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TWISTED ACTIONS OF CATEGORICAL GROUPS

SAIKAT CHATTERJEE, AMITABHA LAHIRI, AND AMBAR N. SENGUPTA

ABSTRACT. We develop a theory of twisted actions of categorical groups using a notion
of semidirect product of categories. We work through numerous examples to demonstrate
the power of these notions. Turning to representations, which are actions that respect
vector space structures, we establish an analog of Schur’s lemma in this context. Keeping
new terminology to a minimum, we concentrate on examples exploring the essential new
notions introduced.

1. Introduction

A categorical group is comprised of a pair of groups, one of which serves as the set of
objects of a category and the other as the set of morphisms. Categorical groups reflect
symmetries of geometric structures that also have fruitful formulations in the language
of objects and morphisms. Such geometric structures are the subject of study in a large
and growing body of literature [Abbaspour and Wagemann, 2012, Baez, 2002, Baez and
Schreiber, 2007, Baez and Wise, 2012, Bartels, 2004, Chatterjee et al., 2010, Chatterjee et
al., 2014, Pfeiffer, 2003, Martins and Picken, 2010, Schreiber and Waldorf, 2007, Schreiber
and Waldorf, 2008, Viennot, 2012], to name a few. A natural direction of inquiry is the
theory of representations of these structures; works in this direction include [Baez et al.,
2012, Barrett and Mackaay, 2006, Crane and Sheppeard, 2003, Elgueta, 2007, Yetter,
2003]. However, the theory is at an early enough stage that even what should constitute
a representation of a categorical group is not definitively settled.

In this paper we proceed in a flexible way, focusing more on actions of categorical
groups and exploring numerous examples, many of which involve some vector space struc-
ture as well. We introduce a key procedure: forming a semidirect product of two given
categories using a certain twisting map and we present numerous examples of this con-
struction. We then ezplore actions of categorical groups that involve a twisting in the way
morphisms are composed. Again we work through several examples, devoting section 7
entirely to a detailed development of an example that is motivated by the physical context
of fields transforming under the Poincaré group. Finally, turning to the narrowest sense
of a representation of a categorical group on a categorical vector space, we prove results
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showing that such representations have very special properties that uniquely determine
them from their behavior on some subspaces.

A categorical group G, as we explain in greater detail in section 2, is comprised
of an object group Obj(G), a morphism group Mor(G), along with source and target
homomorphisms s, ¢ : Mor(G)—=0Dbj(G). Thus in Mor(G) there is both a multiplication
operation (ks, k1) — koky and a composition of morphisms (k', k) — k' ok (when defined).
In our point of view an action of G on a category C should involve both an action of
Obj(G) on Obj(C) and an action of Mor(G) on Mor(C). Thus, in particular,

(kok) f = ko (k1 f) (1.1)
for all ki, ks € Mor(G) and f € Mor(C). One might further specify a behavior of the

compositions
(k2f2) o (k1f1), (1.2)

for fi1, fo € Mor(C). The simplest such specification would be to require that this be
equal to

(k20 k1)(fao f1). (1.3)
A richer extension of this idea is to require that the composition (1.2) be equal to
(77(]?27f1)0k’1)(f20f1)7 (1.4)

where n(ka, f1) reflects a twisting of ko with respect to fi. Alternatively, one could require
that the twisting act on fo, with (1.2) being equal to

(k2 0 k1) (n(ky, f2) 0 f1). (1.5)

We will explore the choices (1.3) and (1.4). The n-twist in (1.4) is easier to understand
when the k’s are written on the right:

(foka) o (fik1) = (f2 0 f1)(n(k2, f1) © k1), (1.6)

where the n-twist shows up as a price to pay for moving f; to the left past ko, there being
no ‘price’ in the case (1.3). For consistency of conventions we write the k’s to the left
of the f’s and then (1.6) becomes (1.4). This simple extension of (1.3) leads to some
remarkably rich examples.

We begin in section 2 with a summary of categorical groups, including some examples
of interest for us. In section 3 we introduce the notion of action of a categorical group
on a category (following up on the requirement (1.3) mentioned above); no vector space
structure is involved in this. We show how a double category arises from such an action.
In section 4 we use crossed modules, which are more concrete renditions of categorical
groups, to explore an example of an action arising from a traditional representation of the
object group on a vector space. Next, in section 5, we introduce a central notion of this
work: the semidirect product of two categories obtained by using a map 7 (motivated by
(1.4) above). We present several examples in detail. In section 6 we turn to the study of
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twisted actions, these being actions that satisfy the n-twist condition (1.4) for the behavior
of composition; we prove a double category result. Section 7 is devoted to a detailed study
of a complex example that involves more than one twist and is motivated by the context
of fields transforming under a symmetry group that is a semidirect product (such as
the Poincaré group). In section 8 we study twisted representations, by which we mean
twisted actions on vector categories, these being categories that involve some vector space
structure and linearity; we introduce a notion of irreducibility for such representations in
this context and prove an analog of Schur’s Lemma (Theorem 8.1). Finally, in section 9
we study representations on categorical vector spaces, these being the vector space analogs
of categorical groups, and show that they have very special properties.

In the course of developing our theory we obtain several categories, constructed from
familiar settings involving groups or function spaces, that have interesting structure and
where even the fact that they form categories is sometimes unexpected. We have kept
new terminology to a minimum, focusing on the essential new ideas which we develop
through detailed examples.

2. Categorical groups in summary

In this section we summarize some essential facts about categorical groups. The reader
may consult our earlier work [Chatterjee et al., 2014, sec. 4] for a more systematic
presentation that includes proofs. Other works include [Awody, 2006, Baez and Schreiber,
2007, Barrett and Mackaay, 2006, Bartels, 2004, Forrester-Barker, 2002, Kamps et al.,

1982, Kelly, 1982, Mac Lane 1971, Porter, 1981, Whitehead, 1949].
By a categorical group we mean a category K along with a bifunctor

®:KxK—K (2.1)

such that both Obj(K) and Mor(K) are groups under the operation ® (on objects and on
morphisms, respectively). The term strict 2-group is also widely used instead of categorical
group.

Sometimes we shall write ab instead of a ® b. The functor ® carries the identity
morphism (1,4, 1), where 1, : z —x denotes the identity morphism at z, to the identity
morphism 1,:

1,1, = 1,

Taking a to be the identity element e in Obj(K), it follows that
1. is the identity element in the group Mor(K). (2.2)

As a very special case of this we see that if Obj(K) and Mor(K) are additive abelian
groups then
1o =0, (2.3)

where 0 on the left is in Obj(V) and the 0 on the right is in Mor(V).
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The functoriality of ® implies the ‘exchange law’:

(g'f)olgf)=(go9)(f of) (2.4)

for all f, f’,g,¢9" € Mor(K) for which the composites ¢’ o g and f’ o f are defined.
Furthermore, for any morphisms f : a—=b and h : b—c in K, the composition ho f
can be expressed in terms of the product operation (written as juxtaposition) in K:

ho f == flb—lh, = hlb—lf. (25)
For a proof see, for example, [Chatterjee et al., 2014, Prop. 4.1]. In particular,
hk =hok = kh if t(k) = s(h) =e. (2.6)

There is a useful alternative formulation [Chatterjee et al., 2014, Prop. 4.2] of the
notion of categorical group. If K, with operation ®, is a categorical group then the

source and target maps
s,t : Mor(K) — Obj(K)

are group homomorphisms, and so is the identity-assigning map
Obj(K) —Mor(K) : z — 1,.

Conversely, if K is a category for which both Obj(K) and Mor(K) are groups, s, t, and
x + 1, are homomorphisms, and the exchange law (2.4) holds then K is a categorical

group.
An even more concrete formulation is obtained by realizing that for a categorical group
G, the morphism group Mor(G) is isomorphic to a semidirect product:

Mor(G) = H x4 G : ¢ > (¢lyg)-1,5(0)) (2.7)

where

G = Obj(G) and H = ker (s : Mor(G) — Obj(G)), (2.8)

and

a:G—Aut(H)
is the homomorphism given by
a(g)(h) = 14h1 1. (2.9)
The target map t : Mor(G) — Obj(QG) is given by
t(h,g) =7(h)g, (2.10)

where 7 : H — G is a homomorphism, corresponding to the restriction of ¢ to kers.
Multiplication in Mor(G) corresponds to the semidirect product group product on H x,G
given by:

(h2. g2)(h1, g1) = (hac(g2)(h1), gog1) (2.11)
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and composition corresponds to the operation

(W,g")o(h,g) = (Wh,g), ifg =r(h)g. (2.12)

The homomorphisms « and
T:H—G:¢—t(p),

satisfy the Peiffer identities [Peiffer, 1949]:

T(a(g)h) = gr(h)g™* (2.13)
a(r(h))(R) = hWh

for all ¢ € G and h € H. These conditions ensure that the crucial exchange law (2.4)
holds. A system
(G7 H7 O{J T)’

where G and H are groups, a : G — Aut(H) and 7 : H — G are homomorphisms
satisfying (2.13), is called a crossed module [Whitehead, 1949, sec 2.9] and [Peiffer, 1949].
Conversely, a crossed module (G, H, a, T) gives rise to a categorical group G with

Obj(G) = G and Mor(G) = H x, G, (2.14)

and
s(h,g) = g and t(h,g) = 7(h)g for all h € H and g € G. (2.15)

When working with Lie groups, it is natural to require that the source, targets, and
identity-assigning maps are smooth. Thus a categorical Lie group is a category K along
with a functor ® as above, such that Mor(K) and Obj(K) are Lie groups, and the maps
s, t, and x — 1, are smooth homomorphisms. The corresponding crossed module involves
Lie groups and smooth homomorphisms.

