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Q-SYSTEM COMPLETION IS A 3-FUNCTOR

QUAN CHEN AND DAVID PENNEYS

ABSTRACT. Q-systems are unitary versions of Frobenius algebra objects which ap-
peared in the theory of subfactors. In recent joint work with R. Hernandez Palo-
mares and C. Jones, the authors defined a notion of Q-system completion for C*/W*
2-categories, which is a unitary version of a higher idempotent completion in the spirit
of Douglas—Reutter and Gaiotto—Johnson-Freyd. In this article, we prove that Q-system
completion is a T 3-functor on the T 3-category of C*/W* 2-categories. We also prove that
Q-system completion satisfies a universal property analogous to the universal property
satisfied by idempotent completion for 1-categories.

1. Introduction

Idempotent completions for higher categories have seen tremendous recent progress. For
2-categories (which we always assume are locally idempotent complete) with enough ad-
joints for 1-morphisms, completing with respect to the two notions of condensation mon-
ads [GJF19] and separable monads [DR18] produces equivalent 2-categories by [GJF19,
Thm. 3.3.3]. The major difference is that condensation monads are non-unital and in-
clude the data of the separating structure, while separable monads are unital and include
only the existence of separating structure, the choice of which is contractible.

In the setting of C*/W* 2-categories (which we always assume are locally orthogo-
nal projection complete), the analogous notion of separable monad is Longo’s Q-system
[Lon94, LR97], which was originally studied for its role in subfactor theory. In our recent
joint article [CPJP21], we introduced the notion of Q-system completion QSys(C) for a
C*/W* 2-category C, which comes equipped with a canonical t 2-functor ¢ : C < QSys(C).
While we analyzed some of the general theory of Q-system completion in that article,
we focused more on applications to C*-algebra theory, showing the C* 2-category of C*-
algebras is Q-system complete. As an application, we used Q-system completion to induce
actions of unitary fusion categories on C*-algebras, similar to the spirit of [GY20].

In this article, we study some basic formal properties of Q-system completion, and our
proofs can easily be adapted to the separable monad setting. Our main results extend
the treatment of idempotent completion for 2-categories in [DR18, Appendix A]. Here is
our first main theorem:

1.1. THEOREM. Q-system completion is a 1 3-endofunctor on the T 3-category of C*/W*
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2-categories.

In [DR18, Prop. A.6.3], Douglas and Reutter provided strong evidence towards this
theorem, and they mentioned they expect such a result to be true. To prove this theorem,
we introduce an overlay compatibility between the 2D graphical calculi for a C*/W*
2-category C and the C*/W* 2-category Fun'(C — D) for another D. (We show in
Proposition 2.15 below that Fun'(C — D) is C*/W* whenever C,D are.) See §2.3 below
for more details. By considering non-unital unitary condensation algebras (see Rem. 3.5),
our proof also shows that (non-unital) unitary condensation completion Kar' is also a t
3-endofunctor.

Our second main theorem regards the universal property for idempotent completion
for 2-categories discussed in [Déc20, §1.2], proving the best possible uniqueness statement.
Given 2-categories C, D, £ and 2-functors F' : C — D and G : C — &, the 2-category of
lifts of F' to &£ along G is the homotopy fiber at F' of the functor

—oG :Fun(€ — D) — Fun(C — D).

Objects in this lift 2-category are pairs (f, 0) where F : & — Dis a 2-functor and
0 : F = F oG is an invertible 2-transformation. We refer the reader to §4 for the rest of
the unpacked definition.

1.2. THEOREM. Suppose C is a C*/W* 2-category. The Q-system completion QSys(C)
satisfies the following universal property. For any T 2-functor F' : C — D where D 1is
Q-system complete, the 2-category of lifts of F' along ¢ is (—2)-truncated, i.e., equivalent
to a point. That is, — o 1 : Fun'(QSys(C) — D) — Fun'(C — D) is a t 2-equivalence.

The main idea of the proof of this theorem comes from [JMPP19, §3.1]. By a version
of Grothendieck’s Homotopy Hypothesis for 2-categories [MS93], the homotopy category
of strict 2-groupoids and strict 2-functors localized at the strict equivalences is equivalent
to the 1-category of homotopy 2-types. Hence the homotopy fiber of — o G restricted to
the core 2-groupoids

— oG : core(Fun(€ — D)) — core(Fun(C — D))

is k-truncated for —2 < k < 1 if and only if various (essential) surjectivity properties hold
for — o G. In turn, these surjectivity properties for — o G are ensured by various levels of
dominance for the 2-functor (G. We make these notions precise in §4.

While we work in the C*/W* setting both for novelty and for applications to the
world of operator algebras, we re-emphasize that these results do not depend on the
dagger structure.
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grant 1654159, 1927098, and 2051170. Quan Chen was also partially supported by NSF
DMS grant 1936283.



Q-SYSTEM COMPLETION IS A 3-FUNCTOR 103

2. Preliminaries

In this article, 2-category will always mean a weak 2-category/bicategory which is locally
idempotent complete, and a C*/W* 2-category will always mean a weak C*/W* 2-category
which is locally orthogonal projection complete. We refer the reader to [JY20] for back-
ground on 2-categories and to [CPJP21] for background on C*/W* 2-categories. We refer
the reader to [HV19] or [CPJP21] for a detailed discussion of the graphical calculus of
string diagrams for 2-categories. The only 3-categories in this article are the 3-category
2Cat of 2-categories [Gurl3, §5.1] and its 3-subcategories C*2Cat and W*2Cat of C*/W*
2-categories respectively.

2.1. NOTATION. In a 2-category C, we refer to its objects, 1-morphisms, and 2-morphisms
as 0-cells, 1-cells, and 2-cells respectively. We denote 0-cells in a 2-category C by lowercase
Roman letters a, b, ¢, 1-cells by uppercase Roman letters , X}, Y, using bimodule notation
for source (left) and target (right), and 2-cells by lowercase Roman letters later in the
alphabet f,m,n,t. We write 1-composition as ® read left to right, and we write 2-
composition as x, which is read right to left. In the graphical calculus of string diagrams
in 2-categories, which is formally dual to the manipulation of pasting diagrams, we read
1-composition left to right and 2-composition bottom to top.

Z z
/\
fraX @Y. = o2 ~ a ﬂf c ~ (i
T~ X

—

In the 3-category 2Cat of 2-categories, the object 2-categories are denoted by math
calligraphic letters C,D, &, the 2-functor 1-morphisms are denoted by capital Roman
letters F, G, H, the 2-transformation 2-morphisms are denoted by lowercase Greek letters
v, 1, and 2-modification 3-morphisms are denoted by lowercase Roman letters m,n. We
write 1-composition of 2-functors as o, which we read right to left, i.e., if F': A — B and
G:B—C,then Go F: A— C. We write 2-composition of 2-transformations as ®, and
we write 3-composition of 2-modification as .

2.2. REMARK. While we will not rely on any 3D string diagram graphical calculus in this
article, its use for weak 3-categories can be justified using the article [Gut19]. In several
locations, we provide 3D diagrams for conceptual clarity. Our conventions for 1-, 2-, and
3-composition in these 3D diagrams are indicated in the figure below.
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2.3. THE 2-CATEGORY Fun(A — B) OF 2-FUNCTORS, 2-TRANSFORMATIONS, AND 2-
MODIFICATIONS. In this section, we first describe our graphical conventions for working
with 2-functors, 2-transformations, and 2-modifications. We then use our graphical nota-
tion to unpack their definitions.

