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Abstract

In this paper we state the basic results on Gr-functors between Gr-
categories. They allow one to prove precise theorems on the classification
of (braided) categorical groups and their (braided) monoidal functors.
We also obtain some well-known results in algebra.

Introduction

Monoidal categories (symmetric monoidal categories) can be “refined” to be-
come categories with (abelian) group structure if the objects are all invertible
(see [8, 14]). When the underlying category is a groupoid, we obtain the no-
tion of (symmetric) categorical group, or Gr-category (Picard category). The
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structures of Gr-categories, Picard categories were dealt with by H. X. Sinh in
[15]. Braided categorical groups were originally introduced by A. Joyal and R.
Street in [7] as extensions of Picard categories. The category BCG of braided
categorical groups and braided monoidal functors was classified by the category
Quad of quadratic functions. These classification theorems were applied and
extended in works on (braided) graded categorical groups [3, 5], in those on
fibred categorical groups [2], and they led to many noticeable results. However,
reviewing even the most basic theory of monoidal categories is interesting and
useful for the further studies.

The classification of Gr-categories whose pre-stick of type (II, A) was done
by H. X. Sinh in [15], but her thesis was never published, and now quite hard
to find. Also, while the results on classification of Gr-categories, braided Gr-
categories were greatly clarified by A. Joyal and R. Street in [6], this section
was omitted from the final published version [7]. J. Baez and A. Lauda [1]
summarized in detail the results on Gr-categories, but they did not mention the
classification. Our first aim is to fill this gap. In concrete, we show the results
on Gr-functors and use them as a common technique to state classification
theorems for categorical groups, braided categorical groups. The second aim is
to show some algebraic applications of the obstruction theory of Gr-functors.

The plan of this paper is, briefly, as follows. In the first section we review the
construction of a Gr-category of type (II, A, h), a reduction of a Gr-category,
due to H. X. Sinh [15].

In the second section we prove that each Gr-functor between reduced Gr-
categories is one of type (¢, f). Then, we introduce the notion of obstruction
of a functor of type (¢, f) and classify up to cohomology all these functors.

The next section is devoted to showing the precise classification theorem
of the category of Gr-categories and Gr-functors, a fuller version of classifica-
tion theorem of H. X. Sinh. The case of braided Gr-categories follows as a
consequence.

Section 4 is dedicated to stating two applications of the obstruction theory
of Gr-functors. Firstly, we define the Gr-category of an abstract kernel as an
example for general theory. This leads to an interesting consequence: a Gi-
category can be transformed into a strict one (H. X. Sinh proved this result in
a completely different way [16]).

Secondly, we also use the Gr-category of an abstract kernel to classify group
extensions by Gr-functors. Then we obtain long-known results on the group
extension problem.

We should remark that Proposition 5 is used to introduce a new proof of the
Classification Theorem for graded Gr-categories [12] by the method of factor
sets, and a version of Proposition 5 for Ann-functors [11] is used to classify
Ann-functors.
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1 Preliminaries

We recall briefly some basic facts and results about monoidal categories.
A monoidal category (G,®,1,a,1r)is a category G together with a tensor
product ® : G x G — G, an unit object I, and natural isomorphisms

axyz: XY ®Z) - (XeY)®Z,
Ix : IX >X,rx: X®I— X,

(called, respectively, the associativity and the left-unit, and the right-unit con-
straints). These constraints satisfy the pentagon axiom

(ax,y,z ®idr) ax,yezr (Idx @ ay z 1) = axey,z,T aX,v,Z0T (1)

and the triangle axiom

idx ®ly = (rx ®idy)ax,ry. (2)

A monoidal category is strict if the associativity constraint a and the unit
constraints 1, r are all identities.

Let G = (G,®,I,a,1r) and G = (G',®,I’,a’,l',r’) be monoidal cate-
gories. A monoidal functor from G to G/, (F,F,F,), consists of a functor
F :G — G/, an isomorphism F, : I’ — FI, and natural isomorphisms

Fxy :FX®FY - F(X®Y)
such that for all X,Y, Z € G, coherence conditions hold
F(ax,y,z) o ﬁx,yz o (idrpx ® ﬁy,z) = ﬁX@Y,Z o (ﬁx,y Qidpz)oa px py,Fz,
tox = F(rx)oFxo(id®F,): FX®I — FX,
Iy = F(lx) o Frx o (F,®id) : I' ® FX — FX.
A natural monoidal equivalence or a homotopy « : (F, 15, F,) — (G, C~¥, G.)
between monoidal functors from G to G’ is a natural equivalence o : F' — G

such that
G* = Qayo F*;

axgy © ﬁX,Y = éx,y o(ax ®@ay).

A monoidal equivalence between monoidal categories is a monoidal functor
F : G — G’ such that there exists a monoidal functor G : G’ — G and homo-
topies a : G.F — idg, 8 : F.G — idg/. (F,F,F.) is a monoidal equivalence if
and only if F' is an equivalence.

A Gr-category is a monoidal category in which every object is invertible and
every morphism is an isomorphism. If (F, F', F.) is a monoidal functor between
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Gr-categories, it is called a Gr-functor. Then the isomorphism F : I' — FI
can be deduced from F' and F'.