Example CG1. For any group K we can construct a categorical group K by taking
K as the object set and requiring there be a unique morphism a —b for every a,b € K.
At the other extreme we have the discrete categorical group K; whose object set is K
but whose morphisms are just the identity morphisms.

Example CG2. Let H be an abelian group, G any group, and « : G — Aut(H)
is a homomorphism. Then a categorical group is obtained using the crossed module
(G,H,a,7) where 7 : H— G : v +— e is the constant map carrying all elements of H
to the identity element of GG. A useful if somewhat trivial case is when G is the trivial
group. A case of greater interest is obtained from the group of affine automorphisms of
a vector space V. For this we take G to be GL(V'), the usual group of invertible linear
maps V—=V, and H to be V itself, viewed as the group of translations on V. We take

a:G=GL(V)—Aut(V)

to be the inclusion map in the sense that for every g € G we take a(g) : V—=V to be
the mapping g itself (with V' being viewed just as an abelian group under addition, the
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elements of Aut(V') are the addition-preserving bijections V' —V and so, for a general
field of scalars, an element of Aut(V') might not preserve multiplication by scalars). Then
the group of morphisms of this categorical group is

V xq GL(V),

which is the group of affine automorphisms of the vector space V. In the case where the
field is R or C, and V is equipped with a metric, we also have the categorical group for
which H =V and G is the orthogonal or unitary group for V. More generally, let R be a
representation of a group G on a vector space V. Taking o : G—Aut(V') to be given by
R we obtain a categorical group whose object group is G and morphism group is V xz G.
Since 7 is trivial, the source and target maps coincide:

s(h,g) =t(h,g) =g. (2.16)

We note that the group product on the morphisms is given by

(v2,92)(v1, 91) = (Uz + G2v1, G291) (2.17)

which is the same as composition of the affine transforms of V' given by = +— g;v + v; (in
other words, the group product on the morphisms is the same as the group product in
Aut(V)). Categorical groups of this type have been used widely in the literature; see for
example [Baez et al., 2012, Crane and Sheppeard, 2003, Pfeiffer, 2003].

3. Actions and Double Categories

A representation of a group G on a finite-dimensional vector space V' is given by a mapping
p: KxV —V:(kv)— plkv)=pk),

such that each p(k) € End(V), and p(kk') = p(k)p(k') for all k,k' € K. On what
type of object should a categorical group be represented? A natural choice would be a
categorical vector space (defined analogously to a categorical group). We will study such
representations in section 9 and show that they have very special features.

Let us note also a more abstract view of representations. Instead of the group K let
us consider the category G(K), which has just one object and the morphisms are the
elements of the group K, with composition being given by the binary group operation.
Instead of the vector space V' let us consider a category Vec(V') which, again, has just
one object, and whose morphisms are the endomorphisms of V', with composition being
given by the usual composition of endomorphisms. Then the representation p of K on V'
is equally well described by a functor

G(K)—Vec(V).
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An extension of this point of view leads to a notion of representations of 2-groups on
2-categories; for this see, for example, [Baez et al., 2012]. Our approach will be quite
different.

By an action of a categorical group G on a category V we mean a functor

p:GxV —YV, (3.1)
such that
p (K, p(k, f)) = p(k'k, f) (32)
for all k, k" € Mor(G) and all f € Mor(V), and
p(le. f) =f (3.3)

for all f € Mor(V), with 1. € Mor(G) being the identity morphism of the identity element
e € Obj(G). We will often write the effect of applying p simply by juxtaposition:

az & pla,x). (3.4)

Let us now unravel the details of the structure that lies behind the compact description
of an action we have just seen.
Using the fact that p is a functor we have

p(5(1),5(1)) = 5 (p(1,1,)) = 5(1,)  for all v € ObJ(V),
which means

ple,v) =wv for all v € Obj(V). (3.5)
Taking k' = 1,, k = 1, and f = 1,, where a,b € Obj(G) and v € Obj(V), in (3.2) we

have
P (1a> p(lb’ 1v)) = p(labv 11))7

and then considering the sources of both sides we conclude that

p(a,p(b,v)) = p(ab,v). (3.6)

Thus the conditions on p imply that p gives an action of the group Mor(G) on the set
Mor(V) and also of the group Obj(G) on the set Obj(V).

The conditions on p go well beyond simply the requirement that it specify actions
of the groups Obj(G) and Mor(G). That p is a functor also says something about the
interaction of compositions of morphismes:

p(ka o ky, fao fi) = p(ka, f2) o p(ki, f1) (3.7)
for all ko, k; € Mor(G) for which the composition kyoky is defined and all fs, f1 € Mor(V)

for which f5 o f; is defined. Stated in simpler notation this reads

(kx 0 ki)(foo f1) = (kaf2) o (kif1)- (3.8)
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A special case of interest is when V is a category whose object set is equipped with a
vector space structure. In this case we might be interested in the case where the map

pla,-) : Obj(V) —=0bj(V) : v +— p(a,v)

is linear for each a € Obj(G). When Mor(V) is also equipped with a vector space
structure the corresponding condition would be linearity of

p(k,-) : Mor(V) —Mor(V) : f — p(k, f)

for all k& € Mor(G). Needless to say other structures may also be incorporated; for
example, if Obj(G) is a Lie group and Obj(V) is a Hilbert space we might require that
p be continuous.

Example RG1. Let G be any group, and let Gy be the categorical group with object set
G, with a unique morphism a—=b, written as (b, a), for every a,b € G. Let V' be a vector
space and V| the category whose object set is V', with a unique arrow from v; to vs, for
every vy,vy € V. The law of composition is the natural one: (vs,vy) o (v2,v1) = (vs, v1).
We note that Mor (V) ~ V? is a vector space. Now if p is a representation of G on V,
then it defines a representation of Gy on Vi by

(a,v) — pla,v) (3.9)

((57 a); (vz, Ul)) = (P(b7 v2), P(aavl)),
for any a,b € G and vy,v, € V.

Our objective in the remainder of this section is to show that an action of a categorical
group gives a ‘double category’ over V. Terminology and description of this notion,
originally introduced by Ehresmann, varies in the literature; a very compact, if somewhat
opaque, definition is provided in [Mac Lane 1971, p. 44]: a double category is a set that
is the set of morphisms of two categories such that the two composition laws obey an

exchange law of the form given below in (3.13).
By a double category Ca) over a category C we mean a category for which:

(a) the objects of C(sy are the morphisms of C:
Obj(C(s)) = Mor(C);
(b) the morphisms of C(yy are the arrows of a second category C?Q):
Mor(Cg)) = Mor(C?Q));

and

(c) the composition operation in the category C’é) and the composition operation in
the category Co satisfy the conditions (h1l) and (h2) stated below.
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Before stating conditions (hl) and (h2) we adopt some notational and terminological
conventions:

(i) a morphism of Cy) will be displayed as a ‘vertical’ arrow

Uy s(F) Uy (3.10)
uy t(F) uj,

where the source s(F') and the target ¢(F'), both being objects of Cyz), are morphisms
of C;

(ii) the composition of morphisms in Cy) will be denoted
(G,F)— GoF
and may be called vertical composition in light of the display convention in (i);

(iii) the composition of morphisms in C?Q) will be called horizontal composition and
denoted
(G, F) — G oy F.

The two composition laws, vertical and horizontal, are required to satisfy the following
conditions:

(h1) The horizontal composite G oy, F' is defined if and only if both the composites
s(G) o s(F) and t(G) o t(F') are defined in Mor(C) and then the source and target
of G oy, I in C(y) are:

s(Gop F)=s(G)os(F) and t(G o, F') = t(G) o t(F), (3.11)

as illustrated by the diagram:

Uy s(F) Us s(Q) us Uy s(Gop F) —=ug
N
uy t(F) ubh t(G) U uy —— t(G o, F) ——

(3.12)

(h2) The exchange law

(G'oG)op (F'oF)=(G" o, F')o (Goy F) (3.13)
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holds in the diagram

Uy f Us g us (3.14)
g |

e [ty g
F/ \L G/i

R (Y,

for all morphisms F, G, F', and G’ in C(y) for which the sources and targets are
related as illustrated.

3.1. PROPOSITION. An action p of a categorical group G on a category V yields a double
category over V. whose morphisms are the elements

(k, f) € Mor(G) x Mor(V),

with source and target being given by:

sk f)=1  and  t(k, ) = p(R)F. (3.15)
Composition of morphisms is given by
(K ) ok, f) = (K'E, [), (3.16)
whenever f' = kf, and horizontal composition is given by
(K2, f2) on (ky, f1) = (k2 0 Ky, fa 0 f1), (3.17)

whenever the compositions on the right are defined.