2.4. NOTATION. To define 2-transformations between 2-functors and 2-modifications be-
tween 2-transformations in a diagrammatic language, we overlay the 2D diagrammatic
calculus for the hom 2-category Fun(A — B) between 2-categories A, B with the 2D
diagrammatic calculus for B.

For our 2D diagrammatic calculus for the hom 2-category Fun(A — B), we represent
the object functors by unshaded regions with textured decorations, e.g.,

R B e SR
v,'. — F 0 OOOQ — F/ *:4:* _ Fl/ :*:*’:; — F///
e : ¢ et R

We represent 2-transformations (see Definition 2.6 below) by textured strings between
these textured regions, e.g.,

|DQ: =p:F=F O‘éi — F = F" t** — oy P = P

We represent 2-modifications (see Definition 2.7 below) by coupons as usual.

To depict a 2-morphism in B in the image of F', we overlay the 2D string diagrammatic
calculus for Fun(A — B) on top of the 2D string diagrammatic calculus for A. For
example, given F, F' : A — B, p,¢' : FF = F', and m : p = ¢/, we can ‘overlay’ the
coupon for m over the shaded region for a € A to obtain the 2-cell m, : p, = ¢.:

©4

7
ERREEN S R <)
K OQQ ob‘;. Lo ,
'.a‘ = o :F(a> >°<>:F(CL).

g o & o ¢ ) 250
Lo % N O ’ o
o, a . 0 @

® a

@

We do not attempt to formalize this ‘overlay’ operation, as all string diagrams can be
interpreted uniquely as 2-cells in B; see Remark 2.9 below for further discussion.

2.5. DEFINITION. Suppose A, B are 2-categories. We use the following conventions for
the coheretors of a 2-functor F = (F, F? F'): A — B:

Fiy €BF(X)@pp FY)= F(X®Y)) and F, €B(lpa = F(l.)),

which satisfy the hexagon associativity equation and triangle unit equations. We depict
these axioms below in the graphical calculus for B. Denoting objects in B by the shaded
regions

S =F(a) LA=F() S =F(e) = F(d),

and 1-cells in B by shaded strands, e.g.
= oXp = Yo D=2, |B=rX)ermF) B=FXyY)
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the hexagon and triangle equations are given by

Y (FoY
rrn) = R

(FX)® () F(V))® ey F(Z) = F (X @3 (Y 8 2)) F(X)® oy Ly = F(X) Lita)® (@) F(X)= F(X)

Whenever possible, we will suppress the associator and unitor coheretors in our 2-categories.

2.6. DEFINITION. Suppose A, B are 2-categories, F, F’' : A — B are 2-functors. A 2-
transformation ¢ : F = F’ consists of:

e for every O-cell ¢ € A, a 1-cell . € B(F(c) — F'(c)), and

e for every 1-cell , X, € A(a — b), an invertible F'(a) — F’(b) bimodular 2-cell

px € B(F(X) QF®) Pb = Pa DF/(a) F/(X))

This data satisfies the following coherence properties:

Pa F'(X®,Y)

FOX) F(Y) e

2.7. DEFINITION. Suppose A, B are 2-categories, I, F' : A — B are 2-functors, and
©, Y F = F' are 2-transformations. A 2-modification n : ¢ = 1 consists of a 2-cell
na € B(pa = 1) for all a € A such that

v FI(X)

VX eAla—b)
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The 2-composition of 2-modifications in Fun(A — B) is defined as follows. Suppose
F, F" € Fun(A — B) and ¢, ¢, ¢" are 2-transformations F' = G. Let n : ¢ = ¢
and n' : ¢’ = ¢"” be 2-modifications. The 2-composition in Fun(A — B), denoted by
n' *n:p = ¢" is defined by (n’ *n), := n,, xn, for a € A as composition of 2-cells in B.

2.8. DEFINITION. [1-composition in Fun(A — B)| Suppose F, F', F" € Fun(A — B) are
2-functors, and let ¢ : F' = F" and ¢ : F' = F” be 2-transformations. The 1-composite
Y ®y : F = F" of 2-transformations is defined as follows. Let X € A(a — b), we define
(e @)y := pg @1, as 1-composition of 1-cells in B, and (¢ ® ) x by

VX € Ala—b) =T

Suppose p, ¢ : F = F"and ¢,¢' : F' = F" are 2-transformations, and let n : ¢ = ¢/
and t : ¥ = ' be 2-modifications. The 1-composite n @t : ¢ @ Y = ¢’ ® Y’ of 2-
modifications is defined component-wise as 1-composition of 2-cells in B by (n ® t), =
ng @ t, for a € A.

Finally, we define the associator for 1-composition in Fun(.A — B) as follows. Suppose
p:F=F ¢:F = F':and v: F” = F" : are 2-transformations. The associator
afﬂm is an invertible modification (p®1)®y = p®(1®7) which is given component-wise

by
® . B
(@%0n) 0 = Y@@ (a): (1)

which is the associator in B between 1-cells ¢(a),v(a),v(a). One checks that O‘S,w,w is a
modification, and that a® satisfies the pentagon axiom.

The left/right unitors AL : 1p ® ¢ = ¢ and pf’ : ¢ ® 1p = ¢ are an invertible
2-modifications which are given component-wise by

FY . \F(a) F ._ F(a)
(Vo) = A (o ) = Pofa) - 2)
which are the unitors in B for 1-cell ¢(a).

2.9. REMARK. We do not attempt to formalize this overlay operation in this article, as
all such string diagrams can be interpreted uniquely as a 2-cell in B without confusion.
However, we sketch the following strategy to formalize this graphical calculus, which was
communicated to us by David Reutter.

First, by [Gut19], the 3D graphical calculus for Gray-categories [BMS12, Bar14] may
be applied in any 3-category, in particular, to 2Cat. Second, given a 2-category A € 2Cat,
we may identify A = Fun(x — A) where % is the trivial 2-category. This identification
allows us to identify the internal 2D string diagrammatic calculus for A with the ezternal
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2D string diagrammatic calculus for Fun(x — A) as a hom 2-category of 2Cat. Finally,
identifying a 2-functor F' : A — B with the 2-functor Fun(* — A) — Fun(x — B) given
by post-composition with F', and similarly for transformations and modifications, we see
that our overlay graphical calculus is exactly stacking of 2D sheets in the 3D graphical
calculus for 2Cat.

Now in order to interpret each diagram as a unique 2-morphism in B, one should
require the strings and coupons of our A-diagram and our Fun(.A4 — B) diagram not over-
lap, except at finitely many points where strings can cross transversely. The axioms of
2-functor, 2-transformation, and 2-modification will then ensure that any two ways of re-
solving non-generic intersections agree. For example, we may overlay the 2-transformation
¢ : = F’ on the identity 2-morphism idx ®;idy in A in several ways. The equality of
two such ways below produces the monoidal coherence axiom:

For another example, when we have a 2-modification between 2-transformations, we may
overlay it on an identity 2-morphism idx in many ways. The equality of two such ways
below produces the modification coherence axiom:

Here, the white dots which appear may be interpreted as interchangers in 2Cat (see
Construction 2.17 below) which arise from resolving the two stacked 2D diagrams in 2Cat.
(Recall that , X} € A is a transformation when viewed as a 1-morphism in Fun(x — A).)

We leave a rigorous proof of our formalization strategy of this ‘overlay’ graphical
calculus to the interested reader.
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2.10. THE C*/W* 2-CATEGORY Fun'(A — B) BETWEEN C*/W* 2-CATEGORIES. To the
best of our knowledge, the notion of C* 2-category first appeared in [LR97], and the notion
of W* 2-category first appeared in [Yam07]. The notion of W*-category was studied in
detail in [GLR85]. We refer the reader to [CPJP21, §2.1] for an introduction to C*/W*
2-categories.

