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Abstract

Hilsum—Skandalis maps, from differential geometry, are studied in the context of a cartesian
category. It is shown that Hilsum—-Skandalis maps can be represented as stably Frobenius
adjunctions. This leads to a new and more general proof that Hilsum—Skandalis maps represent
a universal way of inverting essential equivalences between internal groupoids.

To prove the representation theorem, a new characterisation of the connected components
adjunction of any internal groupoid is given. The characterisation is that the adjunction is
covered by a stable Frobenius adjunction that is a slice and whose right adjoint is monadic.
Geometric morphisms can be represented as stably Frobenius adjunctions. As applications of
the study we show how it is easy to recover properties of geometric morphisms, seeing them as
aspects of properties of stably Frobenius adjunctions.

This paper is dedicated to my son, Nathan.

1 Introduction

We provide a categorical account of Hilsum—Skandalis maps and establish that key results about
them can be proved in the general context of a cartesian category C, provided the domain and
codomain groupoids are restricted to those that have connected components adjunctions that are
stably Frobenius. The restriction is not a strong one as most groupoids used in application satisfy
this property. One key result is that Hilsum—Skandalis maps form the morphisms of a category of
fractions, inverting essential equivalences between internal groupoids. This is shown by providing a
new result which is that Hilsum—Skandalis maps can be represented as stably Frobenius adjunctions
over C.

Along the way, in order to ease the discussion of categories of objects with groupoid actions, we
provide a new categorical description of the connected components adjunction for internal groupoids
which should be of general interest. The result is that an adjunction Xp 4 D* : D — C is
equivalent to a connected components adjunction if and only if it is covered by a slice of C, with a
covering adjunction that is stably Frobenius and whose right adjoint is monadic.

A number of applications are given which show how the techniques developed can be applied
to recover known aspects of the theory of geometric morphisms. It is shown how the pullback of
bounded geometric morphisms can be described by using the product of localic groupoids and a
proof is given of pullback stable hyperconnected-localic factorization.

All our categories are cartesian (i.e. they have finite limits).

2 Summary of contents

Our first few sections are categorical preliminaries covering properties of categories of adjunctions
over a base category, Frobenius reciprocity, monadicity and effective descent. Then there is a section
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on groupoids which provides new characterisations of the connected components adjunction, in
terms of these categorical concepts (adjunctions over a base, monadicity, Frobenius reciprocity and
effective descent).

We then define Hilsum—Skandalis maps and show that stably Frobenius adjunctions give rise
to them. In fact by restricting to what we have called stably Frobenius groupoids, which are
then introduced, we see that all Hilsum—Skandalis maps arise in this way. This is the main result
of the paper: Hilsum—Skandalis maps are essentially the same thing as stably Frobenius adjunc-
tions. Along the way there is some discussion about internal essential equivalences between internal
groupoids, showing that they can be used to characterise Hilsum—Skandalis maps in the usual man-
ner. We then focus on applications of the main result and show relative to an arbitrary cartesian
category that:

(i) Hilsum—Skandalis maps universally invert essential equivalences,

(ii) stably Frobenius groupoids internal to a category of G-objects are (up to a natural equiv-
alence) the same thing as Hilsum—Skandalis maps to G (this is achieved with a new categorically
flavoured construction of groupoid semidirect product) and

(iil) connected component adjunctions of stably Frobenius groupoids are pullback stable.

Finally the paper focuses on applications to geometric morphisms, recalling that geometric mor-
phisms can be represented as certain stably Frobenius adjunctions. The categorical characterisation
of connected component adjunctions is applied to characterise bounded geometric morphisms, from
which basic results about localic and bounded geometric morphisms follow. The pullback of con-
nected component adjunctions is used to describe the pullback of bounded geometric morphisms.
An account of the hyperconnected-localic factorization is given.

3 Preliminaries
3.1 Notation for pullback

We will assume that all our categories are cartesian and start with some notation. If f: Y — X
is a morphism of a category C then we use Yy as notation for f when considered as an object of the
slice category C/X. Observe that (C/X)/Y; is isomorphic to C/Y. We use Yx as notation for the
object m; : X XY —— X. For any morphism f : Y —— X of a cartesian category C there is a
pullback adjunction Xy 4 f*: C/Y — C/X; if Z, is an object of C/Y then ¥ ;(Z,) is defined to
be Z;4. In the case X =1 we use ¥y 4 Y™ for the pullback adjunction; Xy reflects isomorphisms
and creates coequalizers.

3.2 Adjunctions over a base category

We shall frequently be discussing results relative to a base category C. If we have two other cat-
egories D;,i = 1,2, each equipped with an adjunction ¥p, 4 D} : D; — C back to C (so Xp,
goes from D; to C) then an adjunction L 4 R : Dy == D, is said to be over C provided there
is a natural isomorphism 7 : ¥p, — ¥p,. The morphisms of the category of adjunctions
over C consist of natural transformations on left adjoints that commute with the natural isomor-

phisms 7 in the obvious manner; i.e. if & : Ly —— Ly then 7 : ¥p,L; —— Xp, factors as
ED2Q T2
Yp, L1 — ¥p,Ly — Xp,.

If X is an object of C and we assert that an adjunction L 4 R : C/X .— D is over C then

we mean that there is a natural isomorphism « : XpL ——» Y. Notice that for the case X =1
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having such an adjunction means that there is a splitting of the given adjunction ¥p - D* back to
C.

Given an adjunction L 4 R : D —* C, then for any object X of C there is a sliced adjunction
Lx 4Rx : D/RX — C/X; Lx(g) =‘the adjoint transpose of g’ and Rx (Y}) = RYry.

It is trivial from the definition of adjoint transpose to see that any adjunction L 4 R (between
cartesian categories) factors through its slice at L1:

S Ly 31
D —D/RLl —C/L1 —¢C
’Ur RL1 Ll*

and similar observations can be exploited to relate certain adjunctions over C to adjunctions that
are splittings:

Lemma 3.1. Given an adjunction >p 4 D* : D = C and an object X of C then the category
of adjunctions L 4 R : C/X ——= D over C is equivalent to the category of adjunctions L' 4 R’ :
C/X — D/D*X over C/X. Further, under this equivalence, L'l = L1 Y+ D*X where 1 is the

adjoint transpose, across Xp - D*, of the isomorphism «a; : XpL1 =, Yx1 = X that exists by
assumption that L 4 R is over C.

