. be a set of representatives of the simple summands of 1.

Let Dx € My, xv_(C) be the matrix whose uv-th entry is equal to the positive spherical
dimension dim(u ® X ® v) using the canonical spherical structure from Corollary 3.34. Let
dx > 0 such that d?X is the common Frobenius-Perron eigenvalue of DXD)T( and D;(DX. Let
A+ and A_ be the Frobenius-Perron eigenvectors for DXDSF( and D)T<DX which are normalized

so that
Dl =1=> A (v)?

ueVy veV_

)\ '
A= (;) eC. (26)

The unitary dual functor corresponding to the groupoid homomorphism wx : M, — R<q given

by 2
7x (Buo) = (i% ) . (27)

is called standard with respect to X. The unitary dual functor corresponding to the groupoid

We define

homomorphism 7r§( : M, — Ry given by

2
d5! (i% )2 if ueVyandve Ve
T (Bw) = qdx (3) ifue Vo andveVy (28)
A(w) \ 2 |
()\(v)> else.

is called lopsided with respect to X.

The following lemma is immediate from [GL19].
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Lemma 4.5.
(1) The 2-shaded C* planar algebra Pe corresponding to the triple (C, X,V ) with idx =| €

P14+ satisfies
() =dxidy, () =dxids_. (29)

(2) The 2-shaded C* planar algebra P: corresponding to the triple (C, X, vwﬁf) with idx =| €
Pf7+ satisfies

(O =id, Q =d%id,_. (30)

Remark 4.6. The lopsided planar algebra is obtained from the standard planar algebra as in
Remark 3.47 by replacing the standard evyx and coevy by d;ﬂ evy and d}l/ 2 coev x. Notice
this lopsided unitary pivotal structure varies slightly from the non-unitary lopsided convention
from [MP14, §1.1], which replaces evy and coevy by dxevx and d;(l coevy, but does not
scale ev} nor coev}. Often, it is computationally simpler to calculate a graph planar algebra
embedding with respect to the non-unitary lopsided pivotal structure, as the number fields are
more manageable. It is still the case that non-unitary lopsided embeddings give standard unitary

embeddings by [MP14].

Example 4.7. Let I' = (V4,V_, E) be a finite connected bipartite graph with even/+ vertices
Vi, odd/— vertices V_, and edges E. We consider an edge ¢ € E as directed from + to —
with source s(e) € Vi and target t(c) € V_. We write ¢* for the same edge with the opposite
direction. Let A denote any Frobenius-Perron eigenvector of the adjacency matrix of I'.

Denote by n4 the number of vertices in V. Let M4 = Hilb™* | where Hilb is the category of
finite dimensional Hilbert spaces considered as a semisimple C* category. We pick distinguished
simples of M1 which we name by the vertices in V. Define M = M & M _, which consists of
one copy of Hilb for every vertex of I'.

Now consider Endf(M), which we identify with the unitary multifusion category I\/IatILXn.
The simple objects are the F,, for u,v € Vi II V_ with fusion rule E, , ® Ey s = Op—wEuq,
and 1 = @vewuv, E, . It is straightforward to verify that the unique spherical structure from
Corollary 3.34 is given by evg, , : By 4 Q@ Eyy = Eyy — 1and coevg, , 11— Eyy = Eyy @ Ey .
Notice that the canonical spherical structure ¢ satisfies ¢, , = idg, , for all vertices u, v.

Observe the universal grading groupoid U of EndT(./\/l) is My, 4n_. By Corollary 3.32, we
get a canonical m-balanced unitary dual functor from the homomorphism 7 : M, 1, — Rsg
given by (27). By direct computation as in the proof of Proposition 3.30, evp, , and coevp
are given by renormalizing the canonical 1-balanced evaluation and coevaluation maps: ,

evy = Mu) v e coevy = Av) v coe
VEu,v = )\(/U) VEu,v VEu,v = A(u) VEu,v .
Thus dimf (Ey,) = 30 and dimf(Ey,) = 304
We now pick a distinguished dagger functor F' € EndT(./\/l) together with its m-balanced dual
F=@PEe e FY" = P Eye) se)- (31)
eelr eelr
Since I is connected, we see that F generates Endf(M). Define 1, := @uew E,, and 1_ :=