2.11. DEFINITION. Suppose A, B are C*/W* 2-categories. A t 2-functor F': A — Bis a
2-functor F' = (F, F?, F') : A — B such that F , and F, are unitary for all composable
1-cells X,Y in A and all objects a € A. When A, B are W*, we call a T 2-functor normal
when each hom functor F,_;, : A(a — b) — B(F(a) — F(b)) is a normal { functor.

Suppose now F, G : A — B are t-2-functors. A f-2-transformation ¢ : F' = G consists
of a 2-transformation ¢ = (., px) : F' = G such that every (necessarily invertible) 2-cell
ox € B(F(X) @p@p) vp = Yo Qca) G(X)) is unitary.

Given two f-2-transformations ¢,v¢ : F' = G, a 2-modification n : ¢ = 1 is (uni-
formly) bounded if the 2-cells n, € B(p, = 1,) for all a € A are uniformly bounded.

Now consider the 2-subcategory Funf(A — B) of Fun(A — B) consisting of t 2-
functors, 1 2-transformations, and uniformly bounded modifications. When A, B are W*,
we further require all 1 2-functors to be normal.

2.12. REMARK. It is well known (e.g., see [JY20, Thm. 7.4.1]) that a 2-functor is an equiv-
alence if and only if it is an equivalence on hom 1-categories (fully faithful on 2-morphisms
and essentially surjective on 1-morphisms) and essentially surjective on objects. Similarly,
a t 2-functor is an equivalence if and only if it is a f-equivalence on hom categories (fully
faithful on 2-morphisms and unitarily essentially surjective on 1-morphisms) and unitarily
essentially surjective on objects.

When F : C — D is a 1 2-functor between C* 2-categories, observe that F' is a dagger
equivalence if and only if the underlying 2-functor is an equivalence. Indeed, I is unitarily
essentially surjective on 1-morphisms and objects if and only if it is essentially surjective
on l-morphisms and objects by the existence of polar decomposition for invertible 2-
morphisms in D.

Finally, observe that when C, D are W*, any inverse { 2-functor will automatically be
normal. This is an immediate consequence of the fact that every unital x-isomorphism
between von Neumann algebras is automatically normal using Roberts’ 2 x 2 trick [GLRS85,
Lem. 2.6] on linking algebras of hom 1-categories.

In Proposition 2.15 below, we prove that whenever A, B are C*/W*, then so is the } 2-
category Fun'(A — B) respectively. To prove this result, we prove Lemma 2.13 on weak*
convergence in a product von Neumann algebra, which is certainly known to experts.

Suppose that (M;)e; is a family of von Neumann algebras, and consider the product
von Neumann algebra [[,.; M;, which is defined as the double commutant of the unital
x-algebra of uniformly bounded elements (m;) in the algebraic product of the M; acting
on the Hilbert space [, ., H;, which consists of L?-summable sequences of vectors. For
J € I, there are mutually orthogonal projections p; : [[, H; — H; such that ) p; = 1,
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where the sum converges in the strong operator topology. Thus every element m € [[, M;
is diagonal, i.e., m may be written as m = (m; := p;mp; )ics-

2.13. LEMMA. A norm-bounded net (m;)’ converges to (m;) in the weak* topology on
[1M; if and only if every component net m;] converges to m; in the weak* topology on M,;.

PROOF. On norm-bounded sets in a von Neumann algebra, the weak™ topology agrees with
the weak operator topology. Suppose 1, £ € [[; H;. It is clear that ((m;)7n, &) — ((mi)n, &)
for all 7, & implies (m/n;, &) — (mn;, &) for all i

For the converse, let ¢ > 0. Suppose M is the norm bound for (m;)? and (m;). It
suffices to show ((m;)7n, &) — ((m;)n, &) for all given n, & € T[], H; with ||n||, ||l < 1. Now
choose 7/, &’ in a finite product with ||| < 1 and [||| < 1 such that

7
| — nH<5M and  [|¢ £H<5M

Since 7/, & are finitely supported and m! — m; weak* for all components i € I by
assumption, we can choose jy such that for all 7 > 7o,

[{[(ms = (ma)l, €] < .

Then for all j > jy, we have

[{[(ma)” = (ma)ln, )1 < [{(ma) (n = 0), O + [{(ma) ', (€ = EN| + K[(ma) = (ma)]', &)
+ [((ma)(n = 1), O + [{(ma)n’, (€ =€)

< [ltma) [Hm = n' &N+ 11 ma) [ 1€ = €D

+ [{[(ma)” = (ma)], )+l ma) |l = 'l lI€]
+ [[(ma) [[1l7'1l11€ = €

< €.

The result follows. m

2.14. CONSTRUCTION. We construct a f-structure on Fun'(A — B) (c.f. [Ver20]). Sup-
pose F,F' € Fun'(A — B), ¢,9 : F = F', and n : ¢ = 1 is a uniformly bounded
modification. For each 0-cell b € B, we define (n'), := (n;)T, where (n)' is the dagger in
5.

We now verify that n' is a modification ¢ = ¢ with ||n'|| = ||n||. First, note that
©x,®¥x are unitaries for all X € A(a — b). We compose wi( on the top and go} on the
bottom, and apply the dagger in B, to obtain
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Thus, n' is a 2-modification ) = . Since T preserves the norm on all 2-cells of B, we
have ||n,|| = ||nf|| for all b € B, and thus n' is uniformly bounded with ||nf|| = ||n].

We show (n® k)" =nt @ kT and (nxt)" = t'xn', and clearly n'™ = n by construction.
For a € A,

(M@K =(n@k)) = 0,0 k) =nl @kl = (n"), ® (k). = (0! @ k1),
(nxt)] = (n*t)e) = (naxta)T =1L xnl = (t1), % (n1)g = (T % nl),.

Finally, we observe that since all associators and unitors in B are unitary, so are the
associators and unitors in Funf(A — B), as all their components are unitary by (1,2).

2.15. PROPOSITION. When A, B are C*/W* 2-categories, so is Fun'(A — B).

PROOF. By Construction 2.14, Fun'(A — B) is a T 2-category.

Since Fun(A — B) admits direct sums of 1-morphisms, to show Fun'(A — B) is C*,
by Roberts’ 2 x 2 trick [GLR&5, Lem. 2.6], it suffices to show that for each 1-morphism/2-
transformation ¢ : F' = G, Endg,,i45 () is a C* algebra. Indeed, the uniformly
bounded modifications n : ¢ = ¢ do form a C*-algebra under the supreme norm:

Inf - nll = sup [|(n" - n)a|| = sup [|(n")a % nall = sup || (na)" * nal| = sup [[na]> = [|n]*.
acA acA acA acA

Now suppose A, B are W* 2-categories. It remains to prove Endg, .1 4-p5)() is a W*-
algebra and that 1-compositions with identity 2-transformations is a normal { functor on
hom categories. Note that

n=(ng)eea € End(p: F - G) C H End(¢,),
acA

where n satisfies px x (1px) @p@p) ) = (Na Q) Llax)) * ¢x, for all X € A(a — b).

To prove Endg, 145 () is a W*-algebra, by either the Krein-Smulian or Kaplansky
Density Theorems, it suffices to show the unit ball in End(y) is weak™ closed. Let (n; =
(n?)) be a weak* convergent net in the unit ball of End(y¢) C [], End(g,), a W*-algebra.
By Lemma 2.13, each component net (n?) converges weak* to an element n,, in the unit ball
of [[,End(p,). We verify that n := (n,) is a 2-modification in End(y). By the axioms
of a W* 2-category (see (W*2’) in [CPJP21, Prop. 2.4]), 1px) ®rp) — — Q) lax),
wx * —, and — x @x are normal operations on 2-cells in B. We thus have

px * (Lrox) @ry m) = lim ox * (Lrex) ®re) (7))
= hin((nk)a Raa) lax)) * ©x = (Na ®c(a) lax)) * ¢x,
which implies that n is a 2-modification ¢ = .