PROOF. The horizontal composition specified by (3.17) is a genuine composition law for
morphisms in the sense that it is the composition law in the product category G x V|,
where source and target maps given by

sn(k, f) = (s(k),s(f)) and tn(k, ) = (t(k),t(f)).

It is readily checked that the composition (3.16) has the correct behavior with regard
to source and target maps, and is associative. Furthermore, for each f € Mor(V), the
element (1., f) is the identity morphism f—f, where 1, € Mor(G) is the identity element
in the morphism group.

It remains only to verify the exchange law. On one hand we have

((k’é, f3) o (K1, f{)) Oh ((k?2,f2) (K1, fl)) (3.18)
= (koK) f1) on (kok, f1)
= ((k5k1) 0 (kakn), fi o fr)
(k'okg (k] o ky), f{ofl)
(using the exchange law (2.4)),



TWISTED ACTIONS OF CATEGORICAL GROUPS 225

and on the other

((ké, fé) Oh (kQ, fz)) © ((k’/pf{) Oh (k‘bfl))
= (kyoky, fyo f2) o (ky ok, fio f1)
= ((ké © k2)<kll © kl)vf{ © fl)a

in agreement with the last line in (3.18). n

4. Crossed modules and representations

In this section we will use the crossed module (G, H,«, 7) structure for a categorical
group G (as discussed for (2.8)) to construct an action of a categorical group G from a
representation of the underlying object group G = Obj(G).

Let V be a vector space and End(V') be the set of endomorphisms of V. Let us define
a category V, whose object set is V' and a morphism is given by an ordered pair (f,v),
where f € End(V) and v € V. Source and targets are given by

s(f,v)=wv and  t(f,v) = f(v), (4.1)

and composition of morphisms is given by

(f,0) o (f,0) = (f e f,v), (4.2)

defined when v' = f(v).
Let D be a representation of G on a vector space V:

D:G—End(V): g+~ D,

Composing with the homomorphism 7 : H — G gives a representation 1" of H on V,
given by
T, = Drny» (4.3)

for every h € H. Now we construct a functor
p:GxV—V.

On objects it is given by
p(g)u = Dy(u).

On morphisms it is given by
p: Mor(G) x Mor(V) — Mor(V) (4.4)
H

((h,9), (u, f)) (TwDy fDy ", Dy(u))
- (Dg,ng‘l, Dgu)’
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forallge G,he Hyu eV and f € End(V), with ¢ = 7(h)g = t(h, g); we have used
T,D, = D,. (4.5)

Diagrammatically put, the action of p(h, g) on (u, f) may be described by

Uy f U9 (46)
p(h,g)l
Dgul — Dg/fD;I — Dg/UQ

We show now that p is indeed a functor and provides an action of G.

4.1. PROPOSITION. Let G be the categorical group associated with a crossed module
(G,H,a, 7). Let V be the category with Obj (V) =V, a vector space, and for which
a morphism uy —uy is given by (uy, f), where f € End(V') and us = f(uy). The com-
position is as in (4.2). Let D be a representation of G on V. Then (g,u) — Dyu and p
as defined in (4.4) give an action of G on V.

PROOF. For notational simplicity we shall write a - x for p(a)z, where a and x may be
objects or morphisms. Moreover, composition of endomorphisms of V' will also be written
as juxtaposition, as already done in (4.4). The arguments below can be understood by
consulting the diagram:

Uy fi Ug fa Uus (4-7)
(hl:gl)l (h2792)i
Dy, ur —— Dy, le;11 — Dy us —— Dy, fQDg;; — Dyyus

Using (2.11), (2.12) and (4.2) it is a straightforward verification that, whenever well
defined,

((h2=92) ° (hl,gl)) : ((fz,u2) o (fhul))
(hoh1,g1) - (fa o fi,u1) from (2.12) and (4.2)

= (Th2h1D91f2f1Dg_11’ Dgl (U1)>, by (44)7

which agrees with

((h2,92) : (fzﬂ?)) ° ((h1791> - (ug, fl))
- (Th2Dg2f2D_l D92u2) © (Thlpglflp_l D91u1)

g2 g1

= (Tthgz fQD;Q1Th1,D91 fllDil Dglul)

g1
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because

Th, D92 fQDg_nghl Dgl leg_ll = T, D92 fQDg_ZIDT(hl)gl leg_11
= ThQDT(hl)gleleg_ll
= T Dy oD

Hence p is a functor. Next, we check that p is a representation. Consider (hy, g1), (ha, g2) €
H x G that are composable as elements of Mor(G); this means

g2 = 7(h1)g1.
Then

((h2,92) (1, 90)) - (fow) = (haalg2) (), 9o ) - ()
= (Th2a(g2)(h1)pgzglfpg_21h7 Dgzm“)

which agrees with

(h2,g2) - [(h1, 01) - (fsu)] = (h2,92) - (Tn, Dy, fD,,', Dgu)
= (CBL2IDQ2Th1,Dglf,Dgillfpi1 D92D91u)7

g2
on using the Peiffer identity 7(a(g2)(h1)) = ga7(h1)g; * noted earlier in (2.13). n

5. Twists and semidirect products of categories

In this section we introduce the notion of semidirect product or n-twisted product of cate-
gories. It should be noted here that the namesake of semidirect product of categories was
introduced in [Steinberg, 1999]. However our definition of semidirect product is different
both in approach and motivation. Our primary motivation comes from the discussion in
the Introduction in the context of (1.4).

Let A and B be categories. Let

1 : Mor (A) x Mor (B) — Mor (A)
be a map satisfying the following conditions:
1. For any k € Hom(ay,as) and f € Hom(by, bs) ,
n(k, f) € Hom(ay, as), (5.1)

where a1, as € Obj (A),b1,62 € Obj (B)
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2. The map n behaves as a right action: for any & € Mor (A) and composable fo, f1 €
Mor(B):

n(kmf?ofl) = n(n(kan)vfl) (52>
77(k571b) =k

where 1, is the identity morphism b—b for any b € Obj(B).

3. For any f € Mor(B) and composable ki, ko € Mor(A)
TI(kQOk?l,f) = U(/fzyf) On(klaf) (5.3)
77(1117 f) = 1
for every object a € Obj(A).

5.1. PROPOSITION. Let A and B be categories and 1 : Mor(A) X Mor(B) — Mor(A)
satisfy conditions 1 — 3 listed above. Then n specifies a category A x, B that has the
following description:

Obj(A %, B) := Obj(A) x Obj(B) :
Mor(A x,, B) := Mor(A) x Mor(B), (5.5)

target and source maps are the obvious ones, and the composition law is given by

(K2, f2) o (1, f1) = (77(14?2, fi)o ki, fao fl)- (5.6)

We call A x,, B the semidirect product of the categories A and B with respect to 7.
In the special case 1 : (k, f) — k the semi-direct product reduces to the ordinary (direct)
product.

ProOF. Condition (5.1) ensures that composition in the right hand side of (5.6) is well

defined. To verify associativity, consider composable morphisms (ks, f3), (k2, f2) and
(k1, f1) in A %, B; then

((Ks, f3) oy (K2, f2)) o (K1, f1) = (n(ks, f2) 0 ka, fz 0 f2) oy (K1, f1) (5.7)
= (n(n(ks, f2) o ko, f1) 0 k1, fs 0 fa0 f1)
and
(K, fa) 0 (ks f2) 00 (ki 1)) = (ks f) 0y (mlka, f1) 0 b, foo i)
= (nlks, f2o 1) omllka f) 0 b foo foo s ).

Conditions (5.2) and (5.3) imply that the right hand sides of (5.7) and (5.8) are equal.
These conditions also clearly imply that (1,,1,) : (a,b) —(a, b) is the identity morphism
associated with (a,b) € Obj(A x B), where a € Obj(A) and b € Obj(B). =
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Example SD1. A homomorphism « : Go — Aut(Gy) : b — a3, where G; and Gy
are groups, specifies a semidirect product group GG; x, Go given by the group product

(a27b2)(a17 bl) = (a2ab2(a1),5251),

for any aq, as € G, by, by € G5. Let Gy be the usual single-object category associated with
the group G, and Gy be likewise for Gs; in particular, Mor(G,) = G;. Then G %, G
naturally defines the semidirect product category G x,,, Ga, where

N : G X Go—=G1 : (a,b) — ap(a).

Conversely, given a semidirect product between two single object categories we recover
the semidirect product of groups.

Example SD2. Let us again consider the crossed module (G, H, «, 7) and the cor-
responding categorical group G. Suppose morphisms (h, g), (h/, g) have the same source
and target elements. Thus 7(h)g = 7(h')g; hence h and h' must be related as h' = ah,
for some a € ker (7). Now let V' be a vector space. Define a single object category C(V),
the single object being V' and a morphism of C(V') being any element of Aut(V'), the set
of all invertible endomorphisms of V; thus:

Obj(C(V)) = {V}, Mor(C(V)) = Aut(V).