Let us recall some known results on Gr-categories (see [15]). Each Gr-
category G is equivalent to a Gr-category of type (II, A) which can be described
as follows. The set myG of isomorphism classes of the objects in G is a group
where the operation is induced by the tensor product in G, and the set 7 G of
automorphisms of the unit object I is an abelian group where the operation,
denoted by +, is composition. Moreover, G is a moG-module with the action

S’U,:’y)_(ltsx(’u,), X e S, S GWOG, ’U:GTf'lG,

where vx, dx are respectively defined by the following commutative diagrams

X vx (u) X b Sx (u) b
le TIX PxT T!‘X
Tox ‘24, 1ex, Xol 9%, xor.

The reduced Gr-category Sg of G is a category whose objects are elements
of moG and whose morphisms are automorphisms (s,u) : s — s, where s €
710G, u € mG. The composition of two morphisms is induced by the addition
in 7T1(G

(s,u).(s,v) = (s,u +v).

The category Sg is equivalent to G by canonical equivalences constructed as
follows. For each s = [X] € myG, choose a representative X € G such that
X1 =1, and for each X € s, choose an isomorphism ix : Xg — X such that
ix., =1idx, . For the set of representatives, we obtain two functors

G:G— Sg, H: 5z — G,
G(X) =[X] = s, H(s) = X, (3)
G(X L Y) = (5,795 Gy fix)), H(s,u) = 7x, (u).

Two functors G and H are categorical equivalences by natural transforma-
tions
a=(ix): HG % idg, B=id:GH =idg,.

They are called canonical equivalences.
Via the structure transport (see [12, 15]) by the quadruple (G, H, a, 3), Sg
becomes a Gr-category together with the following operations

s@t=st, s,temnG,
(s,u) ® (t,v) = (st,u+ sv), wu,vemG.
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The set of representatives (Xs,ix) is a stick of the Gr-category G whenever

irex, = lx,, ix.e1 = Ix,- (4)

The unit constraints of the Gr-category Sg are therefore strict, and its asso-
ciativity constraint is a normalized 3-cocycle h € Z3(moG, 71 G). Further, the
equivalences GG, H together with natural isomorphisms

Gxy = Glix ®iy), Her =ix oy, (5)

become Gr-equivalences.

The Gr-category Sg is a reduction of the Gr-category G. Sg is said to be of
type (I1, A, h), or of type (I1, A) if oG, m1G are replaced with a group IT and a
IT-module A, respectively.

2  Classification of Gr-functors of type (¢, f)

In this section, we show that each Gr-functor (F,F) : G — G  induces a
Gr-functor Sr between the reduced Gr-categories. This allows us to study the
existence of Gr-functors and to classify all these functors between Gr-categories
of type (II, A). The following proposition appeared in many works related to
categorical groups.

Proposition 1 ([15]). Let (F,F) : G — G’ be a Gr-functor. Then, (F,F)
induces a pair of group homomorphisms

Fy:mG — mG, [X]— [FX],

FomG— 7T1G,, U — 7}?}(Fu)

satisfying Fyi(su) = Fo(s)Fy(u).

Our first result is to strengthen Proposition 1 by Proposition 4 thanks to the
fact that each Gr-functor (F, F) : G — G’ induces a Gr-functor Sg : Sg — Sg/.
We need two following lemmas

Lemma 2. Let G,G' be two ®-categories with, respectively, unit constraints
(I,Lr), (I'V,r)), and (F,F, F,) : G — G’ be an ®-functor which is compatible
with the unit constraints. Then, the following diagram commutes

Ypr (W)
FI —— FI

Fy F

I ——T.
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It follows that
vpp(Fu) = F7 F(u)F,,

i.e., the definitions of the map m F in [3] and of the map Fy in Proposition 1
coincide.

Proof. Clearly, v;/(u) = u. Moreover, the family (vx/(u)), X’ € G/, is an

endomorphism of the identity functor idg . So the above diagram commutes.
The final statement is deduced from the above commutative diagram in

which w is replaced by v (Fu). O

Lemma 3. Under the hypothesis of Lemma 2, we have
Fryy (u) = Trx (7;11FU')'
Proof. Consider the following diagram

4

| (5)
rerx 2% pre Px —= Pl X) —2, px
F
| |
oy Fu®id (1) Fufid (2) F(ueid) (3) Fryx (u)
/ F !
4

4

In this diagram, the regions (4) and (5) commute thanks to the compatibility
of the functor (F, F) with the unit constraints. The region (3) commutes due
to the definition of vx (taking images via F'), the region (1) commutes by
Lemma 2. The commutativity of the region (2) follows from the naturality of

the isomorphism F. Therefore, the outer perimeter commutes, i.e., Fryx (u) =
—1
vrx (Vpr Fu). O

Remark on notations: Hereafter, if there is no extra words, S and S’ are
referred to Gr-categories of type (IT, A, h) and (IT', A’, h'), respectively.
A functor F : S — §' is called a functor of type (¢, f) if

F(x) = p(x), F(r,u)= (o), f(u)), (6)

where ¢ : IT — II'; f : A — A’ are group homomorphisms satisfying f(za) =
p(x)f(a) for z € I,a € A.

Proposition 4. Each Gr-functor (F, 15) : G — G’ induces a Gr-functor Sp :
Se — Sor of type (¢, f), ¢ = Fo, f = F1. Further,

Sp=G'FH,
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where H, G’ are canonical equivalences.