We now show that 1-composition with an identity 2-transformation is normal. Let
¢ : F = G; we show 1, ® — is normal. Suppose n’,n : ¢ = 7 are modifications with



Q-SYSTEM COMPLETION IS A 3-FUNCTOR 111

n? — n weak*. Again by Lemma 2.13, n} — n, weak* for all a € A. Since 1, ® — is
normal,

(Lp X nj)a = Lp(a) (%9} TLZ — Lp(a) X Nng = (Lp X n)a,
for each a € A, which implies 1, ® n; = 1, ® n weak™* as desired. Similarly, — ® 1,, is
normal. This completes the proof. [

2.16. THE 3-CATECORY OF 2-CATEGORIES. It is well-known that 2-categories form a
3-category 2Cat, whose hom 2-categories 2Cat(.4 — B) are given by Fun(A — B). We
now explain 1-composition in this 3-category following [Gur13, §5.1]. We will then discuss
the 3-subcategories C*2Cat and W*2Cat.

2.17. CONSTRUCTION. By [Gurl3, Prop. 5.1], given 2-categories A, B,C, there is a 2-
functor

o : 2Cat(B — C) x 2Cat(A — B) — 2Cat(A — C).

The 2-functor o is the 1-composition in 2Cat. We now describe its definition on 1-
morphisms, 2-morphism, and 3-morphisms in 2Cat.

1-composition of 1-morphisms: For F' € 2Cat(A — B) and G € 2Cat(B — C) the 1-
composite 2-functor G o F' € 2Cat(A — C) is given by:

e (GoF)(a) =G(F(a)) forae A, (Go F)(X)=G(F(X)) for X € A(a — b), and
(Go F)(f)=G(F(f)) for fe A(X =Y).
(

)
GoF), = G(F,)x G,y € Cllare) = G(F (1)) for a € A.
)

vy = G(Fy) x Gy peyy € C(GIF(X)) @ G(F(Y)) = G(F(X ®Y))) for
X e Ala — )andYGA(b—>c).

1-composition of 2-morphisms: Suppose F, F’ € 2Cat(A — B) and G, G’ € 2Cat(B — C).
In the remainder of this definition, we use the following texture decorations to denote the
following composite 2-functors:

S =GF i = GF' I =G'F =GP
Given 2-transformations ¢ € 2Cat(F = F') and v € 2Cat(G = G’), we define yo F €
2Cat(G o F' = G’ o F') component-wise by
e For a € A, we define (yo F), := vp(q), and
o for X € A(a — b), we define

VP(a) G'(F(X))
T g
5 P

(Yo F)x == vpix) = VX e Ala—b).

G(F(X)) TP
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Similarly, we define G o ¢ € 2Cat(G o F' = G o F') by
e For a € A, we define (G o ), := G(¢(a)), and
e for X € A(a — b), we define
Alew) G

) G(F(X)) ® Glg) S G(F(X) © @)
= X, Glpa ® F/(X)) VX € Ala — D).

O, Glpa) © GIF(X))

We then use the cubical convention to define the 1-composite yoyp := (Gop)R(yoF') €
2Cat(G o F = G’ o I"), whose components are then given by

L=GF
O /
zi"? =GF
j"}*? - G/F/.
x L E

1-composition of 3-morphisms: Suppose F, F' € 2Cat(A — B) and G,G" € 2Cat(B — C)
are 2-functors, ¢, ¢’ € 2Cat(F = F’) and v,7" € 2Cat(G = G’) are 2-transformations,
and let n € 2Cat(¢p = ¢') and k € 2Cat(y = +/) be 2-modifications. We define kon €
2Cat(yop = 7'o¢’) component-wise at a € A by (kon), := G(n,)®kp(q) as 1-composition
of 2-cells in C.

Interchanger: For each pair of 1-composable 2-transformations ,~y, there is a distin-
guished invertible modification x#7 : (Gop) @ (yo F') = (yo F) ® (G’ o ) between the
cubical and opcubical 1-composition conventions for 2-morphisms called the interchanger,
which is defined component-wise by

SO s vy
L =GF cos=GF

Vae A o o
: ‘:*. — G/F ,*:* *: — G/F/.

(Recall here that ¢, € B(F(a) — F'(a)).) The interchanger modification is used to
prove the interchange relation between o, ®. In more detail, given ¢ € 2Cat(F = F’),
¢ € 2Cat(F = F”), ¢ € 2Cat(G = @), and ¢’ € 2Cat(G' = G”), the interchanger
provides an invertible modification

(Weop)®@ (W eo@)= (W@Y)o(p®y).
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We refer the reader to [Gurl3, p.88] for more details.

By [JY20, p.115], o is strictly associative. That is, for F € 2Cat(A — B), G €
2Cat(B — C) and H € 2Cat(C — D), then (HoG)oF = Ho (Go F): A — D. By
[Gurl3, Props. 5.3 and 5.5], we may choose our adjoint equivalences a : o(ox1) = o(1xo),
:0o(lgx1)=1,and r:o(1 x I4) = 1 to be identity transformations, whose inverses
are also identity transformations. Thus by [Gurl3, Thm. 5.7], 2Cat is a 3-category.

2.18. DEFINITION. The 3-category C*2Cat of C* 2-categories is the 3-subcategory of 2Cat
whose:

e objects are C* 2-categories,

e l-morphisms are T 2-functors,

e 2-morphisms are | 2-transformations

e 3-morphisms are bounded 2-modifications

Observe that all higher coherence data in this 3-category is unitary.
The 3-category W*2Cat of W* 2-categories is the locally full 3-subcategory of C*2Cat
whose objects are W* 2-categories and whose 1-morphisms are normal { 2-functors.
Observe that C*2Cat and W*2Cat may be equipped with {-structures making them into
T 3-categories. Indeed, all hom 2-categories are C*/W* by Proposition 2.15, 1-composition
2-functors are clearly compatible with the f-structure, and strictness of associativity of o
means all coheretors are inherently unitary.

2.19. 3-ENDOFUNCTORS ON 2Cat. In this section, we give a graphical definition of a
(weak) 3-endofunctor ® on 2Cat. The definition is considerably easier due to strictness of
1-composition o. Our treatment is adapted from [Gurl3, §4.3].