Let p : Aut(V) — Ker(7) C H be a homomorphism. Then we obtain a homomorphism
Aut(V) — Aut(H) given by conjugation

(1()(h) = u(f) " hul(f) == p(h, f),

where p(f) € Ker(r). We will now define a semidirect product between the categories G
and C(V). Define a map

1 : Mor(G) x Mor(C(V)) — Mor(G)

given by
((h,g);f) — (,u(h, f),g) € H x, G ~ Mor(G),

where g € G,h € H and f € Mor(C(V)) = Aut(V). Both (u(h,f),g) and (h,g) have
source g; they also have a common target:

™ (ulh £)) g = 7(u(H) )by (n(£))g = r(k)g
because u(f) is assumed to be in ker 7. Next we check that

n((h, 9); f2 0 f1) = (u(fafr) " hu(f2h1), 9)

agrees with

n(n((n9): £2). 1) = n((u(f) " hialF2)9); 11) (5.8)
= (W) ) B ) F), ).
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and, with ¢’ = 7(h)g, we have

n((0,g) o (hg)i ) = n((Wh.g) f) (using (2.12)) (5.9)
- (0.0
= (v, ’);f) 1((h. 9): f).

Hence 7 satisfies conditions (5.1)—(5.3). By Proposition 5.1 it defines a semidirect
product category G %, C(V'). The composition, stated explicitly, is

((h2,92)§f2) On ((hhgl);fl) = (U((h2>92),f1) © (h1791);f2 © fl) (5-10)

= (B0 hap(f) s 91): fo0 1)
Example VGG. Let a : G—=End(V) be a representation of a group G on a vector
space V' over some field. Then, with V viewed as an additive group, we have a crossed

module
(G7 V7 a’ 7—)7

where the target map 7 is the constant map 7: V — G : v — e. We have discussed this
in Example CG2 in section 2. The object group of this categorical group is G and the
morphism group is the semi-direct product V' x, G. There is another example we can
construct out of this. Consider the category V, whose object set is the one-element set
{V'} and whose morphism set is V', with composition being given by addition of vectors.
Next consider the categorical group Gy, whose object group is G and a unique morphism
(b, a) goes from each (source) a € G to each (target) b € G. Consider next the map

n:Vx(GExG)—V: (v, (gz,g1)) = algigs ' )v = gi1g; v

We write a(g)w as gw, and verify that

n(n(v, (g3, 92))7 (92, g1)> = 77(9293_11)7 (92, 91))
= 0195 9295 'V = G195 v

= 77(% (93,92) © (92791)>

and

n(v', (g2, 91)) o n(v, (92, gl)> = 0297V + gogi v
9291 (v +0)
= TI(U/OU;(92791))7
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for all g1, g0, g3 € G and all v,v" € V. Moreover,

n(v,(g,9)) =
77(0,(92,91)) =0

for all v € V and all ¢, ¢, 92 € G. Thus 7 satisfies the conditions (5.1), (5.2),(5.3). The
composition law of morphisms for the semidirect product category V i, Gy is

(. (95.9)) © (v (020 9)) = (e (92090) + v, (98.0)) (5.11)
= <9192_1w+va(93,91)>- O

Example 1D. Let G be a group, a : G — End(H) a representation on a finite
dimensional complex vector space H, and )y a one-dimensional representation of H; we
write a(g)h simply as gh. Let G be the categorical group whose object group is G, the
morphism group is H X, G, source and targets are given by

s(h,g) =t(h,g) =g
and composition by
(ha,g) 0 (h1,9) = (h1 + ha, g). (5.12)
Consider
MoV x (H Xy G)—=V :(v;h,g) = Ao(g " h)v. (5.13)
We note that 1y(0; h, g) = 0 and ng(v; 0, e) = v. Working with g = ¢1,

Tlo (770(“; ha, g2); (ha, 91)) = To ()\0(92_1@)”; hy, 91)
= Xolg1 "h1)Ao(gy the)v
= Xo(g1 (P + ho))v

(using g1 = ga)
= 1o (Ué (h2, g2) © (hhgl))

and

no(va; h, g) 0 1o (’01; h, g) = Xo(g ' h)ve + No(g " h)vy
= Xo(g "h)(v2 + 1)
= 7]0(1)20711;’%9)-

Thus 7y specifies a semidirect product V x,, G, where V is the category with one object
and with morphism group being the additive group of V. —

It has been pointed out to us by the referee that in the preceding example )y need not
be 1-dimensional.



232 SAIKAT CHATTERJEE, AMITABHA LAHIRI, AND AMBAR N. SENGUPTA

6. Semidirect products and twisted actions

In this section we develop a notion of a ‘twisted action’ of a categorical group on a category,
the twist arising from an n-map as discussed in the preceding section.
Let V be a category, G a categorical group, and suppose

n: Mor(G) X Mor(V) — Mor(G)

satisfies conditions (5.1)—(5.3). By Proposition 5.1 there is a semidirect product category
G %, V. The composition law for morphisms is

(K2, fa) oy (K1, f1) = (n(kz, f1) © k1, fo 0 f1) (6.1)
whenever the right side is well-defined. In this section we will assume, furthermore, that
n(kla, f) = n(k, f)la (6.2)

(
n(lek, f) = 1k, f)

for all £ € Mor(G), a,c € Obj(G), and f € Mor(V). Then for any k; : a — b and
ks : ¢c—=d in Mor(G) and any f € Mor(V),

n(kaky, f) = n((k2o1c)(1y0 k), f) (6.3)
= 1 ((k2lp) 0 (Leka), f)
n(k21y, f) o n(1cky, f) (using (5.3))
(k2 f)1e] o [Len(ky, )]
(k2 f) o 1e][1y 0 nlky, f)]
1(ks, f)n(ky, f)-

Thus 7 respects not only the composition law in Mor(G) but also the group product
operation.
By an action of G associated to 7, or an n-twisted action of G, we mean a functor

p:Gx, V—V (6.4)
for which
p(le, f) = f (6.5)
for all f € Mor(V), with e being the identity element in Obj(G), and
p (k2 p(ki, [)) = p(kaki, [) (6.6)

for all k1, k2 € Mor(G) and f € Mor(V). As seen earlier in the context of (3.5) and (3.6)
we then have

ple;v) = v

p(a,p(b,v)) = plab,v)
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for all a,b € Obj(G) and all v € Mor(V).
The key new idea bwilt into this notion is encoded in the requirement that p be also a
functor; this implies that

pka, f2) o p(k1, f1) = p (n(k, f1) o k1, fa o f1) (6.7)

for all ky, ko € Mor(G), and fi, fo € Mor(V) for which the composites ks o k1 and f; 0 f;
are defined. Dropping the explicit reference to p, this becomes:

(k2 - f2) o (k1 - f1) = (n(ka, f1) 0 k1) - (fao f1), (6.8)

where a - x means p(a, x).

For the special case n = Pry : (k,¢) — k we recover actions as defined in (3.1. The
distinction between this simplest case and the general semidirect product is expressed in
the functoriality of p, as explicitly given through (6.7).

The following is the analog of Proposition 3.1:

6.1. PROPOSITION. Suppose p : G %, V—V s an action associated to n, where G 1is
a categorical group, V is a category, n satisfies the relations (6.2) as well as

n(k, K'f) =n(k, f) (6.9)

for all k, k' € Mor(G) and all f € Mor(V). Then there is a double category over V whose
arrows are the elements (k, f) € Mor(G) x Mor(V), with source and target given by

sk, f) = and Uk, f) = p(k, f), (6.10)

composition given by
(K, Yo (k, f) = (Kk, f), (6.11)
whenever f' = p(k')f, and horizontal composition given by the semidirect product compo-
sition
(K2, f2) on (1, f1) = (K2, fo) o (K1, f1) (6.12)

whenever the composition on the right is defined.

We note that oy is a genuine composition law in a category, and source and target
maps in this category are given by

su(k, f) = (s(k),s(f))  and  tu(k, f) = (t(k),t(f)),
as in (3.1). We shall denote the double category specified in this Proposition by
AZ(V).