@.,cv Evv, and note that 1 =1, @ 1_ is an orthogonal decomposition of the unit object such
that F = 1+®F®1_
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Let G, be the corresponding shaded planar C* algebra corresponding to (End'(M), F, V)
under Theorem 4.1, which was described in Definition 4.3. We may identify G, + defined as in
(25) as the complex vector space whose basis consists of the loops of length 2n on I' starting at
a + vertex in V3. For example,

gn,-{- = HomEndT (M) (Falt@n — Falt@n)

= Homg, g1 (pg) (1 = (F ® FYm)em)

=P f Homg, 4t g (Bow =

veEVL €1,...,62n€EE
ES(51),t(51) ® Et(ag),s(sz) K Es(sgn_l),t(sgn_l) ® Et(Ezn),S(EQn))

= @ spanc{loops of length 2n based at v}.
veVL

= gpanc{loops of length 2n based at an even/+ vertex}.

Under this identification, it is straightforward to verify that the actions of the shaded planar
tangles described in Definition 4.3 exactly correspond to the actions of the shaded planar tangles
for the planar algebra of the bipartite graph I" from [Jon00].

From Theorem 4.1 and the discussion in Example 4.7, we get the following.

Proposition 4.8. Under the equivalence of categories in Theorem 4.1 for shaded C* planar
algebras, the bipartite graph planar algebra Go corresponds to the unitary multifusion category
Endf (M) with (non-sphericall) unitary pivotal structure obtained from the standard groupoid
homomorphism (27) with respect to Fr as defined in (31).

5. Spherical states on planar algebras and multitensor categories

Motivated by the example of the graph planar algebra, we now define the notion of a spherical
state with respect to a partition on a unitary multitensor category. Such a spherical state can be
chosen to ‘correct’ for a non-spherical unitary pivotal structure on a unitary multitensor category
if the corresponding m € Hom (U — Rs() actually comes from a faithful grading by the groupoid
M, from Example 3.19.

5.1 Evaluable planar algebras and spherical states Below, we discuss sphericality and
evaluability for semisimple shaded planar algebras, i.e., each Py, + is a finite dimensional complex
semisimple algebra under the usual multiplication in P,.

Definition 5.1. A shaded planar algebra is called evaluable if dim(Pp+) = 1. An evaluable
shaded planar algebra is called spherical if for all x € P; 1 the following two scalars in Py + = C
(via mapping the empty diagrams to 1¢) agree:

For non-evaluable shaded planar algebras, [Jonll| defines sphericality in terms of a mea-
sure on P, which is a pair of linear functionals 1+ on the finite dimensional abelian complex
semisimple algebras Py +. A measure (¢4,1_) is called:
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e a state if 14 (p) > 0 for every projection p € Py +,
o a faithful state if 11 (p) > 0 for every non-zero projection p € Py 4, and
o spherical if for all z € Py .,

(@)~

Example 5.2. The graph planar algebra is in general not spherical. For example, taking any
edge € which connects two vertices of distinct weights, the projection [ee*] € G; 4 has distinct
left and right traces. However, if we normalize the Frobenius-Perron eigenvector A so that
> uev, Mu)? =1 =73 ,c Av)?, then ¥(p,) := A(v)? defines a spherical faithful state on G,
[Jon00, Prop. 3.4].

Remark 5.3. An evaluable shaded planar algebra is spherical if and only if its pivotal projection
multitensor category is spherical. We will define the concepts of measure and (spherical faithful)
state for a multitensor category in Section 5.2 below.

Remark 5.4 ([Jon01, §8|). If P, is a shaded planar ({-)algebra with a spherical faithful state,
then any evaluable planar (f-)subalgebra Qo C P, is spherical. If in addition P, is C* with finite
dimensional box spaces, then any evaluable Q, C P, is a subfactor planar algebra.