Beyond an assignment of a k-morphism in 2Cat for every k-morphism in 2Cat, ¢
satisfies the following properties:

e ® is a 2-functor on all hom 2-categories 2Cat(A — B) = Fun(A — B) in 2Cat. That
is, for all transformations ¢ € 2Cat(F = F’) and ¢ € 2Cat(F’ = F") for F, F', F" :
A — B, there exist invertible modifications, ®7  : ®(p) @ ®(¥) = (¢ @ ¢) and
% : 1or) = P(1F), which we represent graphically by

= (F)

o ()
w

) _

F
23
:q)FI/ E.
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These modifications are subject to the usual associativity and unitality coherence
axioms:

QQ'VO"( R A
2 Cokle 0k
OO R 'QOQOQO

S0 P 3 o

_ ) By
- E)‘P () ( (o) )"
o Pole

QQOOOOQ - ‘QQOQ

0 845 @ 9y

SEISes 0,0

e We have 1-compositor adjoint equivalence transformations ®g . : ®(G) o (F) =
®(G o F) for all F € 2Cat(A — B) and G € 2Cat(B — C) and 9 : 1ga) = P(14)
for all A € 2Cat. These transformations come equipped with an invertible associator
modification w g p:

| / (_EIG!7 F) ) 2y golary Pya
4 cola(r) 6 p :
w® / \_\
m = (H, G, F) YH.G,F (HGF) = (#,G,F) el ) (HGF) .
X/ 1<I>(H)0<I> \ /H GF - (H,GF)

N (H, GF) lom) o ®g p ®yar

Here, we use the abbreviated notation (GF') := ®(GoF') and (G, F) := ®(G)oP(F),
so that (K, HG,F) := ®(K) o ®(H o G) o ®(F) and ®Y 4 := Py gop : (H,GF) =

(HGF). The associator w® satisfies the coherence axiom

(KH,G,F) (KHG, F)

(K,H,G,F) | (K,HG,F)| Wi parp )(KHGF) = (K,H,G,F)(

where the isomorphism on the left of the right hand side is the interchanger from
Construction 2.17.

Finally, we have invertible unitor modifications ¢%. and r%:

‘I’(fB F 9

X/ ‘ @%Olq)(p)
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X 1 od, Lo © (I)%
= (G)°FB

These unitors satisfy the coherence axiom

Coas0tem) PR

(GF)

lo) 0P, r PG r

Here, we note that FFoly =F = 1g0 F, so (G1gF) = (GF), (Glg, F) = (G, F) =
(G, 15F) and (G, F) = ®(G) o Lo o B(F).

Given a weak 3-functor ® on 2Cat which preserves the 3-subcategories C*2Cat and
W*2Cat, we can ask whether ® restricts to a ¥ 3-functor. This consists of the following
conditions:

o ®(n') = ®(n)' for all bounded 2-modifications n,
e the coheretors @7, and ®% are unitary,
o O¢ - and @Y are unitary adjoint equivalences, and

7 o] 3 o [} 3
e the associators wy; ; - and unitors (%, 7y are unitary.

3. Q-system completion is a 3-functor

In this section, we rapidly recall the definition of Q-system completion for a C*/W* 2-
category from [CPJP21, §3|, and we prove Theorem 1.1 that Q-system completion is a
3-functor.

3.1. GRAPHICAL CALCULUS FOR Q-SYSTEMS AND THEIR BIMODULES. Q-systems were
first defined in [Lon94], and were subsequently studied in [LR97, Zit07, BKLR15]. For this
section, we fix a C*/W* 2-category C which we assume is locally unitarily Cauchy com-
plete, i.e., every hom 1-category has orthogonal direct sums and all orthogonal projections
split orthogonally.
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3.2. DEFINITION. A Q-system in C consists of a triple (@, m,i) where @Q € C(b — b),
m € C(Q®Q = Q), and i € C(1, = @), which satisfy certain axioms. We represent
b, Q,m,i and the adjoints m!, i’ graphically as follows:

-t @-2 @GB-- G-~ @-: @-

The Q-system axioms are as follows:

(Q1) (associativity) (J>\ — /d

(Q2) (unitality) h — ‘ —

(Q3) (Frobenius) N I m
(Q4) (separable) <> - ‘

We refer the reader to [Zit07, Prop. 5.17] or [CPJP21, Facts 3.4] for various dependencies
amongst these axioms.

3.3. DEFINITION. Suppose P € C(a — a) and @ € C(b — b) are Q-systems. A P — Q
bimodule is a triple (X, Ax, px) consisting of X € C(a — b), A\x € C(P® X = X),
and px € C(X ® Q = X), again satisfying certain properties. We represent a, b, X, P,
graphically by

=a =) | = X3 =P, | :be-

We denote Ay, px and A X pX by trivalent vertices:

Ax = + PX:+\ A = + PE{ZV

The bimodule axioms are as follows:

®1) (o) 4= AR B 8- R

(B2) (unitality) 1 = ‘ - N
(B3) (Frobenius) \ = B= ‘ and m = ﬁ - N
(B4) (separable) ] = ‘ - D

We refer the reader to [CPJP21, Facts 3.16] for various dependencies amongst these
axioms.
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3.4. DEFINITION. For C a C*/W* 2-category, its @Q-system completion is the C*/W* 2-
category QSys(C) whose:

e 0-cells are Q-systems (Q,m,i) € C(b — b),

e 1-cells between Q-systems P € C(a — a) and ) € C(b — b) are (unital Frobenius)
bimodules (, X3, A\x, px) € C(a — b), and

e 2-cells are bimodule intertwiners, i.e., given Q-systems ,P,, ;@ and P—() bimodules
aXby aYs, QSys(C)(pXg = pYp) is the set of f € C(, X = ,Y}) such that

?9

e l-composition in QSys(C) is performed by orthogonally splitting the separability

projector
S B L/ ‘\/ 3)

The object . X ®¢ Y, € QSys(C)(P — R) and a P — R b1modular coisometry uXY
X @Y = X ®¢gY, unique up to canonical unitary, such that pX,Y = (u(;?(VY)T*u%},.

We refer the reader to [CPJP21, §3.2] for the full details that QSys(C) is a t 2-category,
which is C*/W* whenever C is respectively.

3.5. REMARK. As mentioned in passing in [CPJP21, Facts 3.16], for C a C*/W* 2-
category, there is another C*/W* 2-category KarT(C) called the wunitary condensation
completion whose objects are unitary condensation algebras (satisfying (Q1), (Q3), and
(Q4), but not necessarily (Q2)), whose 1-morphisms are unitary condensation bimodules
(satisfying (B1), (B3), and (B4), but not necessarily (B2)), and whose 2-morphisms are
intertwiners. The constructions that follow in §3.7 below for the Q-system completion
have obvious analogs for the unitary condensation completion. As such, we include unital
constructions, but necessary verification will avoid the use of (Q2) and (B2) whenever
possible.

3.6. NoTATION. We use the graphical notation for QSys(C) from [CPJP21, §3.3], where
shaded regions for QQ-systems are denoted by colored regions, but trivial Q-systems are
still represented in gray-scale:

:P :Q :1a :1b.

If .P.,5Qp € QSys(C) are Q-systems and X € QSys(C)(P — @), then X may be also
viewed as a 1, — @, P —1;, and a 1, — 1, bimodule; we represent these four possibilities
by varying the shadings:

| =rXg | =1.Xo | =rXy, | =1.X

b
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We use a similar convention for intertwiners of bimodules. We often suppress the external
shading when drawing 2-cells in QSys(C); when we do so, it should be inferred that
the diagram/relation depicted holds for any consistent external shading applied to the
diagram(s).

Given X € QSys(C)(P — @) and Y € QSys(C)(Q — R), we denote the coisometry
ugyy and its adjoint in the graphical calculus of QSys(C) by

u%Y = }~ XY - X®gY and (u%y)T = }—

We thus get the following relations:

Q Q _ _ _: Q Q _ _ _ @
uX,Y*(uX,Y)T_ = = ldxgqy (uX,Y)T*uX,Y_ ’: = }‘ =Pxy-
We define canonical unitor trivalent vertices by
= A b g = B oo

It is straightforward to verify that AL and p% are unitaries (see [CPJP21, §3.3]). In this
graphical notation, the associator of QSys(C) is uniquely determined by the formula on
the left hand side:

Sys(C Sys(C
(043(7};,’(2)) = (O‘():(,Y,Z) — (a?(’};,fz)) = (ozg(’y’z)

(X®QY)®rZ=X®q(Y®RZ)

3.7. CONSTRUCTIONS ON 1-MORPHISMS, 2-MORPHISMS, AND 3-MORPHISMS IN 2Cat.
For this section, we fix two C*/W* 2-categories C, D.