Proof. Send L 4 R to Lp~x¥Xa, 1 A%Rp«x. The adjunction Lp-xXa, 4 A% Rp-x is over
C/X because (Xx)x = (Xp)xLp-x (if ¥x = ¥pL) and Ide,x factors as ¥,¥a,. In the other
direction send L' 4 R’ to Xp«x L' 4 R'(D*X)*. Observe that

C/X x X = (C/X)/X*X = (C/X)/RD*X (*)

Note that the adjoint transpose of the morphism Ax : 1 —— X*X of C/X under the adjunction
Y x -1 X* is the identity on X and so the ‘further’ part follows by uniqueness of adjoint transpose,
taking the isomorphisms of categories (*) into consideration. Q.E.D.

Being able to relate general adjunctions over C with sliced domain, to splittings of adjunctions
back to C will ease proofs considerably as the split case is generally easy. We shall see a number of
examples of this in what follows.

4 Frobenius reciprocity

An adjunction L 4 R : D T— C satisfies Frobenius reciprocity (or is Frobenius) provided the map

Lmolm) 1w ox LRX

IdLerx
_—

L(W x RX) LW x X

is an isomorphism for all objects W and X of D and C respectively, where ¢ is the counit of
the adjunction. See [L70] for an early reference to Frobenius reciprocity in a categorical context.
Between cartesian closed categories an adjunction satisfies Frobenius reciprocity if and only if the
right adjoint preserves exponentials (R(XY) = RXY) however the condition is also relevant in the
general context of cartesian categories, a striking example being the category of locales. Categories
of locales (relative to a topos) are not cartesian closed but the Frobenius condition on adjunctions
between them can be used to characterise geometric morphisms, [T10]. Being Frobenius is two
conditions away from being an equivalence:
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Lemma 4.1. A Frobenius adjunction L 4 R : D .—= C is an equivalence if and only if L1 =1
and ny is a regular monomorphism for each object W of D.

Proof. If the adjunction is an equivalence the unit is an isomorphism and L1 = 1, so one way round
is clear. In the other direction, LRX = L(1 x RX) =2 L1 x X = X; from which the counit ¢ is seen

a
to be an isomorphism. For each object W there is an equalizer diagram W My RLW — W'
b

for some a,b and W’. Then La = Lb since Lny is an isomorphism using the triangular identities
and the fact that ¢ is an isomorphism. But if La = Lb then they have equal adjoint transposes;
that is, nw+a = nw+b and so a = b since iy is a monomorphism. Hence 7y is an isomorphism and
the adjunction in fact is an equivalence. Q.E.D.

If X is an object of C, then L - R is Frobenius at X provided Lx - Rx satisfies Frobenius
reciprocity and is stably Frobenius if Lx - Rx satisfies Frobenius reciprocity for every object X of
C.

It is easy to see that an adjunction L 4 R : D .—* C is stably Frobenius if and only if for any pair
of morphisms g : W — RX and f : Y —— X, the canonical map L(W xgpx RY) — LW xxY
is an isomorphism, where the codomain is the pullback of f along the adjoint transpose of g. For
example, for any morphism f : X —— Y of a cartesian category C, the pullback adjunction >y -
f*:C/X — C/Y is stably Frobenius. The composition of two (stably) Frobenius adjunctions is
(stably) Frobenius.

The next lemma provides an example of the usefulness of being able to relate adjunctions over
C to split adjunctions. We will see towards the end of this paper that Part 2 can be viewed as the
categorical essence of the well known fact that if the composite fg of two geometric morphisms is
localic, then g is localic.

Lemma 4.2. Let ¥p 4D* : D — C be an adjunction.

1. L 4AR:C<— Dis over C and Frobenius at L1, then Ly : C/1 —— D/L1, is an
equivalence.

2. If X is an object of C and L 4 R : C/X —— D is an adjunction over C that is Frobenius at
D*X then Ly : C/X —— D/L1 is an equivalence.

Proof. 1. We need to show that the adjunction

oy L
C —C/RL1 —D/L1
ny Rra
is an equivalence. Lemma 4.1 can be applied as the adjunction satisfies Frobenius reciprocity by
assumption (and the fact that the composition of two Frobenius adjunctions is Frobenius). Since

L11 21 we are just required to check that the unit of this adjunction is a regular monomorphism.
(% nx)

At X, an object of C, the unit is X ——+ 1x gy RLX where the pullback is of RL(!X : X — 1)

along 71 : 1 —— RL1. Now because L - R is over C the composite adjunction XpL - RD* is
D

an equivalence and so its unit, X X, RLX Lo RD*¥pLX is an isomorphism which implies

that 7x is a split monomorphism (it is split by (RnFPynx) 'RnFy). This is sufficient to show that

(1%, nx) is a regular monomorphism.
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2. By 1. and Lemma 3.1 we know that
(Lo x¥a ) £ (€/X)/1 —= (D/D*X)/(L1 —*~ D*X)
is an equivalence. But (D/D*X)/(L1 2. D*X)=D/L1. Q.E.D.

For our final introductory lemma we expose a close relationship between morphisms and natural
transformations that arises once we restrict to stably Frobenius adjunctions.

Lemma 4.3. Let Xp 4D* : D — C an adjunction, X an object of C and L; 4 R; : C/X — D
with ¢ = 1,2, two adjunctions over C, both Frobenius at D*X. Let v¢; : L;1 —— D*X be the
adjoint transpose of the isomorphism 7} : ¥pL;1 — Y x1 that exists by assumption that L; 4 R;
is over C. Then there is a bijection between morphisms D/D* X ((L11)y,, (L21)y,) and morphisms
(Ll — Rl) —_— (L2 — RQ) over C.