Proof. Let K = G'F H be the composition functor. One can verify that K (s) =
Fy(s), for s € moG. We now prove that K(s,u) = (Fy(s), Fi(u)) for any
morphism w : I — I. We have

K(s,u) = G'FH(s,u) = G'(Fyx, (u)).

Since H'G' ~ idg by the natural equivalence o = (iy,), the following
diagram commutes (note that X = H'G'FX,)

x, —" . FX,
H'G' Fyx, (u)l vaxs (u)
x, — . FX,.
According to Lemma 3, we have
Fyx,(u) = yrx, (e F(u)).

Besides, since the family (vyx/) is a natural equivalence of the identity func-
tor idg/, the following diagram commutes

X, — FX,

Ty ) | [P i)

i

X, —" . FX,.
Hence, H'G'Fryx, (u) = vx: (vp1 F(u)). By the definition of H', we have
G'Fryx, (u) = (Fo(s), vpr F(w)) = (Fo(s), Fi(u)).
This means K = Sp. O
We now describe Gr-functors between Gr-categories of type (II, A).
Proposition 5. Every Gr-functor (F, F):S — S is a functor of type (¢, f).

Proof. For x,y € 11, ﬁry :Fx® Fy — F(x®y) is a morphism in §'. It follows
that Fx.Fy = F(zy). So if one sets p(z) = Fz, then ¢ : IT — II' is a group
homomorphism.

We write F(z,a) = (¢(x), fz(a)). Since F is a functor, we have

F((z,a).(z,b)) = F(x,a).F(x,b).

It follows that
fe(a+b) = fo(a) + fu(b).
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Therefore, f, : A — A’ is a group homomorphism for each z € II. Besides,
since (F, F') is an ®-functor, the following diagram commutes

Fu®FvJV JVF(U®U)
for all u = (x,a), v = (y,b). Hence, we have

Flu®v)=Fu® Fv
& fuoy(a+zb) = fu(a) + p(z).f,(b)

& fay(a) + fay(20) = fo(a) + (). £, (b). (7)
In the relation (7), x = 1 yields f,(a) = fi(a). Hence, f, = fi for all y € IL
Write f, = f and use (7), we obtain f(zb) = p(x).f(b). O

Note that if II"-module A’ is regarded as a IT-module with the action za’ =
p(z).a’, then f: A — A’ is a homomorphism of IT-modules. Since

Fuy = (F(zy), gr(z,y)) : Fo.Fy — F(ay),

where gp : II2 — A’ is a function, gr is said to be associated to F. The
compatibility of (F, F') with the associativity constraint leads to the relation

©*h' — foh = 0(gr),

where

(f*h)(xa Y, Z) = f(h(xa Y, Z))a
(1) (z,y,2) = W (pz, py, z).

One can see that two Gr-functors (F, F), (F’, F') : S — S/ are homotopic if and
only if F/ = F, i.e., they are of the same type (¢, f), and there is a function
t: 11 — A’ such that gp = gp + Ot.
We refer to
Homy,, 1S, S].

as the set of homotopy classes of Gr-functors of type (¢, f) from S to S.

In order to find the sufficient condition to make a functor of type (¢, f)
become a Gr-functor, we introduce the notion of the obstruction as in the case
of Ann-functors (see [11]). If h and A’ are associativity constraints of Gr-
categories S and S, respectively, and F' : S — §’ is a functor of type (¢, f),
then the function

k= h — f.h (8)
is called an obstruction of F.
Keeping in mind that S = (II, A, h), S’ = (I, A’, h'), we have



N. T. Quang, N. T. Tauy, P. T. Cuc 171

Theorem 6. The functor F : S — S of type (p, ) induces a Gr-functor if
and only if its obstruction [k] = 0 in H3(II, A’). Then, there exist bijections

Hom,, )[S,S'] « H*(IL, A'), (9)
Aut(F) « Z1 (11, A").
Proof. 1If (F, Z;) :S — §' is a Gr-functor, then (F, 15) = (¢, f, gr), where
©*h' — f.h=09(gr) € B*(IL, A').

Therefore, [p*h'] — [f«h] =0 in H3(II, A").

Conversely, if [¢*h'] —[f.h] = 0, then there exists a 2-cochain g € Z2(II, A’)
such that ¢*h' — f.h = 0g. Take F to be associated to g, one can see that
(F, F) is a Gr-functor.

i) If (F,F):S — § is a Gr-functor, then F = (o, f, gr). Let gp be fixed.
Now if

(K,K):S—§
is a Gr-functor of type (i, f), then d(gr) = ©*h' — fuh = 0(gx ). It follows that
gr — gk is a 2-cocycle. Consider the correspondence

©: [(K, K)] ~ [gr — gx]

between the set of equivalent classes of Gr-functors of type (¢, f) from S to S’
and the group H2(II, A).
First, we show that the above correspondence is a map. Indeed, let

(K',K'):S —§
be a Gr-functor and u : K — K’ be a homotopy. Then K, K’ are of the same
type (¢, f) and g = gk + Ot where g, gx are, respectively, associated to
K,K' ie., [gr — gx'] = [gr — gk] € H*(II, 4).
Furthermore, @ is an injection.
Finally, we show that the correspondence ® is a surjection. Assume that g
is an arbitrary 2-cocycle, we have

d(gr — g) = 0gr — 0g = g = ©"h' — f.h.
Then, there exists a Gr-functor
(K,K):S— ¢

of type (¢, f) where natural isomorphisms K = (e, gr—g). So ® is a surjection.
ii) Let FF = (F, F) : S — S’ be a Gr-functor and ¢ € Aut(F). Then, the equality
gr = gr + Ot implies that 0t = 0, i.e., t € Z1(II, A"). ]



172 Monoidal functors between (braided) Gr-categories and...

3 Classification of (braided) Gr-categories

Each Gr-category G has two first invariants as the group moG and moyG-module
m1G. The set of Gr-categories having the same two first invariants was classified
by the cohomology group H3(moG,m1G) (see [15]). Now, we will state the
precise theorem on classification of Gr-categories and Gr-functors.