3.8. CONSTRUCTION. [CPJP21, Const. 3.29] A 1 2-functor F' : C — D between C*/W*
2-categories induces a f-2-functor QSys(F') : QSys(C) — QSys(D).

e For (,Qy, m, i) € QSys(C), we define
QSYS(F)(12s) = () F(@) . Flim) % F g F(i) + F}) € QSys(D).
e For (pXg, A, p) € QSys(C)(P — @), we define

QSys(F)(pXq) := (F(X), F(\) x Fp x, F(p) x Fx o) € QSys(D)(F(P) — F(Q))
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e For f € QSys(C)(pXg = pYyp) we define

QSys(F)(f) = F(f) € QSys(D)(rp)F(X)r@) = rip)F'(Y)r@)-

Since F'is a t 2-functor, QSys(F') will be as well. Moreover, when A, B are W* and
F : A — B is normal, so is QSys(F').

o For p X € QSys(C)(P — Q) and oYr € QSys(C)(Q — R), we define
QSYS(FVay 1= Fluxy JeF y st )y, € QSYS(D)(F(X) @) F(Y) = F(X63Y)).
(4)
Finally, for a Q-system @ € C(b — b), we define

QSys(F)kg) := id € QSys(D)(1rig) = F(lg)).

For convenience of the reader, we provide a diagrammatic proof below that QSys(F') is a
T 2-functor. We graphically represent

= F Tl =F®ere FY) L =F(X@Y)
\“ = “FE% F(Y) " = F(“?{,Y)T ; i‘ LT F(P?(,Y)‘
We then define L
By definition of the separability projector (3) (X) ®p) F(Y), we have

R
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Using (4), unitarity of QSys(F')?, and that u is a coisometry, we have

These identities are used to prove the hexagon associativity coherence for QSys(F)? and
the triangle unit coherences for QSys(F)!:

For the rest of this section, we fix two { 2-functors F,G : C — D.

3.9. CONSTRUCTION. Given a f-transformation ¢ : F' = G, we define a {-transformation
QSys(¢) : QSys(F) = QSys(G). In the diagrams below, we suppress all coherence iso-
morphisms for ' and G.
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For a Q-system (,Qp, m,i) € QSys(C), we define QSys(¢)qy by orthogonally splitting
the orthgonal projection

F@-

QSys

Since

y@[y

e
Pb

F@Q) FQ)

For a 1-cell (pXg, A, p), we define QSys(¢)x : F'(X)®p ) QSys(¢)o = QSys(¢)p@c(p)
G(X) by

QSys(e)p G(X)

3
o

QSys(v)x =
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To see that QSys(y)x is unitary, we observe

FIX) QSys(e)g

QSys(i0)k * QSys(¢)x

Similarly, QSys(¢)x * QSys(9)k = Lasys(o)roemcx)-

To see that QSys(¢) : QSys(F') = QSys(G) is a 2-transformation, we observe

S PR SRR
F(X)  FY) QSys(¢)r

QSys(p)p G(X) G(Y)
o QVOOQQ 4
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This relation implies the monoidality coherence condition:

QSys(v) p
I G(X®qY)
To 0 “ol°

QSys(¢) p C'(X@Ozz Y) QSys(p)p  G(X®qY) QSys(¢)p G(X®cz Y) QSys(¢)p
.QQQQV o 19579 %0 Flo @ g V5 @

A B e S ¢ FX)T FO) T FX) R 1 X R 1
PX)F(Y) QSys(e)n F(X)  F(Y) QSys(e)r P RY) Qs QSys(e)r QSys(e)r QSys(e)r

Unitality is checked similarly. Finally, to check naturality, for a 2-cell f € C(pXg — pZg):

F(P, Pa G(P, G(X F(P, a G(P G(X
QSYS(‘P)P«(ZV) T B QSVS(v)P G(Z)
. - \EE K

(X) QSyS(w) X F@ e o) Y R e e F(X) QSys(¥)q

3.10. CONSTRUCTION. Suppose n : ¢ = 1 is a bounded modification between f-transformations.
We define a bounded modification QSys(n) : QSys(y) = QSys(¢) as follows. Given a Q-
system ,@Qp, € QSys(C), we define

QSYS(w)Q

QSYS( )]

FQ

It is clear that QSys(n') = QSys(n)'. The modification coherence axiom is verified by

F(P) Ya G(P) G(X) F(P) Ya G(P) (X)
O«zcc; & 00 Ve 950 80957900 0

QSyS(w) G(X)

PO QSy(P)e

CEX) F@ e G@ T RN F@ e 6@

By our construction, it is clear that when n : ¢ = 4 is invertible, QSys(n) : QSys(¢) =
QSys(v) is also invertible.
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3.11. CONSTRUCTION. Given A, B € 2Cat, F,G,H : A— B,and ¢ : F = G, v : G =
H, we construct QSysiw : QSys(p) ® QSys(v) = QSys(p ® 1) by

It is straightforward to verify (QSysgw)Q is unitary. The following calculation shows
QSysff’w is a modification:

Finally, we check the monoidality coherence axiom for QSys?,7 and we leave QSys? to the
reader:

Constructions 3.8, 3.9, 3.10, and 3.11 immediately imply the following proposition.

3.12. PROPOSITION. QSys as defined above is a t 2-functor on every hom 2-category
Fun'(A — B).

3.13. LEMMA. For F € 2Cat(A — B) and G € 2Cat(B — C), QSys(G) o QSys(F') =
QSys(G o F).

PROOF. By Constructions 2.17 and 3.8, for a 0-cell Q € QSys(A),
QSys(G o I)(Q) = G(F(Q)) = QSys(G)(QSys(F)(Q)) = [QSys(G) o QSys(F)]|(Q),
for a 1-cell X € QSys(A)(P — Q),
QSys(G o F)(X) = G(F(X))

[QSys(G) o QSys(F)](X),
and for a 2-cell f € QSys(A)(X =Y,
QSys(G o F)(f) = G(F(f)) = [QSys(G) o QSys(F)](f)-
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For a 0-cell Q € QSys(A), QSys(F)g, = id, so QSys(G o F)g, = id = (QSys(G) o QSys(F'))g-
For 1-cells X € QSys(A)(P — Q) and Y € QSys(A)(Q — R), we have
(QSys(G) o QSys(F))Xy

= QSys(G)(QSys(F)%,y) * QSys(G)qsys(r)(x).Qsys(F)(¥)

= QSys(G)(F(u$ y) * Fy * (9 pyy))) * QSYS(GV x) miy)

_ Q Q) F(Q) G(F(Q))
= G(F(uyy))* G(FX y) * G((uF(X),F(Y))T) *G(u F(X),F(Y)) * G%(X),F(Y) * (“G(F(X)),G(F(Y)))T
G(F
=G(F (UX y)) * G(FX y)* GF(X) F(Y)* (u GEFE)Q()))) G(F(Y)))T
GoF GoF (GoF)(Q) T
=(Go )(UX y)*(Go )X,Y * (u(GoF)(X),(GoF)(Y))
= stS(G e} F)X,Y
Hence QSys(G) o QSys(F') = QSys(G o F') as claimed. "

PrOOF PrROOF OF THM. 1.1. By Lemma 3.13, we may define each QSys, - : QSys(G) o
QSys(F) = QSys(G o F) to be the identity transformation, and we may define each
l-associator modification wy ; r to be the identity modification, as well as each unitor
modification /3. and rg. Theorem 1.1 follows immediately, i.e., QSys is a t 3-endofunctor. m

3.14. REMARK. The proof of Thm. 1.1 above also shows that Kar' is a t 3-endofunctor.

3.15. REMARK. Since 1-composition is strict in 2Cat, 2-categories and 2-functors form a
1-category where we forget all transformations and modifications. (Observe we have not
truncated, as this would identify equivalent 2-functors.) Lemma 3.13 shows that QSys is
a functor on this 1-category.