Proof. Any o : L1y —— Lo gives rise to a map a1 : L1l — Lol which is over D*X if « is over
C. In the other direction any object Yy of C/X is isomorphic to the pullback 1 x x+x X*Y (i.e. the
pullback of Idx x f along Ax). As L; 4 R; is Frobenius at D* X and over C there are isomorphisms:

LZ(Yf) = Lz(l Xx*X X*Y) = Lz(l X R, D*X R[D*Y) = Lll XDxXx D*Y(*)

where the last pullback is Id x D* f along 1; (recall that Ax is the unit of ¥x 4 X* evaluated
at 1). Using these isomorphisms, any map a : L1l —— Lol over D*X gives rise to a natural
transformation G : Ly — Lo. To see that this natural transformation is over C observe that 7y,
factors as

SpLi(Yy) 229 Sp(Lil xpex DY

b Dypm T
y BTy ¥om) ¢ r 1wy Y ey
where P is the counit of ¥p 4 D*.

That a; = a is clear from construction and that ay, = (oZl)yf for each Yy follows by naturality
of w at I : Yy —— 1 and the fact that « is over C. Q.E.D.

5 Monadicity

This section consists of a short paragraph where we recall some basic facts about monadic functors.

Beck’s monadicity theorem proves that a functor R is monadic iff it (i) has a left adjoint, (ii)
reflects isomorphisms and (iii) has and preserves coequalizers for any R-split pair of arrows (that
is, for any parallel pair of arrows f,g : X —F Y such that Rf, Rg is part of a split coequalizer
diagram with coequalizer, § : RY — (), there exists a coequalizer ¢ : X —— Q of f, g such that
the canonical map Q — RQ is an isomorphism). From this characterisation of monadicity it is
clear that a functor R : C —— D is monadic iff Rx is monadic for every X; i.e. monadicity is
slice stable. If R : C —— D is split by S : D —— C (i.e. we are given a natural isomorphism
SR = Idc), then R is monadic if it has a left adjoint (essentially because split coequalizers are
preserved by any functor; applied here to both S and R). If we have two functors R : C —— D
and R’ : D — D', both with left adjoints, then provided R’ reflects isomorphisms, R is monadic
whenever R'R is monadic. In particular, monadicity descends along monadic functors; i.e. if both
R'R and R’ are monadic then so is R. On the other hand if R’ has a left adjoint and is split and R
is monadic then R’R is monadic; so for split R’ (with a left adjoint) we have that R'R is monadic
iff R is monadic.
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6 Effective descent

If f: X ——Y is a morphism of C, then f is an effective descent morphism if the functor
f*:C/Y — C/X is monadic. An effective descent morphism is necessarily a regular epimorphism
(the kernel pair of f is f*-split) and the property of being an effective descent morphism is pullback
stable by our observation that monadicity is slice stable. Further, from our observations about
monadicity, we known that split epimorphisms are effective descent morphisms and that for any
pair of composable morphisms f, g, if fg and g are effective descent morphisms then so is f. We
also know that if g is a split epimorphism then fg is an effective descent morphism if f is.

The next lemma shows that effective descent morphisms interact well with Frobenius adjunctions
over a base category C and is another example of an application of Lemma 3.1:

Lemma 6.1. Let X¥p 4 D* : D — C be an adjunction.

1. Given an adjunction L 4 R : C —= D over C that satisfies Frobenius reciprocity, if !" :
W —— 1 is an effect descent morphism in D then !"W : RW —— 1 is an effective descent
morphism of C.

2. Let X be an object of C. If L 4 R : C/X .— D is over C which is Frobenius at D*X and
W . W —— 1 is an effect descent morphism in D, then RW is an effective descent morphism of C.

pXIdrw
—_ >

Proof. 1. (a) If ¢ : U —— V is a morphism of C such that U x RW V x RW is an
isomorphism then, by applying L and the Frobenius reciprocity assumption we have that LU x

LoxId . . . . . . . .
W 22 LV < W is an isomorphism. Since ! is an effective descent morphism, Ly is therefore
an isomorphism. But ¥pL =2 Ide by assumption that L 4 R is over C and so ¢ is an isomorphism.

fxId
f -/ m
(b) Say U — V is a pair of morphisms in C such that there is Urwy led' Vew <— K, a split
g n
1
coequalizer diagram in C/RW. By taking adjoint transpose across L 4 R and applying Frobenius

LfxId
—_— m
reciprocity we obtain LUw 770 LVw <—= (LK);, a split coequalizer diagram in D/W. Since

" is an effective descent morphism, there exists LV 4, Q, a coequalizer of Lf, Lg such that

the canonical map LK —— @ x W is an isomorphism. By applying ¥p, a left adjoint, to the
coequalizer diagram that defines ), and recalling that XpL = Ide by assumption, we have that
Yp(Q is a coequalizer of f,g. But, further, LY>p@Q = @ as L preserves coequalizers and RD* = [d
and so the following series of natural isomorphisms in N, an object of C, shows that XpQx RW = K.

C(K,N) = C(K,RD'N)
~ D(LK,D*N)
~ D(Q x W,D*N)
~ D(LLpQ x W,D*N)
~ D(L(ZpQ x RW),D*N)

I

C(EpQ x RW,RD*N) = C(SpQ x RW, N)

Establishing (a) and (b) proves 1., by application of Beck’s monadicity theorem.
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2. Firstly by our observation that monadicity is slice stable we know that ! : Wp«x —— 1is an
effective descent morphism of D/D*X. By the proof of our first lemma (Lemma 3.1) we see that
Lp«x¥a, 1A% Rp~x is over C/X and so by 1. we known that A% Rp«x(Wp~x) is an effective
descent morphism of C. But Wp«x = (D*X)*W and, Lemma 3.1, R factors as A% Rp«x (D*X)*
and so RW is an effective descent morphism as required. Q.E.D.

7 Groupoids

We now recall some facts about internal groupoids, G in C, and find that they provide a plentiful
supply of effective descent morphisms and further that the Frobenius reciprocity and monadicity
conditions, in combination, can be used to characterise when an adjunction is a connected compo-
nents adjunction for an internal groupoid.

7.1 Definition

A groupoid internal to a cartesian category, C, consists of the data

do
G:(Gl _— Go,mIGl X Go G1 —_— Gl,EIGO —_— Gl,i:Gl —_— Gl)
d

1

subject to the usual identities; the object of objects is Gy and object of morphisms G7; dy is the
domain map etc. The domain of m consists of pairs (g1, g2) such that dogs = d1gs.
Idx

Example 7.1. (i) If X is an object of C then there is the trivial groupoid X = (X —3 X, ...)
Idx

associated with it.