Let CG be a category whose objects are Gr-categories, and whose mor-
phisms are monoidal functors between them. We determine the category
H3,. whose objects are triples (II, A, [h]) where [h] € H3(II, A). A morphism
(o, f) : (I, A, [r]) — (IU, A, [1']) in HE,, is a pair (¢, f) such that there is a
function g : 12 — A’ so that (i, f,g) : (II, A, h) — (I'; A’ h’) is a Gr-functor,
ie., [¢*h'] = [f.h] € H3(II, A’). The composition in HY, . is given by

(@, ol f) = (e, ff)

One can observe that two Gr-functors F, F': G — G’ are homotopic if and
only if F; = F!,i=0,1, and [gr] = [gr']. Denote the set of homotopy classes
of Gr-functors G — G’ which induce the same pair (¢, f) by

HOHl(Lp’f) [G, G/] .

We now state a version of Proposition 8 [6], in which the classifying functor
d is not simply “inverse” of that in Proposition 8 [6], but it contains more
information in this classification.

Theorem 7 (Classification Theorem). There is a classifying functor

d: G — HE .
G = (mG,mG, [hg])
(F,F) (Fo, FY)

which has the following properties
i) dF is an isomorphism if and only if F' is an equivalence.
ii) d is surjective on objects.
iii) d is full, but not faithful. For (o, f): dG — dG’, there is a bijection

d : Hom, 1[G, G'] — H?(mG, mG'). (10)

Proof. In the Gr-category G, for each stick (X, ix) we can construct a reduced
Gr-category (moG, 711G, h). If the choice of stick is modified, then the 3-cocycle
h changes to a cohomologous 3-cocycle h/. Therefore, G determines a unique
element [h] € H?(moG, m1G). This shows that d is a map on objects.

For Gr-functors

F F’
G = G/ N GN,
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one can see that (F'F) = FjFy. Since (F'F). is the composition

5 e T8 per

3

then for u € Aut(I) we have
(F'F)iu= (F'F); (F'F)yu(F'F).

=F'F/(F;Y)F'FuF'(F,)F]
= F7'F/(F)F. = F(Fu).

That is,
d(F' o F) = (dF') o (dF).

Clearly, d(idg) = idgg. Therefore, d is a functor.
i) According to Proposition 1.
ii) If (I, 4, [h]) is an object of HE,., S = (I, A, h) is a Gr-category of type
(I1, A) and obviously dS = (I, A, [h]) .
iii) Let (¢, f) be a morphism in Homggs, (dG, dG’). Then, there exists a func-
tion g : (m0G)? — m G’ such that

¢ hg: = fuhg + 0g.
Hence, by Theorem 6,
K = (p,f,9): (m10G, G, hg) — (7¢G', mG', hg/)

is a Gr-functor. Then, the composition Gr-functor FF = H'KG : G — G’
induces dF = (¢, f). This shows that the functor d is full.
To prove that (10) is a bijection, we prove the correspondence

Q : Homy, 5)[G, G']—=Hom(, 1 [Sg, S¢’] (11)

[F] — [SF]

is a bijection.

Clearly, if F,F’ : G — G’ are homotopic, then the induced Gr-functors
Sg,Sp : Sg — Sgr are homotopic. Conversely, if F, F’ are Gr-functors such
that Sg, S are homotopic, then the compositions £ = H'(Sp)G and E' =
H'(Sp/)G are homotopic, where H', G are canonical Gr-equivalences. The Gr-
functors F and E’ are homotopic to F and F”, respectively. Hence, F' and F’
are homotopic. This shows that €2 is an injection.

Now, if K = (¢, f,g) : S¢ — Sg’ is a Gr-functor, then the composition

F=HKG:G—-G
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is a Gr-functor satisfying Sp = K, i.e., €0 is a surjection. Finally, the bijection
(10) is the composition of (9) and (11). O

By Theorem 7, one can simplify the problem of classifying of Gr-categories
up to equivalence by the one of Gr-categories having the same (up to an iso-
morphism) two first invariants. This was done by H. X. Sinh [15]. However,
to make it easy for the readers we will state this result in detail based on the
above data.

Let IT be a group and A be a I[T-module. We say that a Gr-category G has
a pre-stick of type (II, A) if there exists a pair of group isomorphisms

p:II— G, ¢:A—mG
which are compatible with the action of modules

q(su) = p(s)q(u),

where s € II,u € A. The pair € = (p, q) is called a pre-stick of type (II, A) to
the Gr-category G.