5.2 Evaluable multitensor subcategories and spherical states With the graph planar
algebra in mind, we now define the notions of measure and state with respect to a partition Il on
a pivotal multitensor category which generalizes the similar notion for shaded planar algebras
from §5.1.

Definition 5.5. Given a multitensor category C, a partition I of 1¢ consists of a family of
mutually orthogonal projections {p} C End¢(1¢) such that } .yp=1.

Given a multitensor category C with a partition II of 1¢, a measure with respect to Il is a
linear functional ¢ on the finite dimensional abelian semisimple C-algebra End¢(1¢). We call a
measure 1 with respect to II:

e a state if ¢ (p) > 0 for every idempotent p € End¢(1¢) and ¢ (p) =1 for all p € II.

e a faithful state if 1 is a state and ¥ (p) > 0 for every non-zero idempotent p € End¢(1¢).
(Note that if C has simple tensor unit, there is a unique state, which is automatically
faithful.)

e spherical if (C, ) is pivotal and ¢ o try, =1 o trg for all ¢ € C.

When IT = {id;, } is the trivial partition of 1¢, we omit II from the notation and simply refer to
measures and (spherical faithful) states.

Remark 5.6. Note that in the case where (C, ) has non-simple tensor unit, having a faithful
spherical state is additional structure over being pivotal. However, if (C,¢) is spherical, then
setting II to be the set of all minimal projections in End¢(1¢), there is a canonical faithful
spherical state with respect to II given by 1 (p) = 1 for every p € II.

Example 5.7. By Example 5.2, the unitary multifusion category of projections of the graph
planar algebra has a spherical faithful state with respect to the induced unitary dual functor and

the partition IT := {Xjuev+ Pusr D pev. Pot
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Definition 5.8. Suppose C is a multitensor category with partition II of 1¢. For p € II, denote by
1, the summand of 1¢ corresponding to p € End¢(1¢). We call a unital multitensor subcategory
D C C evaluable with respect to 11 if for every p € II, 1, € D and Endp(1l,) = Cp, ie,
1p = ®p€H 1, exhibits the decomposition of 1p into simple objects of D.

Proposition 5.9. Let (C, ¢) be a pivotal multitensor category with I1 a partition of 1¢. Suppose 1)
is a spherical state on Ende(1¢) with respect to I1. Then if D is a unital multitensor subcategory
of C such that pq € D(d — d) for all d € D and which is evaluable with respect to 11, then
(D, ¢|p) is spherical.

Proof. Since ¢4 € D(d — d) for all d € D, we have t1§ = trP and tr4 = t12 for all d € D.
Suppose f € D(c — d). Since D is evaluable with respect to II, II C Endp(1p) is the set of
minimal projections (which may not be minimal in End¢(1¢)). Then for any p,q € 11,

trr(p® f®q) =¢tro(p® f@4q))p trr(p® f®q) =Y(trr(p® f ®q))q

since f is a morphism in D, and D is evaluable with respect to II. Now since 1) is a spherical
state on End¢(1¢), we have (trp(p® f ®q)) = ¢¥(trr(p ® f ® q)), and thus D is spherical. [

Example 5.10. As we saw in §4.2, one important way that partitions II of 1¢ arise naturally
is from picking a distinguished object X in a unitary multitensor category whose source and
range summands of 1¢ are orthogonal. That is 1¢ = 1+ @ 1_ with 11 not necessarily simple such
that X = 14 ® X ® 1_. We then set II = {py,p_} where p+ € C(1¢ — 1¢) is the orthogonal
projection corresponding to the summand 1.

Example 5.11. Building on Definition 4.4 and Examples 5.2 and 5.10, if X =1, ® X ® 1_
generates C such that 1¢ = 1, @1_ and C is faithfully graded by M,., then defining )(v) := \(v)?
for all simple summands v C 1¢ where A is defined as in (26) gives a spherical faithful state on
(C, Vstandard ), Where Vgtandard is the standard unitary dual functor on C with respect to X from
(27). One calculates that for all summands v C 1_ and v C 14,

Y(tr7 (idugxew)) = AWAW)N(Dx )up = P(trE(idusxew))-

As this equation is identical to [GL19, (7.9)|, we have that their canonical left /right states of X
on C(X — X) are given by wy =1 o tr] and w, = 1 o trF.