(ii) Another easy but key example of a groupoid is (X x X 41’. X,m3: XXX xX — XX

)
X, Ax : X — X x X,7: X x X — X x X) for any object X of C, where 7 is the twist
isomorphism.

A G-object consists of (Xy,a: g, d; Xy — Xy) where f : X — Gy and a is a morphism over
G that satisfies the usual unit and associative identities (the domain of a, X4, d§ X, is G1 X, X).
The map a : G; Xg, X — X is the G-object’s structure map. A G-homomorphism between two
G-objects (Y,,b) and (Xy,a) consists of a map h : Y, —— X such that aXq, d§(h) = hb. This
defines the category [G, C] of G-objects. For example, for any object X of C, [X, ] is isomorphic to
the slice category C/X. As the inverse of a groupoid determines an isomorphism from G to G°P,
we always have an isomorphism [G,C] = [G°P,C].

The data for a groupoid G can be used to define a monad Tg on C/Go; its functor part is Xg, d;
and the category of G-objects is the same thing as the category of algebras for this monad. The
counit of the associated adjunction Tg 4 Ug : C/Go =— [G,C], at (Xyf,a),isa: G1 xg, X — X.

Lemma 7.2. For any internal groupoid G, Tg 1 Ug : C/Gy =— [G, (] is stably Frobenius.

Proof. As Ug is monadic, pullbacks in the category of G-objects are created in C/Gp. If X is an
object over Gy and we are given a G-homomorphism

k:(Yy,b) — (Zy,0)
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and a morphism f: X —— Z over GGy then we need to show that

Gi1xXg, (X xzY) — (GiXg, X)*xzY

(g.2,y) = (9.2,b(9,9))
is an isomorphism. But this is clear as (g,2,v) — (g,7,b(g~ %, y)) can be seen to be the inverse (it
is well defined as k is a G-homomorphism). Q.E.D.

In the context of cartesian categories we are using element notation (z, y, g etc) only as short
hand to define morphisms.
Given the Lemma, for each G-object (X, a), there is a natural isomorphism

(TG!U‘G(Xf’a)yE(xf.a))

> T(G,l X (Xf,a)

t(Xf,a) . T(G,U(G,(Xf, a)

where ¢ is the counit of Tg - Ug. Using this explicit description it is clear that the diagrams

TeUst '
TeUsTeUs (X, a) ——x TgUg[Tel x (Xf,a)] — Tel x Tgl x (X, a)
?@0 TeUgma m % Id
@5(*
7a)
T([;,U(G,(Xf,a) T(g,l X (Xf,a)
and

TeUgt

t
TgUG']T([;,U(;,(Xf7a) TgUg[Tgl X (Xf,a)] — Tgl X T(G,l X (Xf,a)

7T2XId

Tqu;,(Xf,a) Tgl X (Xf,a)

both commute by naturality of € where the horizontal ts are all examples of the isomorphism just
described.

7.2 Connected components

There is a functor G* from C to [G,C]; it sends any object X to X¢, with its trivial action (i.e.
dy xIdx : G1 x X — Go x X). If G* : C — [G,C] has a left adjoint adjoint then the left
adjoint is written Xg; it is the usual connected components functor, but we have chosen to extend
the pullback adjunction notation to this case. (This is not unreasonable since in the case that G
is the groupoid internal to C/Y determined by f : X —— Y, then X¢ - G* is the adjunction
Y - f* up to isomorphism.) This left adjoint, if it exists, must send any (X, a) to the coequalizer
X —+ %¢(Xy,a) of a and 7. The unit of Xg 4 G* at (Xy,a) is X HCN Go x Xg(Xy,a).
Connected component adjunctions do not always exist.

If G has a connected components adjunction then ¥gTg(X ;) = X for any object X; of C/Goy;
ie. ¥gTg = Xg,. To see this, note that the action map on Tg X5 is (g1, (92, 2)) — (9192, ) and 7y :
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G1 Xg, X — X is the coequalizer, split using the identity on G, of this action and (g1, (g2,)) —
(g2, ). From this it is clear that EGsTGXf is canonically isomorphic to 2 : G1 Xg, X — X. We
also note in passing that therefore ¥¢((G1)4,,m) is isomorphic to Gg as ((G1)q,, m) = Tgl.

Now for any G-object (Xy,a), Uge(x;,a) is the action map a : G1 Xg, X — X and we have
just seen that Xger,y, (x;,q) 18 the projection 2 : G xg, X — X. Combining these observations
with the diagrams noted after Lemma 7.2 we see that if G has a connected components adjunction
then for any G-object (X, a) there are canonical horizontal isomorphisms such that both diagrams
in

G1 Xay X — Sg(Tgl x Tel x (Xf,a))
a ) Z(;,(ﬂ'l de) E(g,(w2 ><Id)

X

E(G,(Tc,l X (Xf, a))

commute. The connected components functor in conjunction with the monad associated with
a groupoid can be used to recover information about any G-object. These observations will be
exploited later.

The following proposition is new and provides characterisations of when an adjunction is a
connected components adjunction.

Proposition 7.3. Let Xp 4D* : D —= C be an adjunction. The following are equivalent:

1. There exists an internal groupoid G in C and an equivalence © : D — [G, (] such that
oOD* =2 G*.
2. There exists an object Gy and a stably Frobenius adjunction

THU:C/Gy =D

which is over C and is such that U is monadic.

3. There exists an object Gy and an adjunction T 4 U : C/Gy <—— D, Frobenius at D*G,
which is over C and is such that U is monadic.

4. There exists an object W of D such that !" : W —— 1 is an effective descent morphism
and (Xp)w : D/W —— C/EpW is an equivalence of categories.

Proof. 1. implies 2. is essentially Lemma 7.2.

2. implies 3. is clear as 3. is a weakening of 2., requiring less of the adjunction T - U.

For 3. implies 4. apply part 2. of Lemma 4.2; take W = T1. Because U is monadic "V :
W —— 1 is an effective descent morphism.