A morphism between two Gr-categories G, G’ whose pre-sticks are of type
(IT, A) (with, respectively, the pre-sticks € = (p, q), ¢ = (p/,¢’)) is a Gr-functor
(F, 15) : G — G’ such that the following diagrams commute

F F

WQG WQG/ 7T1(G 7T1G/

N N

0 1
I A

where Fy, F} are two homomorphisms induced by (F, F).
Clearly, it follows from the definition that Fj, F} are isomorphisms and
therefore F' is an equivalence. Denote by

CGIL, A]

the set of equivalence classes of Gr-categories whose pre-sticks are of type
(IL, A).

Theorem 8 ([15]). There exists a bijection
I':CG[M, A] — H3(II, A),
(G] = ¢ "p"[he].

Proof. By Theorem 7 , each Gr-category G determines uniquely an element
[hg) € H?(moG, m1G), and therefore

elhc] = q; 'p*[he] € HP(IL, A).
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Now, if F': G — G’ is a morphism between two Gr-categories whose pre-sticks
of type (II, A), then the induced Gr-functor Sg = (¢, f, gr) satisfies

¢*[he] = filhe].
It follows that
6/[/1@/] = G[h([;].
This means I' is a map. Moreover, it is an injection. Indeed, suppose that
I'[G] = T'[G'], we have
¢ (he) — e(hg) = 9g.

Therefore, there exists a Gr-functor J of type (id, id) from J = (I, A, ¢(hg)) to
J = (11, A, €(hg)). The composition

(L JEA (R e
implies [G] = [G'], and T is an injection. Obviously, I" is surjective. O

We now move to the case of braided Gr-categories.

A Gr-category B is called a braided Gr-category if there is a braiding c, i.e.,
natural isomorphisms ¢ =cxy : X ® Y — Y ® X, which is compatible with
a, L, r in the sense of satisfying the following coherence conditions:

(idy @ cx z)ay, x,z(cx,y ®idz) = ay,z xCx,y 023X,y 7 (12)

(cx.z ®idy)ay', y (idx ® cy.z) = az'x yexav,zaxy z- (13)

If the braiding c satisfies cx y - ¢y,x = id then braided Gr-categories are called
symmetric categorical groups, or Picard categories. Then the relations (13) and
(12) coincide.

If (B,c) and (B/,c’) are braided Gr-categories, then a braided Gr-functor
(F, 15) : B — B’ is a Gr-functor which is compatible with the braidings ¢, ¢/, i.
e., the following diagram commutes

F(X oY) /=% Py o X)

F F

FX®FY -+ FY @ FX.

If B is a braided Gr-category with the braiding c, then mB is an abelian
group and it acts trivially on m1B. Then the reduced Gr-category Sp becomes
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a braided Gr-category with the induced braiding ¢* = (e,7) given by the
following commutative diagram

IXp®Xs

X, 0 Xy — X,

l lvxm (n(r.s))

IXs®X

X, X, — X

Moreover, (H, H) and (G, G) defined by (3) and by (5) are then braided Gr-
equivalences.
For the reduced braided Gr-category Sg, the relations (1), (12), (13) become

h(y,z,t) — h(z +y,z,t) + h(z,y + z,t) — h(z,y, 2 + t) + h(z,y,z) = 0,

h(z,y,2) — h(y,z,2) + h(y, 2, 2) + n(z,y + 2) —n(z,y) —n(z,2) =0,
h(xaya Z) - h(xa Zay) + h(z,x,y) - U(x +ya Z) +77(ya Z) + 77(% Z) - Oa

where the functions h, 77 are associated to the associativity, braiding constraints
of Sp, respectively. By the compatibility of the associativity constraint with
the strict unit ones of Sg, h,n are the “normalized” functions. Therefore, the
pair (h,n) associated to the associativity and braiding constraints of Sp is an
abelian 3-cocycle (in the sense of Mac Lane-Eilenberg [4, 9]).

In B, choose the stick (X7,14’) instead of (X;,ix) (see (4)) then the corre-
sponding 3-cocycle (h',n’) satisfies

(h',n") = (h,m) = dg,

where 3-coboundary dg is given by
o9(x,y,2) = g(y,2z) —g(x +y,2) + g(z,y + 2) — g(z,y),

og(z,y) = g(z,y) — 9(y, x).
This mean each braided Gr-category B determines uniquely an element [(h, n)] €
Hsb(ﬂ'oB, 7T1B).
It follows from Proposition 5 that

Corollary 9. Each braided Gr-functor (F, 15) :S — § s a triple (p, f,9),
where

@ (W', n') = f(hyn) = Oab(9)-
Based on the above data, let
H%Gr

denote a category whose objects are triples (M, N, [(h,n)]), where [(h,n)] €
H3,(M, N). A morphism (¢, f) : (M, N, [(h, )]) — (M’, N', (1, 1)) in Hig
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is a pair (¢, f) such that there is a function g : M? — N’ so that (p, f, g) :
(M,N,(h,n)) = (M',N',(R',n')) is a braided monoidal functor, i.e., [p*(h', )] =
(£ (hym)] € HE,(M, N).
We write
Hom({) [B, B]

for the set of homotopy classes of braided Gr-functors B — B’ inducing the same
pair (¢, f), and BCG for the category whose objects are braided categorical
groups and whose morphisms are braided monoidal functors. Now, we state
the classification theorem whose proof follows from Corollary 9, the proofs of
Theorem 7 and of Theorem 8 with some suitable modifications. This theorem
is aversion of Proposition 14 [6] with some modifications like Theorem 7.