The relation (6.9) expresses an invariance of 1 with respect to p.
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PROOF. First let us check that the source and target of horizontal composition o, behave
correctly. We have

sul(k2, f2) on (k1, f1)] = sn(n(ka, f1) 0 ki, fao f1)
(s(k1), s(f1))
= Sh(klafl)

and

tn[(ka, fo) on (k1 f1)] = tw(n(ke, f1) 0 kn, fo o f1)
= <t(n(k:2,f1)okl),t(f20f1)>
t(ks), t(f2))

The source and target maps for the composition law o also behave correctly as we now
verify. We have

s((K', f) o (k, )] = s(K'k, f)

and

K f) o (b, D] = pKk)f

We need now only verify the exchange law. On one hand we have

(K3, f3) © (Ka, f2)] on [(ky, f1) 0 (ka, f1)] (6.13)
= (k’éké, fz) Oh Ufikl,fl)
= (U(kékz, fi)o (/ﬁ/ﬁ), fao f1)

and on the other
((k:é? fé) Oh (kia f{)) © ((k27f2) Oh (k17f1))
= (U(%» fi)oky, fso f{) © (77(]@, fi) ok, fao fl)
= ((ﬁ(kéyf{)ﬂ(kza fl)) ° (kllkl)7 fao fl);

and so, noting that f{ = ki f; and using the identities (6.3) and (6.9) satisfied by 1 and
comparing with (6.13), we see that the exchange law holds. "
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Let (n1, p1, V1) and (n2, p2, Vo) be actions of a categorical group G on categories V;
and Vy, respectively. By a morphism

F: (m,p1, Vi) — (02, p2, V2)

we mean a functor F : V; — V, that intertwines both n; and p; in the sense that the
following two diagrams commute:

Mor(G) x Mor(V;) —2> Mor(G) (6.14)
Mor(G) x Mor(Vsy) ——= Mor(G)

and

G x,, Vi 2>V, (6.15)

lIdeF Fl

G Ay V2 TVQ

In (6.14) arrows are set maps, and in (6.15) arrows are functors. Thus the functor
F must be ‘compatible’ with maps 7; and 7. In this context we make the following
observation.

6.2. LEMMA. If diagram (6.14) commutes then Idg x F is a functor.

PROOF. Let k € Mor(G) and f € Mor(Vl). Then the commutation of the diagram
(6.14) implies

n2(k,F(f)) = m(k, f). (6.16)
At the morphism and object level Idg x F is defined as usual:

Idg X F: (k, f) — (k,F(f))

Idg x F: (g,v) — (g,F(U)).

For composable morphisms (£, f') and (k, f) in G x,, V; we have, by the definition of
the semidirect product structure in (5.6),

(K", ') ony (ko f) i= (m(K', f) ok, f o f).

Then we have

(Idg x F)(K', f') oy, (Ida x F)(k, f) = (n2(K,F(f)) ok, F(f') o F(f))
(m (K, f) ok, F(f o f))
(using (6.16))
= (ldg XF)(m(k/,f)ok,f/of)
= (Idg x F)((*', f") on, (K, f)),

which shows that Idg x F is a functor. n



236 SAIKAT CHATTERJEE, AMITABHA LAHIRI, AND AMBAR N. SENGUPTA

Recall the invariance relation (6.9):

m(k, p1(K', f1)) = m(k, f1),

for all k, k' € Mor(G) and all f; € Mor(V;), that was needed in the double category
result Proposition 6.1. We observe that this relation is preserved by morphisms; for, on
using the commutativity in the diagrams (6.14) and (6.15), we have then

2 (K, p2(K', f2)) = m2(k, f2), (6.17)

for all k, k" € Mor(G) and all fo € Mor(V3) in the image of F.

Representations of 2-groups on 2-categories are studied in [Baez et al., 2012|. Their
definitions and development are different from ours. However, similar considerations arise
there as well regarding relationships between different representations. In their framework
such relationships are expressed through l-intertwiners and their higher counterparts,
called 2-intertwiners. In our framework, the corresponding notions are functors between
twisted actions and natural transformations between such functors.

Let F : (m1,p1, V1) — (12, p2, Vo) be a morphism between two actions of a cate-
gorical group G. Let A7 (V) be the double category defined (in Proposition 6.1) by the
representation (7, p) on V. Then the morphism F : (771, pl,Vl) — (772, pQ,V2) induces
a kind of functor between the double categories AZ} (Vl) — Azg (VZ). We explain this
fully in:

6.3. PROPOSITION. Let F : (1, p1, Vi) — (12, p2, Va) be a morphism between actions
(m,p1) and (2, p2) of a categorical group G on categories Vi and Vo respectively. Let
AT (Vl) and A2 (Vg) be the respective double categories over Vi and Vo defined by
(m1, p1) and (ng, p2) respectively. Then ¥ induces a mapping F., both on objects and on
morphisms,

AR (Vi) — AT (V).

and ¥, carries vertical composition to vertical composition and horizontal composition to
horizontal composition.

PRrooOF. Recall that F is a functor
F: V1 ‘>V2.

An object of AT (V1) is a morphism f : v; —= v} in Mor(V;). We define F, on objects
by
E.(f) =F(f).

Next consider a morphism of A7 (Vl). This is of the form
(k, f1) € Obj(G) x Mor(Vy).
We define F, on morphisms by
F.(k, f1) = (k,F(f1)). (6.18)
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Then for vertical composition we have

F.((K,f)o(k f1)) = F.(Kk fr)
(k/ka(fl))
= F.(F,f])oF.(k, f1),

where, for the last step, we note that the composition F. (&', f{) o F.(k, f1) is meaningful
because the target of F,.(k, f1) is

Pz(kAF(fl))a

which, by the commutative diagram (6.15), is equal to F (p1(k, f1)), which is the same as
F(f1), the source of F.(k, f]).

Next we consider the effect of F, on horizontal composition. Suppose (k, f) and (¥, f’)
are morphisms of AT (Vl) for which the composite (K, f') oy, (k, f) is defined; this means
that the composite f’ o f is defined and also &’ o k is defined. (Our goal at this point is

to show first that the composite F(k', f') o, F(k, f) is defined.) Hence F.(f") o F.(f) is
defined and, moreover,

F(p (K, ) oF(pr(k, f)) = p2(K,F(f)) o p2(k, F(f)) (6.19)
= P2(772(k7/’ F(f)) ok, F(f, o f))

is also defined since ny(k’, F(f)), having the same source and target as k', is composable
with k. Thus, both the composites

F(f') o F(f)
and
F(pu(K, ') o F(pu(k, [))
are defined. Hence the horizontal composite
F. (K, ') on Fu(k, f)
is defined. Computing the effect of F, on horizontal composition we have:
F.(K, f)onFulk, f) = (K. F(f)on (k. F(f)) (6.20)
= (m(¥.F( f)) o kF(fof))
= (m JokF(f'of))  (using (616))
— F((K, f)on (k. ).

Thus F, preserves both horizontal and vertical compositions. [
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Let F1 : (n1,p1, V1) —> (02,02, V2) and Fy : (12, p2, V2) —> (13,3, V3) be two
morphisms as described above. Then there is clearly a natural composition

F2 o Fl : (7717plaV1) — (7737p37V3)7

and it is readily checked that this composition is associative. The identity functor Idy :
V — V yields a morphism Idvy : (9, p, V) — (9, p, V).

6.4. PROPOSITION. There is a category Rep(G) whose objects are twisted actions of a
given categorical group G given by means of semidirect products with categories and whose
morphisms are the morphisms between such actions.

IHFEF F: (n,p1,Vi) — (2,02, Vo) and w : F = F/ o' : F/ = F” are natural
transformations then there is a composite natural transformation w’ o w : F = F” given
by

(Wow)(w):=uw'(v)ow(w) Ve Obj(Vy). (6.21)

Now suppose

FlvFll . (nlaplavl) — (n?;anVQ)v
Fy, F) 1 (12, p2, Vo) — (13, p3, V3)

are morphisms, and w; : F; = F/, wy : Fy = F), are a pair of natural transformations;
then a natural transformation wy oy wy : Fy o Fy = F), o F is specified by

(w0 wi)(v) = Fy((wi(v))) o wa(F1(v)) (6.22)
or equivalently

= wy(Fi(v)) o Fa((wi(v))),  ¥v € Obj(Vy).

7. An example with multiple twists

In this section we construct an example of twists and representations motivated by the
Poincaré group SO(1,3) x R%. This group, being of great interest, has been studied by
others, for example [Baez, 2002, Baez et al., 2012, Baez and Wise, 2012, Baratin and
Wise, 2009, Crane and Sheppeard, 2003, Pfeiffer, 2003], in its role as a categorical group.
Our study is entirely different in substance and flavor, and our objective is primarily to
demonstrate how n-maps can be constructed in such natural but complex examples.

In what follows one could take G' to be the universal cover SL(2,C) of the proper
orthochronous Lorentz group and H to be R* The vector space V used below can be
thought of as a ‘spinorial’ space on which a representation S of SL(2,C) is given.

Let o : G—=End(H) be a representation, where, as usual, G is the object group of a
categorical Lie group G, and H is a real vector space. We write a as juxtaposition:

def
gh = a(g)h.
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Then (as in Example CG2) we can form a categorical Lie group G, associated with the

Lie crossed module
(G7 H? &’ 7_)7

where 7 is trivial; thus the object group is Obj(G) = G and the morphism group is
Mor(G) = H %, G. Composition of morphisms is given by (5.12); explicitly,

(h2,92)(h1,91) = (h2 + g2ha, g201) (7.1)
(h2,9) o (h1,9) = (ha+h1,g).