3.16. REMARK. It was pointed out to us by Thibault Décoppet and David Reutter that
our T 3-endofunctor QSys on C*/W* 2Cat should be left 3-adjoint to the inclusion of the
full 3-subcategory on the Q-system complete C*/W* 2-categories. We will not prove this
here as it would take us too far afield. We note, however, that this would endow QSys
with the structure of a symmetric lax monoidal T 3-endofunctor on C*/W* 2Cat, which
we expect is strong monoidal as a 3-functor from C*/W* 2Cat to the Q-system complete
C*/W* 2-categories, where the tensor product is the Q-system completion of the ordinary
tensor product.

At this time, we are unaware of a definition of a symmetric monoidal structure on an
algebraic tricategory, as well as a definition of symmetric (lax) monoidal 3-functor on an
algebraic tricategory in sense of [Gurl3]. The closest thing we are aware of is the notion
of an internal bicategory [DH12]; we caution the reader that the tricategories in this latter
article are expected but not known to be equivalent to those in [Gurl3]. We leave this
exploration to the interested reader.
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4. Universal property of Q-system completion

In this section, we give the strongest possible universal property which is satisfied by Q-
system completion. Namely, we prove Theorem 1.2, which states that the lift 2-category
of a 1 2-functor F': C — D from a C*/W* 2-category C into a Q-system complete C*/W*
2-category D is (—2)-truncated, i.e., equivalent to a point. We now define the necessary
terms to prove this theorem, and we explain the proof strategy from [JMPP19, §3.1].

4.1. LIFT CATEGORIES AND HOMOTOPY FIBERS.

4.2. DEFINITION. Suppose C, D, £ are C*/W* 2-categoriesand F : C - Dand G :C — &
are T 2-functors. The lift 2-category of F' along G is the homotopy fiber 2-category of the
pre-composition 2-functor — o G : Fun’(§ — D) — Fun'(C — D) at F € Fun!(C — D).
We remind the reader that the definition of — o — in 2Cat is detailed in Construction 2.17
above.

4.3. REMARK. We now further unpack Defintion 4.2. The lift 2-category of F' along G
has:

e objects: pairs (A, «), where A : € — D is a  2-functor and a : ' = Ao G is a
unitary 2-transformation.

c— 9 ¢
5 l
A
F
D.

e l-morphisms: pairs (¢, m) : (A,a) — (B, ), where ¢ : A = Bisa } 2-transformation
and m: = a® (po @) is a unitary 2-modification:

£ c— ¢ ¢
m &7& ®
B = Al =B
D.

D

c —%——
“

F

e 2-morphisms: p: (p,m) = (¥,n), where p: ¢ = 1 is a T 2-modification such that

=7 m% poG
Yol = poG|| = ||yoc

Bod. Bo(@d
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Recall that for a 2-category C, its core is the 2-subcategory core(C) with only in-
vertible 1-cells and invertible 2-cells. When C is C*/W*, its unitary core core'(C) is the
2-subcategory of core(C) with only unitary 2-cells. In a C*/W* 2-category, by polar de-
composition for invertible 2-cells, there exists an invertible 2-cell C(,X, = ,Y;) if and
only if there exists a unitary 2-cell, so the connectivity of core(C) and core' (C) agree.

We pass to cores in order to take advantage of the notion of k-truncated 2-functor
between 2-groupoids from [JMPP19, §3.1].

4.4. DEFINITION. [cf. [JMPP19, Def. 3.3]] Suppose C, D are 2-groupoids and U : C — D
is a 2-functor. We call U k-truncated or (k + 1)-monic [BS10, §5.5] if U is:

e k& =2: (no condition)

e k = 1: faithful on 2-cells

e k= 0: fully faithful on 2-cells

e k= —1: an equivalence on hom-categories

e kL = —2: an equivalence of 2-categories.

The following proposition connects the notions of a k-truncated 2-functor between
2-groupoids and its homotopy fibers.

4.5. PROPOSITION. [cf. [JMPP19, Prop. 3.4]] Suppose C,D are 2-groupoids, and U : C —
D is a 2-functor. For every —2 < k < 2, U s k-truncated if and only if at each object
d € D, the homotopy fiber hoFiby(U) is k-truncated as an 2-groupoid, i.e., homotopy
equivalent to a k-groupoid.*

4.6. DOMINANCE AND TRUNCATION. Observe that —oG : Fun'(€ — D) — Fun'(C — D)
restricts to a  2-functor — o G : coref (Fun'(§ — D)) — coref(Fun’(C — D)). Hence, in
order to apply Proposition 4.5 to the { 2-functor — o G, we need (essential) surjectivity
conditions on — o GG. (Being faithful on 2-morphisms is being surjective on equalities
between 2-morphisms.) A suitable notion of (essential) surjectivity for a linear 2-functor
is dominance, which we define via the notion of condensation in a 2-category [GJF19].

4.7. DEFINITION. Suppose C is a 2-category and a,b € C are O-cells. A condensation X :
a - b consists of 1-cells , X3, 3 X and 2-cells ex : , X*®, Xp — 1y and dx : 1, = , X*®, X}
such that ex x dx = 1;,. Graphically, we denote X : a = b by

=a =0 = oXb | =X,

a

M =¢x U =6y such that O =1y,

When C is C*/W*, a condensation X : a - b is called a dagger condensation if §x = 83(.

'We use ‘negative categorical thinking’ [BS10] when k = —2,—1,0. That is, a 0-groupoid is a set, a
(—1)-groupoid is either a point or the empty set, and a (—2)-groupoid is a point.
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4.8. DEFINITION. A 2-functor G : C — & is called:
e (-dominant if for all e € &, there is a condensation G(c) - e for some ¢ € C,

o locally dominant if every hom functor G, : C(a — b) — E(G(a) — G(b)) is
dominant as a linear functor, and

e dominant if G is both 0-dominant and locally dominant.
When G is a T 2-functor between C*/W* 2-categories, we call G

e orthogonally 0-dominant if for all e € &, there is a dagger condensation G(c) = e
for some ¢ € C,

e locally orthogonally dominant if every hom functor G,_; is orthogonally dominant
as a linear f-functor, i.e., every 1-cell g)Yawr € & is unitarily isomorphic to an
orthogonal direct summand of some ¢(q)G(X)a@), and

e orthogonally dominant if G is both orthogonally O0-dominant and locally dominant.

4.9. REMARK. There is an analogous notion of k-dominance for an n-functor G between
n-categories for 0 < k < n — 1: every k-morphism between two parallel £ — 1 morphisms
in the image of G should admit a condensation from a source in the image of G.

For the propositions in this section, we work with algebraic 2-categories and 2-functors,
and we make particular comments about the C*/W* setting.

4.10. PROPOSITION. If a 2-functor G : C — £ is 0-dominant, then the 2-functor —o G :
Fun(¢ — D) — Fun(C — D) is faithful on 2-morphisms. In the C*/W* setting, if
G : C — & is orthogonally 0-dominant, then — o G : Fun'(§ — D) — Fun'(C — D) is
faithful on 2-morphisms.