Theorem 10 (Classification Theorem). There is a classifying functor

d: BCG — Hie,,
B+~ (mB,mB,[(h n)g])
(F,F) (Fo, F1)

which has the following properties
i) dF is an isomorphism if and only if F' is an equivalence,
ii) d is surjective on objects,
iii) d s full, but not faithful. For (v, f) : dB — dB’, there is a bijection

Homﬁ;f) [B,B] = HZ\,(moB, mB').
We write
BCG[M, N
for the set of equivalence classes of braided Gr-categories whose pre-sticks are

of type (M, N). By Corollary 9, we can prove the following proposition

Theorem 11. There exists a bijection
I': BCG[M,N] — H3 (M, N),

[B] — a5 'p*[(h, n)s).

We complete this section by a discussion of the classification result of
A. Joyal and R. Street. In [7], they classified braided Gr-categories by the
quadratic functions as follows.

A function v : M — N between abelian groups is a quadratic map when
the function M x M — N, (x,y) — v(z) + v(y) — v(x + y) is bilinear and
v(—x) =v(z).

The trace of an abelian 3-cocycle (h,n) € Z3,(M, N) is a function

ty: M — N, t,(z) =n(x,x).
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A simple calculation shows that traces are quadratic maps, and Eilenberg -
MacLane [4, 9] proved that the traces determine an isomorphism

H2(M,N) = Quad(M, N), [(h,n)] — t,, (14)

where Quad(M, N) is the abelian group of quadratic maps from M to N. This
plays a fundamental role in the proof of Classification Theorem (Theorem 3.3
[7]).

A. Joyal and R. Street proved that each braided Gr-category B determines
a quadratic function ¢ : moB — mB and let Quad be a category whose objects
(M, N, t) are quadratic maps, t : M — N, between abelian groups M, N and
whose morphisms (¢, f) : (M, N,t) — (M’,N’,t') consist of homomorphisms
@, f such that we have a commutative square

M —2~ A

!
N —— N’

Theorem 12 (Theorem 3.3 [7]). The functor

T: BCG — Quad
B +— (mB,mB,gs)

has the following properties

i) For each object Q of Quad, there exists an object B of BCG with an
isomorphism T'(B) = Q;

ii) For any isomorphism p : T(B) = T(B'), there is an equivalence I : B —
B’ such that T(F) = p; and

iii) T(F) is an isomorphism if and only if F is an equivalence.

We see that the isomorphism (14) induces an isomorphism between braided
Gr-categories

V:H}q, — Quad
(Ma Na [h)n]) = (Ma Natn)

(o, ) = (o, ).

Hence, T is the composition

BCG 4, H%Gr A Quad
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4 Applications

4.1 Gr-category of an abstract kernel

The notion of abstract kernel was introduced in [10]. It is a triple (II, G, ),
where ¢ : II — AutG/InG is a group homomorphism. In this section, we
describe the Gr-category structure of an abstract kernel and use it to make
constraints of a Gr-category be strict. The operation of G is denoted by +. The
center of G, denoted by ZG, consists of elements ¢ € G such that c+a=a+c¢
for all a € G.

Let us recall that the obstruction of (I, G, v) is an element [k] € H3(II, ZG)
defined as follows. For each = € II, choose ¢(z) € 9(zx) such that ¢(1) = idg.
Then, there is a function f : I1? — G satisfying

o(x)p(y) = prseyP(ry), (15)

where pi,. is an inner-automorphism of the group G induced by ¢ € G. The pair
(o, f) therefore induces an element k € Z3(I1, ZG) defined by the relation

e@)[f(y, 2)] + f(2,y2) = k(z, 9, 2) + f(2,y) + f(y, 2)- (16)

For each group G, we can construct a category, Auts, whose objects are ele-
ments of the group of automorphisms AutG. For two elements «, 5 of AutG,
we write

Hom(a, B) = {c € G|a = pc o B}

For two morphisms ¢ : « — 3; d : 3 — v in Autg, their composition is
defined by d o ¢ = ¢+ d (the sum in G).

The category Autg is a strict Gr-category with the tensor product defined
by a® = ao g, and

@S o@BSF) =a08 004, (17)

The following proposition describes the reduced Gr-category of the Gr-
category of an abstract kernel.

Proposition 13. Let (I1, G, 1) be an abstract kernel and [k] € H3(Il, ZG) be
its obstruction, S = (IT', C, h) be the reduced Gr-category of Autg. Then

i) I" = mp(Aute) = AutG/InG, C = 1 (Autg) = ZG,

ii) ¥*h belongs to the cohomology class of k.

Proof. 1) Tt follows from the definition of the category Aute and the reduced
Gr-category.
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ii) Let (H,H) be a canonical Gr-equivalence from S to Autg. Then, the
following diagram

Hr(HsHE) 0, mrE(sty —2— H(r(st)

H JVH(o,h(r,s,t)) (18)

H®id H
-

(HrHs)Ht H(rs)Ht ———— H((rs)t)

commutes for all r, s,¢t € II'. Since Autg is a strict Gr-category, we have
Yo (u) = u, Yo € Autg, Yu € ZG = C.