Let S : G—End(V) be a representation of G on a complex vector space V, and M a
manifold on which there is a smooth left action of G (we can think of M as either R*
or a hyperboloid of the form {p € R* : (p,p), = E?} for some fixed E € [0,00), with
(-,-); being the Lorentz metric). Now suppose that we have a character (one-dimensional
representation) A\, of H, such that (p, h) — A,(h) is smooth and

Agp(h) = Ap(g™'h) (7.2)
forall p€ M, h € H and g € G (we think of the case \,(h) = ¢!PM1). Let
v

be the vector space of all smooth maps M —V (in the physical context, such a map is
a matter field in momentum space). We define an action S of H x, G on ¥ by:

[(h,9) - ¥)(p) = [S(h, 9)¥](p) E A\p(h)S(9)(g~ p) (7.3)

for all (h,g) € H x, G, p € M, and ¢ € U. We verify that this gives a representation:
for any (hi1, g1), (he,92) € H X, G and p € M we have

[(ha, g2) (R, 1) - ©)]() = Ap(h2)S(g2)((h1, 1) - ¥)](g2 (7.4)
= Ap(h2)S(92)S(g1)A,- p(hl) (91 95'p)

(

(

= Ap(h2)Ap(92h1)S(g291) ( (9291) 1p>

= Ap(h2 + g2h1)S (9201 @D((gggl 1)
[(

ha, g2) (1, 91 ) ().

Restricting to G, viewed as a subgroup of H x, GG, gives a representation of G on V
specified by .
(S(9)¥)(p) = (9-¥)(p) = S(9)(9™'p)- (7.5)

We fix a basepoint
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We now construct a category ¥, whose object set is V' and whose morphisms (other than
the identities) are of the form (h, g;¢) € (H %, G) x ¥, with source and target given by

s(h,g,¢) =¥(gpo)  and  t(h,g,¥) = Agpy(h)P(gp0)- (7.6)

We define composition of morphisms by

(ha, g2, 1) o (h1, g1,¢1) = (9195 "ha + ha, g1, 1), (7.7)

assuming that the source of (hg, g2,1) is the target of (hy,g1,11). The target of the
morphism on the right in (7.7) is

)\QIPO (9192_th + hl)qvbl (91p0) = )‘92130(h2)/\g1p0(h1)¢1(91p0>
= )‘g2p0 (h2)¢2 (92]70)
= t(hQ,QQ, ¢2)7

as it should be. For associativity we compute:

(hs, g3,13) © ((ha, g2, 2) © (h1,91,¢1)) = (h3,g3,¥3) 0 (9195 ‘ha + ha, g1,91) (7.8)
= (9195 'hs + g195 "ha + b1, g1, 1),

and

((h3,93, 77D3) © (h27927 7702)) © (hlagh ¢1) = (9293_1h3 + h27927 ¢2) © (hlagla ¢1)
= (9195 (9295 "hs + ha) + hi, g1,¢1),

which agrees with (7.8).
We introduce an identity morphism for each object by fiat. This makes ¥,,, a category.
We form the semidirect product

‘Ill =V ><]771 lIlpov (79)
where
m : Mor(V) x Mor(¥,,) — Mor(V) : (v, h, g,%) = Ay (h), (7.10)

with pg € M being the fixed basepoint we have used above; we specify the action on
identity morphisms by

mv,1y) =0 (7.11)
for all v,w € V. Before verifying that n; has the required properties for an n-map let us
state the nature of the category ¥;. The object and morphism sets for ¥, are

Obj(¥,) = {V}xV =~V (7.12)
Mor(¥,) = V x(H x G x V),
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where in the second line we have left out the identity morphisms. Source and targets are
given by

= s(h,g,7) = ¥(gpo) (7.13)

|
g

t(h, 9,9) = Agpo (h)(gP0)

I
g

~
—~
<
2
?
<
~— — ~— ~—
|

Composition of morphisms is given by

(v2; f2) © (v15 f1) = (m(va, f1) 4+ v1; fao f1). (7.14)

More explicitly,

(v2; ha, g2,2) © (Vs hyy g1, Y1) = (Aglpo(hl)vz + 0159195 ha + ha, g1, %) (7.15)
(ve; f2) o (v;1y) = (v2+v; fo)
(v;1w) o (vi; f1) = (n(v, /i) +v1; f1),

assuming that the compositions on the left have appropriate matching source and targets.
We turn now to verifying that 7, satisfies the required properties. We have

m (771 (v, (ha, g2, 12)), (b1, g1, 101)) = </\g2170(h2)va (h1, 91, ¢1)>
= )‘glpo(h1> <<)‘g2po(h2)v)>
= )‘glpo(hl + gng_IhQ)U

which agrees with

m (117 (ha, g2,12) © (b1, g1, 1/11)) = M (% (9195 "ha + h1791>¢1))
= Aglpo(hl + ngQ_IhQ)U'

Next,

m (va, (h,g,9)) o m(vi, (h,g,0) = Agpo(h)va + Agyy (R0
= Agpo(R)(v2 + v1)
= m(veouvr,(h,g,v)).

As for the behavior of 7; with respect to identity morphisms we have, in addition to
(7.11),

771(07 f) =0
for all f € Mor(¥,,).
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We now work with the categorical group whose object set is G and whose morphism
set is V' x¢ G, with source, target, and a-map given by

s(v,9) =t(v,9) = ¢
a(glv = S(g)v.

Let us denote this categorical group by
A% X9 Gd, (716)

where 4 is the discrete category with object set G. Product and composition are given
by

(va;9) o (vi59) = (v2+ 15, 9) (7.17)
(v2, 92)(v1, 1) = (Uz+g2v1;g291)-

(Note that we are not viewing V xg G4 as an n-twisted product.) We have

[(Ué, 92)(“17 91)] © [(027 g2)(v1, 91)] = (Ué + 92“1 + vy + gav1, G261)

and
(v + v2, g2) (V] + v1, 91) = (v + V2 + gov] + g2v1, G2G1)
We define
ne : Mor(V xg Gg) x Mor (¥;) — Mor(V xg Gy) (7.18)
(v g): (Wih,g.0)) = (Agp(h)V',9)
and

n((v,9),1a) = (v, ). (7.19)
Before proceeding further let us note the behavior of 7, with respect to the other identity
morphisms (0, ¢'):
n2((0.9), f) = (0,9, (7.20)
for all ¢’ € G and all f € Mor(¥,).
We now check that 7, satisfies the conditions we have required of n-maps. Let

fi=(vi;h1,91,¢1) and  fo = (v2; ha, g2, ¥2).

Then
Jao f1= ()\g1po<hl)/l}2 + U1 9192_1h2 + Ry, 91, 1). (7.21)
We have

2 (772 ((/07 9)7 f2) ) fl) = (()\92])0(}1/2)1), g)? (Ul; h17 g1, %))
= (Aglpo(h1>/\g2po(h2)vag) = (/\glpo(hl —|—glg2_1h2)v,g)

772((%9)7 ()\leo(hl)UQ + 0156195 'ha + h1>91>¢1)>
= 772((%9)7 Jao fl)-
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Next, working with g5, = g; € G, we have

ma((vh, g5), (v hy g,0)) o ma(vh, gb), (v hy g,0)) = (Agpo(R)V5, G5) © (Agpo (R)VY, 01)
()‘gpo(m (Ué + vi), 9/1)
= n2((vh, g5) © (v1, 91), (v b, g, 1))

The condition (6.2) also holds for 7,.
We are going to construct a representation p of the categorical group V xg Gy4 on ¥y
with the twist 7s:
p: (V Xg Gd) Ny ‘IJl 4>‘I’1.

Recall that

ObJ(VXSGd) = G
Obj(¥;) = V.

At the level of objects we specify p by
p:GXxV—V:(g,0)— gv. (7.22)
The morphisms of the two categories are

MOI(VXSGd) = V)ﬂsG
Mor(¥,)" = V x (H x G x V),

where, as before, we have omitted the identity morphisms in the second line. At the level
of morphisms we define first

p:(VxsG)x Mor(¥;) — Mor(¥,) (7.23)
(v, 9), (vih,g,¥)) = (gJo—=2"5dh g'g,9 ),
where .
g =59, (7.24)

as given in (7.5). Next for the action on morphisms of the type (v, 1,,), where v,w € V|
we set

p(v', ) (v, 1w) = (g'v =2 1g) (7.25)
for all (v, ¢') € V x G. We will use the notation

ar = p(a,z),

for @ an object (or morphism) of V xg G4 and x an object (or morphism) of ¥;.
For Mor(V xg Gy) source and target are the same for each morphism (v, g), both
being g. The source of (g’v —v59dh, 9,9 - 2/1) is

s(gv—0'5g'h, g9, 9 b)) = (¢ ¥)ggpo) = gv(g ™ g gpo)
= s(v',g")s(v;h, g, ).
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For targets we have

t(gv =059 g'9.9 - ¥) = g (h)¥(gp0)
= Aggmo <glh) (g/ : Z/1)(9/9170)
= Agpo(h)g’w(gpo)
= (v, g)t(v;h,g,9).