For 4. implies 1., define Gy = YpW, G; = Lp(W x W), dy = Xp(me) and di = Ip(m).
Define e : Go —— G as Yp(Aw). For the multiplication, as w3 : W x W x W —— W
is the product, relative to D/W, of mg : W x W —— W and m; : W X W —— W and as
(3p)w preserves products (it is an equivalence by assumption) we know that the canonical map
Yp(mi2,m23) : Bp(W X W x W) —— Yp(W x W) x5, w) Ep(W x W) is an isomorphism. Define
m: G XGo G1 — G4 to be 29(713)29(71'12,71'23)*1. Define i : G; —— G4 as ED(T).
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Given that (Xp)w preserves products and the various pullbacks involved are products in D/W
it is easy to see that a groupoid G in C has been defined because of our earlier example (7.1)(ii)
which shows that (W x W — W, ms,...) is always a groupoid.

Since ! : W —— 1 is an effective descent morphism we can identify D with the category of
algebras of the monad on D/W induced by the adjunction Xy, 4 W*. Now say h: V —— W is

an object of D/W and write X for its image under (Xp)w. As W x V DT W s the product of
mo : W X W —— W and V}, in D/W and (Ep)w preserves products we know that Xp(V x W) =
Sp(W x W) xspow LpV = G1 Xg, X, the pullback of f along dy. Further, W*Xy V}, is the

1Ww
projection m; : W x V. —— W which can be written Wy, x V3, T Wy — 1p,w and therefore

maps to g, dj Xy under (Xp)w as "w is 1 : W x W —— W. It can then be verified that a map
a:W xV — V over W is an algebra of the monad induced by Xy, 4 W* if and only if its image
under Yp is a G-object and similarly for homomorphisms. Q.E.D.

The characterisations of this proposition will be used extensively in what follows essentially as
they give us results about G-objects without having to argue in detail about various pullbacks. As
an initial example, because W is taken to be T1 in the proof of 2. implies 4.:

Lemma 7.4. For any groupoid G with a connected components adjunction, ! : Tgl —— 1 is an
effective descent morphism (i.e. !': ((G1)q4,,m) — 1 is an effective descent morphism).

As another initial example of the usefulness of the proposition:

Lemma 7.5. Let G be a groupoid in C with a connected components functor. If (X, a) is a
G-object then there exists a groupoid Xy, in C and an equivalence [X;,,C] ~ [G,C]/(X¢,a) over
C.

Proof. Consider 2 of the Proposition; both the conditions on the adjunction are stable under slicing.
Q.E.D.

The groupoid that is obtained in this process is the familiar one: (G xg, X 42’, X,...). The

a
equivalence established can be summarised as follows: if (Yy,b) is a Xy ,-object then the domain
of its structure map is the pullback of g : ¥ —— X along m3 : G; Xg, X — X;ie. Gi Xg, Y
and so the structure map b of (Yy,b) can also be used to provide a structure map for Yy, turning
it into a G-object in such a way that g is G-homomorphism.

8 Hilsum—Skandalis maps

Given two internal groupoids H and G a Hilsum—Skandalis map from H to G will be defined as a
particular H x G-object. It is easy to verify that the data for a H x G-object can be considered to
be a triple (P 2% Hy x Go,c: Hy X, P —— P,d: Gy xg, P — P) such that

(1) (Pp,c) is an H-object,

(ii) (Py,d) is a G-object,

(iii) p is d invariant; i.e. pmo = pd

(iv) g is ¢ invariant; i.e. gmo = qc

(v) c and d commute; i.e. d(Idg, X ¢) = c¢(Idp, x d)(T x Idp) where 7 : G; x Hj — Hy X G4
is the twist isomorphism.
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Similarly a morphism can be seen to be a H x G-homomorphism if and only if it is both a
H-homomorphism and a G-homomorphism.

Definition 8.1. Given two internal groupoids H and G in C a Hilsum—Skandalis map from H to
G is a H x G-object 3 = (P P4 Hy x Go,c: Hy xg, P — P,d: Gy xg, P —— P) such that

(i) (d,m2) : Gy Xg, P — P x g, P is an isomorphism, and

(ii) p: P —— Hj is an effective descent morphism.

A morphism between Hilsum—Skandalis maps 3 — P’ is a map 6 : P —— P’ that is both a
H-homomorphism and a G-homomorphism; i.e. it is just a morphism of [H x G, C].

Note that the inverse of (d,m3), if it exists, must be of the form (¢, ms) for some : P Xxg,
P — Gy

If X is an object of C then a principal G-bundle over X is a Hilsum—Skandalis morphism from X
to G. This definition recovers the usual meaning, with ‘effective descent morphism’ playing the role
of open surjection. So, intuitively, Hilsum—Skandalis maps are generalisations of principal bundles;
for principal bundles the ‘domain’ is determined by an object and the ‘codomain’ is a groupoid,
but for Hilsum—Skandalis maps both the domain and codomain are groupoids. These maps were
originally introduced in the context of differential geometry, [HS87]. However see [Mr96], where
they are defined and investigated for topological groupoids and fuller references are provided. When
defined for topological groupoids the requirement (ii) on p is for an open surjection. In the context
of cartesian categories therefore we are not strictly just generalising the topological situation since
there is no notion of ‘open’. However, as we shall see, all the main results still go through and
it is easy to specialise to the open case if required. There are two other minor differences to the
standard definition:
(i) because G is homeomorphic to G°P we are not distinguishing the two actions in terms of their
handedness.
(ii) we are not isolating a map up to an equivalence relation determined by morphisms between
Hilsum—-Skandalis maps. We will keep track of these 2-cells, though, as is well known and we will
now show, they are all isomorphisms:

Proposition 8.2. Let (P, q),c,d) and (P, ,c',d’) be two Hilsum-Skandalis maps (from H to
G). (a) If 0 : (Py,d) — (P,,,d') is a G-homomorphism then ¢ is an isomorphism in [G,C]. (b)
If, further, 6 is a morphism between Hilsum—Skandalis maps, i.e. it is also an H-homomorphism,

then it is an isomorphism in [H x G, C].