By the definition of H, we obtain H (e, ¢) = ¢, V¢ € C. From the commutativity
of the diagram (18) and the relation (17), we have

Hrlg(s,t)] + g(r, st) = g(r, s) + g(rs,t) — h(r, s, t), (19)

where g = gp : I x I' — G is associated to H.
For the abstract kernel (IT, G, ¢), choose a function ¢ = H.¢) : IT — Aut(G).
Clearly, ¢(1) = ide. Moreover, since

Hy ) o) : HY(@)HY(y) — Hi(ay)

is a morphism in Autg, for all z,y € II, we have
e(@)p(y) = Hp(@)H(y) = py(ayy Ho(@y) = gy e(@y),

where f(x,y) = ﬁ¢(m)7¢(y). The pair (i, f) satisfies the relation (15) and thus,
it is a factor set of the abstract kernel (II, G, ). It induces an obstruction
k(x,y,2) € Z3(I1, ZQG) satistying (16). Now, for r = (), s = ¥(y), t = (2),
the equation (19) becomes

e@)[f(y, 2)] + f(2,y2) = +f(2,9) + f(zy, 2) = (L7h)(2, y, 2).

In comparison with (16), [¢*h] = [k]. O

We now use Proposition 13 and the theorem on the realization of the ob-
struction in the group extension problem to prove Proposition 15. First, we
need the following lemma.

Lemma 14. Let H be a strict Gr-category and Sy = (II, C, h) be its reduced
Gr-category. Then, for each group homomorphism v : II' — TI, there exists a
strict Gr-category G which is Gr-equivalent to the Gr-category J = (I, C, 1),
where C is regarded as a II'-module with an operator xc = ¥ (x)e, and h' belongs
to the same cohomology class as Y*h.
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Proof. We construct a strict Gr-category G as follows

Ob(G) = {(z, X)| z e I', X € Y(2)},
Hom((z, X), (2,Y)) = {} x Homg(X,Y).

The tensor products on objects and on morphisms of G are defined by

(an) ® (yaY) = (xan ®Y)a
(z,u) ® (y,v) = (zy,u @ v).

The unit object of G is (1, 1), where I is the unit object of H. One can verify
that G is a strict Gr-category. Moreover, we have isomorphisms

A G — 1T f:mG—-mH=C
(2, X)] = = (Le)—c

and a Gr-functor (F, F) : G — H given by

F(z,X)=X, F(x,u)=u, F=1id.

Let Sp = (¢,¢) : Sz — Su be a Gr-functor induced by the functor (F,F)
between the reduced Gr-categories. Then, we have

¢z, X) = Fo(x, X) = [F(z, X)] = [X]

=(z
¢(Lu) = Fi(1,u) = ypa.nF (1 u) =y (u)

= U;,
where u is a morphism in G. This means Fy = ¥\ and Fy = f, or Sp is a
functor of type (¥A, f).

Now let hg be the associativity constraint of Sg. By Theorem 6, the ob-
struction of the pair (A, f) must vanish in H3(7oG, mH) = H?(7G, C), i.e.,

(YN *h = fuhg + 5.

Now, if we denote h/ = f, hg, then the pair (J, J), where J = (), f) and J = id,
is a Gr-functor from Sg to J = (I', C, h’). Thus, the composition
G ¢9 g, L0

Sg J

is a Gr-equivalence from G to J = (Il', C, I/).

Finally, we prove that h’ belongs to the same cohomology class as ¢*h.
Let K = (ALY f~1) : (I,C, 1) — Sg, then K together with K = id is a
Gr-functor, and the composition

(¢a ¢) © (Ka I?) : (H/a Ca h/) - S]HI
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is a Gr-functor making the following diagram commute

Sg 4 Su

X po K

J=(T,C,H).

Clearly, ¢ o K is a Gr-functor of type (¢,id) and therefore its obstruction
vanishes. By (8), we have ¢*h — 1/ = 0g, i.e., ['] = [¢*h]. O

Proposition 15. FEach Gr-category is Gr-equivalent to a strict one.

Proof. Let C be a Gr-category whose reduced Gr-category is S¢c = (IT', C, k).
By the theorem on realization of the obstruction (Theorem 9.2 Section IV
[10]), the realization of 3-cocycle k € H3(I', C') is the group G with the center
ZG = C and a group homomorphism ¢ : II" — AutG/InG such that 1) induces
a II’-module structure on C' and the obstruction of the abstract kernel (II', G, v)
is k. By Proposition 13, Saut, =(AutG/InG, C, h) is the reduced Gr-category
of the strict Gr-category Autg, where [¢p*h] = [E].

Applying Lemma 14 to H = Autg we see that the homomorphism ¢ : TI' —
AutG/InG defines a strict Gr-category G which is Gr-equivalent to the strict
Gr-category J = (IU', C,h'). The II'-module structures of C on S¢ and on
J coincide. Moreover, [p*h] = [h/]. Tt follows that [h'] = [k]. So there is a
function g : Il" x I’ — C such that i/ — k = d¢g. Then, by Theorem 6,

(Kal?) - (idn’;idCag) : S(C —J

is a Gr-equivalence. Therefore, C is equivalent to the strict Gr-category G. O
Readers can see an another proof of Proposition 15 in [16].

4.2 Gr-functors and the group extension problem

In this section, we obtain Schreier Theory for group extensions thanks to The-
orem 7. We denote by
Ext(II, G)

the set of equivalence classes of group extensions of G by II, and state the
following theorem.