Applying (v”, ¢”) after applying (v, ¢’) to (7.23) we obtain
W, g") [, g)(v;h, g,0)] = (¢"gv— gV —=v";9"g'h, §"d g, §"9" - V),
which is the same as applying
W)W o) = 0 + 9" 49
to (v; h, g,). The same holds for [(v", ¢")(v", ¢')] (v, 1,):
(", g, 9] (0, 1) = " +g"V,g"¢) (v, 1)

"/

— (g g v — UI/ _ g//U/, ].g//g/w>

(0", g, 9 (v, 1w)] = (", ¢")(g'v =2, 1gu)
— (g//g/v _ g,/U/ o /U”, ]_g//g/w)
We continue with the notation

fi= (U1§ h1,91,¢1) and fo= (Uz;hmgz,%)-
Then

P(Uévgé)fz OP(U/179/1)f1

= (gav2 — vy; gyha, ga92, G5 - V2) © (giv1 — V1 giha, g1g1, gy - ¥1)

- <)‘9391po (91%)(9&“2 - Ué) + 91111 — v’l;
(9,91)(ghg2) " Ghha + g b1, Gra1, g - 1/;1)

Let us compare this with

(72 (05 98), 1) © (01,90) ) - (02 f2) © (01, )

(7.26)

(7.27)

= (Aaumn (B0 + 535 ) - (Naspa(Br)02 + 01, 9163 he + 1, 4

- <gi (A91p0<h1>v2 + Ul) - )‘glpo(h1>vé — vy

91(9195 "ho + 1), 9191, 94 -@/)1)-
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This is identical with the last expression in (7.27) except for one term but that term is
also in agreement upon noting that g; = g4 in order for the composition 7 ((v4, g5), f1) ©
(v}, g7) to be defined.

Next we work with (7.27) for the case fo = (v;1,,) wherev € V and w € V = Obj(¥,),
and

fi= (Ul;Fl) = (U1§h17917¢1)

as before, with the composite f; o f; defined. Then

fao fr = (Agupo (ha)v + 015 b, g1, 9n) (7.28)

then, using the composition law from (7.14) and the obvious notation ¢ F1,

/

p(vy, o) f20 p(vh, 1) fi = (950 — V53 Lgp) 0 (o1 — Vi 1P, 9191, 91 - n)  (7.29)
(m1(ghv — vh; giha, 911, g1 - 1) + ghor — vl gL FY)
= (Aggupo(9171) (ghv — v3) + givr — vi; g1 FY),

and, on the other hand,

p(n2(vh, g5; f1) o (v, 91)) (f20 1) = p(Agupe(ha)vh + 01, g1)(fa 0 f1) (7.30)
= (gi)‘gwo(hl)v + givl - )‘glp()(hl)v; - Ui; giF1)7

which agrees with the last expression in (7.29) because ¢g| = g5, since the composition
(v, g4) o (v}, ¢}) is needed to be well-defined. We omit the lengthy but entirely routine
verifications of other similar conditions for the cases involving the identity morphisms.

The twist 7, satisfies the invariance relation (6.9) with respect to the representation
p, as may be verified by computation.

8. Twisted representations on vector categories

In this section we study actions on categories that have some vector space structure built
in.

By a vector category we mean a category whose object and morphism sets are equipped
with vector space structures in such a way that the source and target maps are linear, as is
the identity assigning map = +— 1,. (This is different from the notion of ‘linear category’
discussed in [Baez et al., 2012].)

By a representation p of G on a vector category V, associated with an n-map 7 :
Mor(G) x Mor(V) — Mor(G), we mean an action p, associated with 7, for which the
map

p(g) : Obj(V) —=Obj(V) : v = p(g,v)

and the map
p(k) : Mor(V) —=Mor(V) : f > p(k, f)
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are linear for every object g and every morphism k£ of G. We shall also call such a
representation an n-twisted representation, and refer to

(n,p, V)

as a twisted representation of G.

In developing the notion of irreducible representations of categorical groups we need
to be careful in handling the role of morphisms that have 0 as both target and source.
This issue is absent in traditional representation theory.

Let us define the trivial subcategory Ov of a vector category V to be the vector
category whose only object element is 0 and the morphism set is Hom(0, 0):

Obj(Ov) = {0} Mor(Ov) = Hom(0,0).

We define a proper vector subcategory of V to be a subcategory other than V, Oy and O
(the trivial subcategory with only the 0 object and its identity morphism).

It is readily verified that an n-twisted representation p of a categorical group G on
V, restricts to yield a representation of G on Oy. With this in mind, we formulate the
following definition of reducible representations. Let G be a categorical group and V
a vector category. Let p be an n-twisted representation of G on V. We say that p is
reducible if there exists a proper vector subcategory U of V such that the restriction of
(n, p) to U defines a representation of G on U. In this case,

plu: G Xy, U— U (8.1)
is a representation, where 7|y denotes the restriction of 1 to Mor (U) C Mor (V),
nlu : Mor(G) x Mor(U) — Mor(G).

The representation p is irreducible if it is not reducible.
We say that a functor
F:V—W,

where V and W are vector categories, is linear if it induces linear maps both on the
object spaces and on the morphism spaces. A functor F : V. — W is a zero functor
if Im(F) C Ow. Note that the image of a zero functor at the level of morphisms is not
necessarily {0}.

Suppose V is a vector category, and Vj is a subcategory which is a subspace of V
both for objects and for morphisms. Then we would like to define a vector category

V/V,

whose object and morphism spaces are the corresponding quotient spaces. However,

composition of morphisms would fail to be well-defined since there is no reason why
(f + fo) o (h+ hg) should equal foh modulo Mor(Vy) when fy, hg € Mor(Vy). However,



TWISTED ACTIONS OF CATEGORICAL GROUPS 247

as we shall see in our next result the quotient category is well-defined and useful in some
cases.

We turn now to Schur’s lemma for irreducible representations of categorical groups
on vector categories. There are subtle but important differences between this result and
the traditional Schur’s lemma for group representations, where the interaction between
morphisms and objects is absent.

8.1. THEOREM. Suppose (m1,p1, V1) and (n2, p2, Vo) are irreducible twisted representa-
tions of a categorical group G on wvector categories Vi and Vo, respectively. Let F
(m1, p1, V1) — (12, p2, V2) be a morphism of representations, given by a linear functor
F :V, — V,. Then one of the following hold:

1. F s a zero functor, or
2. there is a well-defined quotient category V1/Ov, and F induces a functor
Vi/Oy, — Vy
that is an isomorphism both on objects and on morphisms, or
3. F is an isomorphism.

PrROOF. The functor F induces linear maps
Obj(V1) — Obj(Vy) and Mor(V1) — Mor(V5).

Consider the category
L =kerF, (8.2)

whose objects are those objects in V; that are mapped by F to 0 € Obj(V3) and whose
morphisms are those morphisms in V; that are mapped to the morphism 0 € Mor(Vy).
Let us verify that L is in fact a category: composites of morphisms in L are morphisms
in L and for each object a € Obj(L) the identity morphism 1, is in Mor(L). Since, by
definition of a vector category, the mapping = + 1, is linear, we have 0 = 1, the identity
map at the zero object 0 € Obj(Vy); soif f:a—=0b and g : b— ¢ are morphisms in L
then

F(go f)=F(g)oF(f) =1loolg =10 =0, (8.3)

and so g o f € Mor(L). Next, if a € Obj(L) then
F(1,) = Ip@ = 1o =0, (8.4)

and so 1, € Mor(L).
The map n; restricts to a map

G xL—G.
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We will now show that p restricts to a functor
G %, L—L.
Since F is a morphism of representations we have
Fop =pso(ldg x F) (8.5)

(by the commuting diagram (6.15)). Applying this to the object (g,v) € Obj(G) x
Obj(Vy), where F(v) = 0, we see that

F(m(g, v)) = p2(g,0) =0,

and so the object space of L is stable under the action of Obj(G) through the representa-
tion p;. Similarly, p; (k) maps Mor(L) into itself, for every k € Mor(G). Thus, p; restricts
to an action of G on the subcategory L. Since p; is irreducible it follows that L is V; or
Ov, or the zero category O. In the first case the functor F would be a zero functor.

Let us assume then that F is not a zero functor. In this case L is the trivial subcategory
O in V;or L = Oy,
L=0O or L=0y,. (8.6)

Let f,h € Mor(V;) for which the composite f o h is defined. Let fy, hy € Mor(L).
Then f + fy has the same source and target as f, and the same holds for h + hy and h,
and so (f + fo) o (h + ho) is defined. Moreover,

F((f+ fo)o(h+ho)) = F(f+ fo) oF(h+ho)
= F(f)oF(h) (because fo, hg € Mor(L))
— F(foh),

and so
(f + fo) o (h+ ho) — f o h € Mor(L).

Hence the composition of morphisms in V; descends to a well-defined composition law on
Mor(V;)/Mor(L).