Proof. (a) It is sufficient to prove that @ is an isomorphism in C ([G,C] is a category of algebras
over C/Gyp). Because p : P —— Hy is an effective descent morphism it is sufficient to prove
0 x Idp: P xg, P— P’ xpg, P is an isomorphism because p* reflects isomorphisms. Its inverse
is given by

(m1,0m2,72) 'xIdp
- - 5

P xp, P P’ xp, P xp, P G1xgy P Y™ Py, P.

To see this use the fact that  must factor as 1'(6 x ) as 6 is a G-homomorphism and m :
P’ xpg, P —— P’ factors as d' (¢, m2).
(b) follows from (a). Q.E.D.

The next Proposition provides a class of examples of Hilsum—Skandalis maps. We will see later
that with a further restriction on the groupoids all Hilsum—Skandalis maps arise in this way.
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Proposition 8.3. Let L 1 R : [H,C] =— [G,C] be a stably Frobenius adjunction over C, where
both G and H have connected component adjunctions. If (P,,c: Hy xg, P — P) is defined as
RTgl and (Qq,d : G1 xg, @ — Q) as LTyl, then there exists an isomorphism 1 : P =, Q
and (P, qy), € Y~1d(Idg, x 1)), is a Hilsum-Skandalis map from H to G.

Proof. By Lemma 7.4 we know that ! : Tgl —— 1 is an effective descent morphism. Then by
part 2. of Lemma 6.1 applied to LTy < UgR we know that p : P —— Hj is an effective descent
morphism.

Since L 4 R is Frobenius and over C there are isomorphisms

Sul(Yy,b) x R(Xy,a)] — S¢[(Xy,a) x L(Yy,b)]

natural in G-objects (X, a) and H-objects (Y,,b). By naturality:
YTyl x Tyl x RTgl x RTg1] X Y6[Tgl x Tgl x L(Tyl x Tyl)]

Su(m x Id x Id) Se(Id x Id x L;)

Y

EH[THl X RTG,l X RTgl] E([;,[Tgl X T(G,l X L(THI)]

S(ld x ;) S (m; x Id)

Y

Su[Tul x RTg1] » Yg[Tel x L(Tgl)]

<

and
YTyl x Tyl x RTgl x RTg1] X Y6[Tel x Tl x L(Tyl x Tyl)]

Yu(ld x Id x m;) Ye(m x L(Id x Id))

Y — Y

EH[THl X TH:[ X RT@l] E(G,[Tgl X L(THI X THl)]

ZH(ﬂ'j X Id) E(;,(Id X Lﬂ'j)

Y o Y
Su[Tal x RTg1] Ld » Sg[Tel x L(Tgl)]

commute for 7,5 = 1,2 in both diagrams, where all the horizontal morphisms are isomorphisms.
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But, applying the diagram before Proposition 7.3, we then have that both squares in

0
PXHOP%Gl XGOQ
1 9 d )

P

Q

commute by considering j = 1,2 in the bottom square of the first diagram and noting the natural
isomorphisms ¥, Uy = XgTpUn = Zg[Trl % (-)]. Then Gy x¢g, P boma) P X g, P has an inverse,
where * is the action d translated into an action on P via ¢ (i.e. x = ¥~ *d(Idg, % ¢)) and qi
must be * invariant as the diagram shows that pyy~! is d-invariant.

Write (R, e) for L(Tyl x Tgl), and p1,ps : R — Q for the G-homomorphisms Ly and Ls.
Then by the bottom square of the second diagram we have commuting diagrams

Hyxp P L+ R

c 2 P1 D2

p Q

from which it is clear that g1 is c-invariant.
To complete this proof we must prove that the two actions d and ¢ commute. Firstly note that
the additional commuting squares above can be exploited to confirm that, w, defined as

Idxo~t
Hy X1, (G %Gy Q) ~— Hy X, (P xp, P) —+

Idxp~*
Gl XGo R ol G1 XGo (Hl X Hy P)

is 7 x 1. To see this observe: (Id x ma)w = (Id x 1) (Id x pa)x(Id x §~1) = (Id x 1p~1)0mes3(Id x
071 = (Idx ¢~ 1)mez and mosw = p~tmox(Idx071) = p~tp(Idxme)(Idx0~1) = (Idx~1)(Idxms).
Combining it is clear that w = 7 X .

Finally, as p; is a G-homomorphism, pie = d(Idxp;) and so c(Idxyp~1)(Idxd) = (¢~ 1p1p)(Idx
m)(Id x 071) = ¢~ Iprex(Id x 0~1) = = td(Id x p1)x(Id x 0~1) = = td(Id x )(Id x ¢)(Id x
p~Hx(Id x 071) = = td(Id x ¥)(Id x ¢)w. QE.D.

In what follows we will use the notation B, r for the Hilsum-Skandalis map corresponding to
an adjunction L 4 R.

9 Internal functors

An internal functor F : H —— G gives rise to a functor F* : [G,C] —— [H,C] at the level of G-
objects. Explicitly the functor F* sends (Xy,a) to (w1 : Ho Xg, X — Ho, (dim,a(Fy x Idx)) :
Hy xg, X — Hy xg, X), where Hy X¢, X is the pullback of f along Fy : Hy —— Go. The
functor F* does not in general have a left adjoint. To see this consider for an internal groupoid
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G the unique internal functor !¢ : G —— 1; then (1°)* : ¢ — [G,C] is G*, and so it has a left
adjoint if and only if G has a connected components adjunction and not every internal groupoid
has a connected components adjunction.

However the following lemma provides a class of functors for which the left adjoint does exist
and the resulting adjunction is stably Frobenius:

Lemma 9.1. Let F: H — G be an internal functor. Then (Idg,F)* : [H x G,C] — [H,C] has
a left adjoint (74, ) such that ¥4, 5y & (Idu, F)* is stably Frobenius.