5.3 The spherical state correction for non-balanced unitary dual functors For this
section, C is a unitary multitensor category which is faithfully graded by the groupoid M, con-
sisting of the groupoid with r objects and exactly one isomorphism between any two objects,
which we can identify with the standard system of matrix units {£;;} for M,.(C). For notational
simplicity, we write C;; for Cg,;. Moreover, we assume 1¢ = D;_, 1; is an orthogonal decompo-
sition into simples, and we let p; € C(1¢ — 1¢) be the minimal projection corresponding to the
summand 1;. We assume C has the trivial partition IT = {id;, }.

We now show that one can ‘correct’ for a unitary dual functor on C which is not balanced,
but comes from a 7 € Hom(M, — Rsg). This can be viewed as a generalization of [Jon00,
Thm. 3.1] for the bipartite graph planar algebra (see also Example 5.2) and [GL19, Thm. 7.39].

Example 5.12. Suppose C is a (unitary) r X r multifusion category, and let 7 : U — C*
be a homomorphism. For every subgroup H C U corresponding to the automorphisms of a
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single object, we must have m(H) C U(1). When C is unitary and 7 : U4 — Rsp, we have
7(H) CU(1) NRsg = {1}. Thus the canonical groupoid surjection & — M, from Remark 3.17
induces an isomorphism Hom ({4 — Rs) = Hom(M, — Ryy).

Fact 5.13. An element 7 € Hom(M, — Rs) is completely determined by its values on E; 1 ;
fori=1,...,7r—1, which can be arbitrary. Hence m — (7r(Ei+1,i));';11 is a bijection Hom(M, —
R>o) = REG

Lemma 5.14. The function

o ()™

s a bijection between faithful states 1 on C with respect to 11 and IR{T;OI.

Proof. First, consider the set F of all linear functionals ¢ : C(1¢ — 1¢) — C such that ¢(p;) # 0
for all 4 = 1,...,7. The map F > ¢ — (%):j
surjective. Moreover, we see that 17 and 19 map to the same element of R;Bl if and only if they

€ RT;Ol is clearly well defined and

are proportional:

U1(piv1) _ Ya(pit1) Po(pi) _ Ya(pit1)

Y1(pi) Ya(pi) Yi(pi)  PY1(piv1)
Finally, given a ¢ € F, there is exactly one faithful state with respect to II which is proportional
to it. O

Theorem (Theorem D). Given a m € Hom(M, — Rsy), there is a unique spherical faithful
state Y™ with respect to I1 for (C, Vg, V™, ¢™).

Proof.
Step 1: Suppose ¢ € C;; is simple. Then
Pr(trp(ide)) = 97 (trk(ide)) <= ¢7(p;) dimf(c) = 7 (ps) dimy(c),

which is equivalent to

¥ (p;) (15) dim(c)
Notice that both 7 and F;; — ;f: g 3 are groupoid homomorphisms, so the above equality holds

for all simple ¢ € C;; for all 4,5 = 1,...,r if and only if it holds for all simple ¢ € C;y1; for all
1 =1,...,r—1. This is equivalent to both homomorphisms corresponding to the same element of
]RT;Ol under the bijections from Fact 5.13 and Lemma 5.14 respectively. Hence there is a unique
choice of ¥™ which works.

Step 2: Suppose ¢ € C is an orthogonal direct sum of n objects isomorphic to the simple object
a €Cand f € C(a— a). Pick n isometries vy, ...,v, € C(a — ¢) with orthogonal ranges so that
Yo vio vg = id.. Then for 1™ defined in Step 1,

YT (f) =Y Tt (v o] o f)) =Y (1] (v] o f o 7))

i=1 =1
=Y ¢ (trR] o fow)) =D ¢ (tr (viov] 0 ) = YT (1R (S)).
i—1 i=1

Step 3: Suppose ¢ € C and f € C(c — ¢) are arbitrary. Decompose ¢ into an orthogonal direct
sum of isotypic components and apply Step 2. O
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