PROOF. Let A, B € Fun(é — D) and ¢,y : A = B. Suppose m,n : ¢ = 1 and
moG = noG. We show m = n. For each e € &, there exists a 0-cell ¢ € C and a
condensation X : G(c) = e. We denote G(c),e € D, gXe € D(G(c) — e), and the
functors A, B graphically by

— G(C) = € | — G(C)Xe — A 30047:00;:- — B (5)

The modification axiom implies the following:

Hence m = n, as claimed. [
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4.11. PROPOSITION. If a 2-functor G : C — & 1is dominant, then the 2-functor — o G :
Fun(C — &) — Fun(C — D) is fully faithful on 2-morphisms. An analogous statement
holds in the C*/W* setting.

PRrROOF. It suffices to show — o G is full on 2-morphisms. Suppose A, B € Fun(€ — D),
v, : A= B,and p: oG = Y oG. We show there exists n : ¢ = 1 such that p =noG.
First, for each 1-cell X € £(G(c) — G(¢)), there exists a 1-cell Y € C(c — ¢) such

that G(Y) = X is a retract, i.e.,, rs = 1x. Since p: p o G = 1) o G is a 2-modification,

building on our graphical conventions (5),

where =G(d) = a0 G(Y) (e

U S e b
AG(Y) ¥aG(e) AG(Y) ¢®a(e)

This implies that for any X € £(G(c) — G()) (and not just 1-cells in the image of G!),

- A(X) . ZPG(C/)
Next we construct n : ¢ = @ such that p = noG. For each c € C, we define ng() := p.
so that p. = (n o G)., and p = n o G, provided we can extend n to a modification. For

each e € &, there exists a 0-cell ¢ € C and a condensation X : G(c) = e. We define n, as
follows

We prove n is a 2-modification ¢ = 1. Suppose ¢’ € £ is a O-cell and Z € E(e — ¢) is a
1-cell. Let X' : G(¢’) =» €’ be a condensation for some 0-cell ¢ € C. Using the graphical
conventions
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we see that

In the third equality above, we used the fact that X ®. Z ®. (X')* € E(G(c) — G(')) to
apply (6). This completes the proof. n

4.12. PROOF OF THEOREM 1.2. In this section, we prove Theorem 1.2. We begin by
recalling the construction of the canonical inclusion ¢¢ : C < QSys(C).

4.13. CONSTRUCTION. [CPJP21, Const. 3.24] For each A € 2Cat, there is a canonical
inclusion strict { 2-functor ¢4 : A — QSys(A) defined as follows:

e For a € A, a — 1,, the trivial Q-system.
e For ,X;, € A(a — b), X is a separable 1, — 1, bimodule, so X maps to itself.
e For f € A(X =Y), f is automatically 1, — 1, bimodular, so f maps to itself.

4.14. CONSTRUCTION. Suppose F € Fun'(A — B). We construct an invertible transfor-
mation ¥’ : g0 F = QSys(F) o 4.
By Constructions 3.8 and 4.13, for a 0-cell b € A, we have

(to F)(b) = w(F (b)) = 1rpy  and  (QSys(F)ora)(b) = QSys(F)(1s) = F(1,).
For a 1-cell X € QSys(A)(P — Q), we have an equality
(t5 0 F)(X) = ws(F (X)) = F(X) = QSys(F)(X) = (QSys(F) o 1.4)(X),
as well as for a 2-cell f € QSys(A)(X = X'):
(150 F)(f) = ws(F(f)) = F(f) = QSys(F)(f) = (QSys(F) o ta)(f).

Now F'(1,) is equivalent to the trivial Q-system 1p(), and thus for every X € A(a — b),

F(L)
Up(X), 10 - F(X) @1y, Lre) = F(X) ®ra,) Lee)

F(la)

from (3.6) is unitary; similarly, U o F(X) is a unitary. We define:

e For O-cella,b € Aand 1-cell X € A(a — b), we define ¢} := 1p) as an F(1,) —1p)
bimodule, which is clearly invertible.
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e For , X, € A, we define
Lr@  F(X)

b BT @ gy

1p(a),F

F(X) .IF:(b)
Clearly % is unitary.

We leave the verification that 1! is a 2-transformation to the reader.

Suppose now C,D are C*/W* 2-categories with D Q-system complete. We apply the
propositions from §4.6 in the case that &€ = QSys(C) and G = «c.

4.15. LEMMA. ¢ s dominant.

PROOF. For each 0-cell/Q-system ,Q, € QSys(C) where b € C, @ : te(b) = 1, » Q is a

dagger condensation when equipped with the 1-cells ,Q¢g = | , Q) =@y = | , and
the 2-cells
— _ _ 1 T _ _
/l\ =fQ \T/ =dg =¢q a fQEQ = <> = ‘ = idyq, -
The result now follows as (¢ is a local equivalence on hom categories by definition. ]

4.16. PROPOSITION. —ou¢ : Fun'(QSys(C) — D) — Fun'(C — D) is a dagger equivalence
on hom categories.

ProoOF. By Lemma 4.15, t¢ is dominant, so by Proposition 4.11, — o ¢¢ is fully faithful
on 2-morphism. To prove — o (¢ is a dagger equivalence on hom categories, it remains
to prove — o (¢ is unitarily essentially surjective on 1-morphisms, i.e., for all A, B €
Fun'(QSys(C) — D) and each 1-morphism v : Aot = B o i, there exists p : A = B
such that v = ¢ o .

For 0-cells/Q-systems Py, ,Q» € QSys(C) and a 1-cell pXg € QSys(C)(P — @), we
define g € D(A(Q) — B(Q)) and

px € D(ap)A(X) ®a) Papg = arvr @sr) B(X)g )

by
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Then for each 0-cell b € C, and 1-cell ,X;, € C(a — b), by Construction 2.17,

(pote)y=iey =1, =M  and  (poic)x = Pie(x) = Px = Vx

where the latter is viewed as 1, — 1, bimodular. Therefore ¢ o1z = 7 as desired, so — o ¢
is gives a dagger functor on hom 1-categories whose underlying functor is an equivalence.
Since FunT(C — D) is C*, — o i¢ is a dagger equivalence on hom 1-categories by polar
decomposition as discussed in Remark 2.12. [

PROOF OF THEOREM 1.2. By Propositions 4.5 and 4.16, — o ¢ is (—1)-truncated when
restricted to unitary cores, i.e., the homotopy fiber at each F € core!(Fun'(C — D)) is
either empty or equivalent to a point. By Constructions 3.8 and 4.14, the homotopy fiber
of —ou¢ is non-empty at each F' € Fun'(C — D). Indeed, since D is Q-system complete, tp
is invertible, so there exists a { 2-functor ¢ : QSys(D) — D together with an invertible {
2-transformation 0p : 1p = 1" oup. Thus 155! 0 QSys(F) provides the desired lift together
with the composite invertible transformation

QSys(C) — 2 Qsys(D)

g s g N g
C - > D.

— D

7

Thus the homotopy fiber of —ou¢ at each ' € coref(Fun'(C — D)) is equivalent to a point.
By Proposition 4.5, — o ¢ is (-2)-truncated when restricted to unitary cores. This implies
—ote : Fun' (€ — D) — Fun'(C — D) is essentially surjective on objects. Again by Remark
2.12, Proposition 4.16, and [JY20, Thm. 7.4.1], — o t¢ : Fun'(§ — D) — Fun'(C — D) is
a t-equivalence of C*/W* 2-categories. ]

4.17. REMARK. Observe that we did not really need to pass to (unitary) cores, nor use
Proposition 4.5. Indeed, — o t¢ is an equivalence on hom categories by Proposition 4.16
and essentially surjective on objects by (7), and thus an equivalence by [JY20, Thm. 7.4.1]
and Remark 2.12.
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