Proof. Let Z = (Z(q), *m, *c) be an H x G-object. Then observe that (Idm,[F)*Z is given by Eq,.

where E —+ Z is the equalizer of Fya : Z — Hy — Ggand b: Z — (y; the action is given
by the factorization through e of x : (h,i) — hFjhei where we are using concatenation for both
«g and *g. To ease the notation we drop the e in what follows. Given an H-object Y = (Y}, *y),
consider the pullback of d along Fyp, i.e. Y xa, G1 = {(y,90)|Fopy = d$go}. Define Yrae )Y
to be (Y X, G1)pxas With action (h, g) * (y,90) = (hy, Fihgog™1); it can be checked that this is
an H x G-object and clearly a functor is defined. We now check that ¥;q, m - (Idm,F)*. Say
U :Y xg, Gy — Z is an H x G-homomorphism. Then pre-composition with (Idy,e® Fyp)
creates a morphism that composes equally with Fya and b as ¥ is a morphism over Hy x Gy.
So U(Idy,eCFyp) : Y — Z factors through E and the resulting map, written U, is an H-
homomorphism because

hx (U(Idy, eGFOp)y) = hF1hY(y, eGFopy)
= U[(h, Fih) = (y,e® Fopy)]
= U(hy, (F1h)(e® Fopy)(Fih) ™)
= U(h,e®Fop(hy))
= U(Idy,cFyp)(hy)

In the other direction, say we are given an H-homomorphism : Y —— E, then define ¢ :
Y xg, Gi —— Z by (y,90) — galwy. Note that byy = Fopy as  is over Hp; so g0 by
makes sense in this definition. Because  composes equally with Fya and b, v is over Hy X

Go. But ¥(g(y,90)) = ¥(y,909") = 995 ¥y = 9¥(y,90) and P(h(y,90)) = (hy, Fihgo) =
9o L (Fih) " (hy) = go ' (Fuh) " hx 9(y)] = go - (F1h) "' Fihypy = hgy "y (recall that s and *g
commute) and so ¢ is an H x G-homomorphism. It is easy to see that (_) and (_) are natural and are
bijections and so X4, ) (Idy,TF)*. For the stably Frobenius claim, note that the adjoint trans-
pose of the identity on E (i.e. on (Idy,F)*Z) is the map E xg, G1 — Z given by (z,9) — g 'z;
and so this gives an explicit description of the counit of the adjunction (74, r) - (Idm, F)*. So to
prove the stably Frobenius claim we must verify that for any H x G-homomorphisms ¥ : Z —— Z’

and @ : Y x¢g, G — Z' that
(Y X pr E) XGo G1 —_— (Y XGo Gl) XZ/Z
(yaz7go) — (y7g07galz)

is an isomorphism (where E' = (Idg,F)*Z’). This can easily be established by verifying that
(Y, 90,2) — (¥,90%,g0) is well defined (i.e. factors through (Y xg E) X, G1). The verification
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is straightforward given the following two observations: (i) if (y,go,2) is an ‘element’ of (Y X¢,
G1) Xz Z then bz is dg’go and so bgoz = d¥ gy = Fopy = Foaz = Foagoz, the last equality because a
is G-equivariant, and so goz factors through E, and (ii) Wgoz = go¥z = go®(y, 90) = ®(y, 9095 ") =
®(y, e®Fopy) = Py and so (y, goz) factors through (Y xz E). Q.E.D.

Definition 9.2. An internal functor F : H —— G between two internal groupoids is (i) fully

faithful provided the canonical morphism from H; to the pullback of (d§,d$) : G; — GP x Gy

Fo X F . . . . . . . . dg
along Hy x Hy Jox Go x Gy is an isomorphism, (ii) essentially surjective if Hy X, G1 D7 Gy

is an effective descent morphism (where the domain Hy xg, G is the pullback of d¥ along Fy :
Hy — Gy); and, (iii) an essential equivalence if it is both fully faithful and essentially surjective.

Example 9.3. A morphism f : Y —— X, treated as an internal functor from Y to X, is an
essential equivalence if and only if it is an isomorphism. Any effective descent morphism is the
coequalizer of its kernel pair; but the kernel pair must be the identity (X — X) if the internal
functor is fully faithful.

Hilsum—Skandalis maps can be characterised in terms of essential equivalences:

Proposition 9.4. A HxG-object P = (P *4 HyxGo,c: Hixpy, P — P,d: Gyxg, P — P)
is a Hilsum—Skandalis map if and only if the internal projection functor p : P —— H is an essential
equivalence, where PP is the internal groupoid corresponding to 8 (Lemma 7.5).

Proof. The internal projection functor is given by p : P —— Hj (on objects) and 71 : H1 X g, G1 X,
d[‘ﬂ d]H[
P —— H; (on morphisms). The pullback of H; (do.d1) Hox Hy along pxpis Hy X gy« i, (PxP) =
{(h,21,22)|pr1 = di'h, pry = d5'h} which is isomorphic to Hy x g, P x g, P = {(h,y, 2)|py = pz =
dith} using (h,z1,79) + (h,z1,h '29) and (h,y,2) — (h,y,hz). Under this isomorphism the
canonical map from the morphism object of P (i.e. from Hy Xy, G1 X¢g, P) to Hy xg, P xp, P
is Idpg, % (ma,€) : Hy Xp, G1 Xg, P — Hy Xy, P xpg, P and this last is an isomorphism if and
only if G1 xg, P T2 px H, P is an isomorphism as H; Xz, () reflects isomorphisms (since dg
is a split epimorphism and so is an effective descent morphism). So the internal projection functor

is fully faithful if and only if condition (i) in the definition of Hilsum—Skandalis morphism is true.
H

The projection functor will be an essential surjection if and only if P x g, H; =, H, o, Hy
is an effective descent morphism where the domain is the pullback of p along di'. But as (Pp,c) is
an H-object, this morphism factors as pé where é(z, h) = h~!x. Since ¢ is a split epimorphism we
know (see the introductory paragraph of the section on Effective Descent) that pé is an effective
descent morphism if and only if p is. Q.E.D.