Theorem 16. Let G and 11 be groups.
i) There is a canonical partition

Ext(TI, G) = [[Ext(TL, G, ),
P
where, for each group homomorphism ¢ : I — AwtG/InG, Ext(II, G, ¢) is the

set of equivalence classes of group extensions E : G — B — 1l of G by 11
inducing .
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i) Each abstract kernel (11, G, 1) determines a (normalized) third-dimensional
cohomology class Obs(Il, G,v) € H3(II, ZG) (with respect to the I-module
structure on ZG obtained via 1), called the obstruction of (IL, G, ). The ab-
stract kernel has extensions if and only if its obstruction vanishes. Then, there
s a bijection

Ext(II, G, v) « H?*(II, ZG).

Below, each factor set (¢, f) of a group extension can be lifted to a Gr-
functor F' : Disll — Autg, where Disll is regarded as a Gr-category of the
type (I1, 0, 0), and therefore we can classify all group extensions by Gr-functors.

Denote by

Homyy, 0y [DisII, Autg]

the set of homotopy class of Gr-functors from Disll to Auts inducing the pair
of homomorphisms (¢, 0), we have.

Theorem 17. There exists a bijection
A : Homy, o) [DisIl, Autg] — Ext(IL, G, ).

Proof. Step 1: The construction of the group extension Er of G by Il induced
by Gr-functor F. _

Let (F,F) : Disll — Autg be a Gr-functor. Then, F,, = f(z,y) is a
function from II? to G such that

FzoFy= Hf(z,y) © F(xy) (20)

The compatibilities of (F, F) with the associativity and unit constraints, re-
spectively, imply

Fx[f(y, 2)] + f(z,y2) = f(z,y) + f(2y, 2), (21)
flz,1) = f(1,y) =0. (22)
Set Bp = {(a,z)|a € G,z € II} and the operation
(a,2) + (b,y) = (a+ Fx(b) + f(z,y), zy).
Then, Bp is an extension of G by II,
Er: 0G5 Bp 5111,
where i(a) = (a, 1), p(a, ) = . The relations (20), (21) imply the associativity

of the operation in Br. By the relation (22), (0,1) is the zero, while (b,27!) €
By is negative of the element (a,z), where b is an element such that Fx(b) =

—a— f(x,x71).
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The associated homomorphism ¢ : II — AutG/InG is determined by ¢(x) =
[1t(0,2)]. By a simple calculation, we have ji(04)(a,1) = (Fx(a),1). Let G and
its image iG be identical, we obtain ¢(z) = [Fz].

Step 2: F and F' are homotopic if and only if Er and Ep are equivalent.

Let F, F’ : Disll — Autg be Gr-functors and o : F' — F’ be a homotopy.
Then, by the definition of Gr-morphism, the following diagram commutes

Fxz® Fy £

F(xy)

\O‘my
Il

FaeoFly AN F'(xy).

gz @y

That is, B B
Fey+ ey =0 @ay+F,

or
F(x,y) + auy :ar—FF/x(ozy)—Ff’(x,y). (23)

Now, we write

B:Br — B
(a,2) — (a+ ag,z).
Note that Fx = pa, o F'z, and by (23) one can see that 3 is a homomorphism.

Moreover, it is an isomorphism making the following diagram commute, i.e.,
Er and Ep: are equivalent,

The converse can be obtained as we see by retracing our steps.
Step 3: A is a surjection.
Suppose that the group extension

E:0-G5BAI—1
associates to the homomorphism ¢ : IT — AutG/InG. Select a “representative”
Uy, x € II, in B, that is p(u,) = x. In particular, choose u; = 0. Then, the

elements of B can be written uniquely as a 4+ u,, for a € G,z € 1, and

Uy + a = iy, (@) + ug.
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The sum u, + u, must be in the same coset as uz,, so there are unique
elements f(z,y) € G such that

Uy + Uy = f(x,Y) + Ugy.

The function f is a factor set of the extension F. It satisfies the relations

Hougy [f(ya Z)] + f(xayz) = f(xay) + f(xya Z)a z,y,z €11, (24)

[z, 1) = f(1,y) =0. (25)

We define a Gr-functor F' = (F, F): Disll — Autg as follows: Fa = ju,,,
Fyy = f(2,y). _

Clearly, the relations (24), (25) show that (F, F) is a monoidal functor

between Gr-categories. O

We now prove Theorem 16.

Let (II, G, v) be an abstract kernel. For each x € II, choose p(z) € ¥(z)
such that o(1) = idg. The family of ¢(z)’s induces a function f : II? —
G satisfying the relation (15). The pair (p, f) induces an obstruction k €
Z3(I, Z@G) by the relation (16). Write F'(z) = ¢(z), we obtain a functor
DisII — Autg.

Let S = (AutG/InG, ZG, h) be the reduced Gr-category of Autg. Then F
induces the pair of group homomorphisms (¢, 0) : (I, 0) — (AutG/InG, ZG)
and by the relation (8) an obstruction of the functor F is ¢*h. By Proposition
13, [¢p*h] = [k], i.e., the obstruction of the abstract kernel (II, G, ) and that
of the functor F' coincide. Then, by Theorem 6, (II, G, 1) has extensions if and
only if its obstruction vanishes.

According to Theorem 7, there is a bijection

Hom y, 0)[DisIl, Autg] < H*(II, ZG),
since mo(DisIl) = II, 71 (Autg) = ZG. Together with Theorem 17, one obtains
Ext(IT, G, ) « H*(I, ZQG).

This completes the proof of Theorem 16 .
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