Furthermore, as is seen more easily, the source and target maps on V; induce well-defined
corresponding maps

Mor(V1)/Mor(L) —= Obj(V1) = Obj(V1)/Obj(L).
Thus we obtain a well-defined vector category

V,/L
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and a functor

v— F(v) for v € Obj(V;)

f +Mor(L) — F(f) for f € Mor(V;)’ 8.7)

F* :Vl/L4>V2 . {

whose image is the same as Im(F). The latter is a po-invariant subcategory of V, and
therefore is either Oy, or Vs itself. Since we have assumed that the original functor F is
not a zero functor, its image is, in fact, all of V. To conclude let us note that V; /L is
just Vi if L =0, and it is V;/Ov, if L = Ov,. n

9. Representations on categorical vector spaces

The narrowest type of category of interest on which one might consider representations of
categorical groups is a categorical vector space. By this we mean a category V for which
both object set and morphism set are equipped with vector space structures over a given
field IF, the target and source maps are linear as is the identity assigning map x — 1,, and
the operations of addition and multiplication by scalar are functorial in the sense that if
1,1, 9,9 € Mor(V), for which f’ o f and ¢’ o g are defined then

(f'+9)o(f+g) = flof+gog (9.1)
Af)of = AJf'of)=fo(\)

for all A € F.

Thus a categorical vector space is a very special type of vector category: composition
and the vector operations are intertwined through the relation (9.1). In this section
we work out the structure of categorical vector spaces and the nature of (untwisted)
representations on them.

Our first result, formulated in a way that focuses only on the additive abelian group
structure of the object and morphism groups of a categorical vector space, demonstrates
how special the structure of a categorical vector space is.

9.1. PROPOSITION. Suppose V is a categorical group for which both object and morphism
groups are abelian. Then Mor(V) is isomorphic to the ordinary product:

Mor(V) ~ W x V, (9.2)

where V' is the vector space Obj(V) and W = kers is the kernel of the source homo-
morphism s : Mor(V) — Obj(V). The source and target maps are given on W x V
by

s(w,v) = v and  t(w,v) = 1(w) + v, (9.3)

where

70 - W—V (94)
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1s a homomorphism. Moreover, composition of morphisms corresponds on W x V' to the
operation
(wa, v2) o (wy,v1) = (wg + wq, vy), (9.5)

defined when vy = To(w1) + v1. The identity morphism at any v € V is given by (0,v),
and the inverse of a morphism (w,v) is (—w,7o(w) +v).

PROOF. As discussed earlier in the context of (2.7),
Mor(V) ~ W x, V (9.6)

where
a:VxW-—W:(v,w)—al)(w) = a,(w)

is a mapping for which each «, is an automorphism of the group W. Source and target
maps are given by
s(w,v) =v and t(w,v) = T1o(w) + v, (9.7)

where, as we saw in (2.10), 79 is the restriction of ¢ to W
T = t|W. (9.8)
The binary operation for the semidirect product W x, V' is given by
(wa, ve) @ (wy,v1) = (W + vy, (wW1), Ve + v7). (9.9)
Thus W x, V is abelian if and only if
(wg + au,y (w1),v9 + v1) = (w1 + a, (W), v1 + vg)

for all v1,v9 € V and wy,wy € W. Comparing the first components, and setting wy = 0
and v; = 0 we have as necessary condition:

a,(w) = w

for all v € V and w € W. This means that «, is the identity map on W for all v, which
is equivalent to the group operation (9.9) being given by

(wz,vz) D (’lUl, Ul) = (wz + wy, vy + Ul). (910)

This condition is obviously also sufficient to ensure that W x, V is abelian. In this case
the semidirect product W x, V' is just the ordinary product W x V:

Wx,V=WxV.

We note that (0,v9) o (wy,v1) = (wy,v1) when vy = t(wy,v1), and (ws,ve) o (0,v1) =
(wg,v1) when vy = t(0,v1) = vy. It follows then that the identity morphism at any v is
(0,v). Next for a morphism (wy, v;) we have

(_wlavi) o (whvl) - (07U1)7
where v} = m(wy) + vq, and
(wla Ul) o (_whvll) = (07?}/1)

because 1o(—w;) + v} = vy; thus the inverse of (wy, v1) is (—wy, v1). "
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Now we specialize to a categorical vector space V. Writing the isomorphism (9.6) as
given in (2.7) explicitly, using the additive notation, we have

Mor(V) —=W x, Vi f = (f + 155, s(f)). (9.11)

Linearity of the source map s and of the identity-assigning map a +— 1, imply then that
the isomorphism in (9.11) is an isomorphism of vector spaces. The mapping 7y given in
Proposition 9.1 above is then a linear map

To: W —V.

Consider a representation (without any twist) p of G on V; we use notation G, H,
and V, W as above. Thus G is associated to the crossed module (G, H, o, 7). To keep
the notation simple, we denote the representation of K = Mor(G) on W as well as the
representation of G = Obj(G) on V by p. We also denote all target and source maps
by t and s, respectively, both as maps Mor(G) — Obj(G) and in their more concrete
renditions as maps G X, H—G. We will write p(k)f as kf when the intended meaning
is clear.

Let us first see how p introduces a representation of the group K on the vector space
W. To this end we observe that when an element k£ € K acts on an element of the form
(w,0) € W x V, the source of the resulting element is

slp(k) (w.0)] = p(s(k)) s(w,0) = p(s(k))0 = 0.

This means that the subspace W x {0} of W x V is invariant under the representation p
of K. Thus p produces a representation, which we denote by py, of K on W:

p(k)w = po(k)w forall w e W and k € K. (9.12)
To see how this interacts with the representation p of G = Obj(G) on V' we compute
t(po(k)w) = to(k)w] = p(t(k))t(w) = p((k))To(uw). (9.13)
For the interaction of py and the composition of morphisms in K, let us recall that
p:GXxV—V
is a functor. Using this and the definition of py in (9.12) we have:

(po(ks 0 k)w,0) = p(ks o ki)(w,0) (9.14)
= |p(k2 o k1)][(w,0) o (0,0)]
[p( )( 0)] o [p(k1)(0,0)]

I
—~
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for any ki, ky € K = Mor(QG) for which the composite ks o k; exists and all w € W. This
is a very strong restriction on py. In fact, taking k&1 = k : a—=>b and ky = 1,, the identity
morphism at b, we have

po(k) = po(lew))- (9.15)
Thus pg is completely determined by the representation of G on W given by
G—End(W) : b — po(1p). (9.16)

We denote this representation of G' by py:

po(b) = po(1s). (9.17)

To summarize, we have proved:

9.2. PROPOSITION. Let G be a categorical group, with source map s and target map t,
and let (G, H,a,T) be the associated crossed module. Suppose p is a representation of G
on a categorical vector space V. Let V.= 0bj(V), W = kers, and 1o : W —=V be the
restriction of the target map to W. Then there is a representation py of G on W such
that

p(k)yw = po(t(k))w  forallw e W and k € K, (9.18)

and po intertwines with p|G through the map 7o : W —=V:
To(po(k)w) = p(t(k))To(w) for allk € K and w € W. (9.19)

The very special conditions that p must of necessity satisfy can be explored further.
Let us recall from (2.3) that the zero element in Mor(V) is 1o:

0= 107
and that since p is a functor it carries identity morphisms to identity morphisms:
p(1,,1,) = 1g4. (9.20)

for all g € Obj(G) and v € Obj(V). For any morphism f : v — w in Mor(V), p(1,, f)
has source gv and target gw while p(1,, f~') has source gw and target gv; then:

gy = p(ly, f o f) = p(lg0 1y, fh 0 f) = p(1y, f71) 0 p(1y, f) (9.21)
and
lgw = p(lg, fo f71) = p(lgoly, fofh) =p(1y, f)op(ly, f7). (9.22)
Hence
Lf = (1,0) " (9.23)

We can combine this with the very special relation (9.15 )

po(k) = po(Liwy)
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to extract more information on the nature of p.
If f=(w,v)eWadV ~Mor(V) has source s(f) = v in the range of 7y then we can
express f as a composite using two elements in W:

f:(fofO)of(Tlv

where fo = (w,,0) € W and w, being such that m5(w,) = v, and f o fy is also in W
because its source is 0. Then

plk, ) = plk, f o fo)op(Ly f5 ') = p(k, fo fo) o [p(Ls, fo)] ™" (9.24)
where b = t(k). We recall from (9.15) that

pk,fofo) = p(Liwy, fofo)=po(b)(fofo)
p(1p, fo) = po(d) fo.

Our conclusion then is:

the values p(k, f), when s(f) € t(W), are uniquely determined by the representation
po of G on W.

The value of p(k, f) for f : v —w is also uniquely determined by the restriction of
the representation p of G to Hom(0,0) C Mor(V) and the value p(k, f’) for any one f’ €
Hom(v,w). This is seen by writing f as f'+ (f — f) and noting that f — f" € Hom(0, 0).

Thus categorical vector spaces and representations of categorical groups on them have
a very special structure.

10. Concluding summary

In this paper we have studied actions of categorical groups on categories. The distinction
between such actions and traditional group actions lies in the behavior of compositions
of morphisms, a structure not present in ordinary groups. We have introduced a notion
of a twisted action in this context, allowing for a richer range of behaviors of composition
in relation to the action. For linear actions on categories with vector space structures we
have proved a version of Schur’s lemma and studied representations on categorical vector
spaces. To illustrate the ideas we have developed several examples in detail.
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