Given a H x G-object B there is also an internal projection functor q : P —— G. So, for any

Hilsum—Skandalis map B, we have a span H P %+ G where p is an essential equivalence.
10 Stably Frobenius Groupoids
We will also be focusing on certain stably Frobenius adjunctions as a matter of definition:

Definition 10.1. A groupoid G internal to a cartesian category C is stably Frobenius provided the
functor G* : C —— [G,C] has a left adjoint and the resulting adjunction is stably Frobenius.
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If C has coequalizers then Y always exists and all groupoids are stably Frobenius provided
that coequalizers are pullback stable. Not all groupoids with connected component adjunctions are
stably Frobenius: consider the groupoid determined by the kernel pair of a regular epimorphism
that is not pullback stable. Open and proper groupoids in the category of locales provide examples
of groupoids that are stably Frobenius in a cartesian category that does not have pullback stable
regular epimorphisms in general. We suggest that restricting to stably Frobenius groupoids is, in
an intuitive sense, the right thing to. It covers all the key cases and does not leave us figuring out
which coequalizers are required of the ambient cartesian category C. Having the connected compo-
nents functor provides all the coequalizers we need, requiring the resulting connected components
adjunction to be stably Frobenius allows for a number of nice results to go through, as we show with
the next few propositions and the key results on Hilsum—Skandalis maps to follow. The restriction
to stably Frobenius groupoids is not a serious barrier to applications; most localic groupoids are
stably Frobenius and similarly for the topological case.

It can be checked that if G has a connected components adjunction, then it is stably Frobenius
if and only for any G-object (Xy,a), the coequalizer that determines ¥ (Xy,a) is pullback stable
in the strong sense that for any f : Y —— Z the pullback functor f* preserves the coequalizer
diagram that determines Yg (X, a), if that diagram is over Z.

We now provide a specialisation of part of Proposition 7.3. This starts our process of demon-
strating how stably Frobenius groupoids are convenient by showing that once we restrict to them
proving that an adjunction is a connected components adjunction becomes easier.

Proposition 10.2. Let ¥p 4 D* : D = C be a stably Frobenius adjunction. The following are
equivalent:

1. There exists an internal groupoid G in C and an equivalence © : D = [G, C] such that
o0D* = G*.

4’. There exists an object W of D such that ! : W —— 1 is an effective descent morphism
and for every morphism f : Y —— W the morphism (f,ny) : Y —— W Xpss,w D*LpY is a
regular monomorphism.

This result is first observed in [T14].

Proof. The functor (Xp)w factors as X, : D/W —— D/D*SpW followed by (Xp)s,w (i.e. the
left adjoint of ¥p — D* sliced at ¥pW). It has been observed already that ¥, - ny, satisfies
Frobenius reciprocity (as it is the pullback adjunction of a morphism in a cartesian category)
and (Xp)s,w 1 (D*)s,w satisfies Frobenius reciprocity by assumption. Frobenius reciprocity is
closed under composition of adjunctions and so (Xp)w : D/W —— C/EpW is the left adjoint
of an adjunction that satisfies Frobenius reciprocity. It can be seen that (f,7y) is the unit of
this adjunction at Y;. Hence (¥p)w is an equivalence by application of the Lemma 4.1 because
(Zp)w(l) = 1 and (f,ny) is a regular monomorphism for each Y;. Conversely it is clear that if
(Xp)w is an equivalence then the unit is a regular monomorphism. Q.E.D.

In contrast to what is true if we only assume connected components:

Proposition 10.3. Let G and H be two internal groupoids in C.

(i) If H is stably Frobenius then the functor 73 : [G,C] —— [H x G, (], corresponding to the
projection functor my : HH x G —— G, has a left adjoint, 3,,, such that the resulting adjunction is
stably Frobenius.
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(ii) If F : H — G is an internal functor and H is stably Frobenius then F* : [G,C] — [H, (]
has a left adjoint XF such that ¥p 4 F* is stably Frobenius and over C.
(iii) If G and H are both stably Frobenius then G x H is stably Frobenius.

Proof. (i) Given a H x G-object (P, 4), ¢, d) notice that ¥y (P,, c) can be turned into a G-object as it
is the codomain of a pullback stable regular epimorphism by assumption that H is stably Frobenius
(and it is over Gg as q is c-invariant). Define X, (P, q),c,d) to be this G-object, extending to
homomorphisms in the obvious manner. The remainder of the proof of (i) is then routine from
construction.

(ii) Apply (i) and Lemma 9.1, noting that F* factors as (Idg,F)*w5. The claim of ‘over C’ is
clear from the definition of F*.

(iii) Verify that (H x G)* = 73G* and then apply (i) and the assumption that G is stably
Frobenius. Q.E.D.

Internal essential equivalences between stably Frobenius groupoids give rise to equivalences at
the level of categories of G-objects:

Proposition 10.4. Given an internal functor F : H —— G between two internal groupoids with
H stably Frobenius, the following are equivalent:

(a) F is an essential equivalence.

(b) F is fully faithful and d§ms : Hy xg, G1 — Gy is a regular epimorphism.

(c) F* : [G,C] — [H,C] is an equivalence.

Proof. (a) implies (b) is trivial as effective descent morphisms are regular epimorphisms.

For (b) implies (c), by (ii) of the last Proposition there is a stably Frobenius adjunction ¥y 4 F*
and we apply Lemma 4.1.

The underlying object of ¥(;4, ) (1) is

Hy xg, G1 1% Hy x Go;

ie. {(a% g0)ldFg0 = Fo(a™)} with (2%, go) — (2™,d5g0), and the H-action is (h, (x,g0))
(dih, Fihgo) (see the proof of Lemma 9.1; the action on the terminal object 1 of [H,C] is d¥f
for any internal groupoid H). The domain of the underlying object of Xyl is the coequalizer
of dif x m®(Fymy,ma),dy x Idg, : Hy xg, G1 —= Ho Xg, G1. The unique G-homomorphism
¥rl — 1 is given by the second factor of the factorization of d‘g’ﬂg : Hop xg, Gi — Gy through
this coequalizer. Any regular epimorphism is the coequalizer of its kernel pair, so we can show
that if dSmo is a regular epimorphism then Yl = 1 by showing that the kernel pair of d§ms
factors through (and is factored through by) the pair of arrows that determines Xpl. Certainly
dit x mC(Fymy,m),dy x Idg, factors through 71, 7o : (Hy xXa, G1) X, (Ho XG, G1) as both maps
are over G. But we also know that (df, d%, Fy) : Hy — (Ho x Hp) X(Gox@o) G'1 has an inverse,
® say, by the assumption that F is fully faithful. Send [(z, 1), (25, g2)], from the kernel pair of
dily, to (®(z}, 25, gogih), g1) to verify that the kernel pair factors through H; x g, G as required.
Therefore Ypl = 1.

For any H-object Y = (p : Y —— Hy,b: Hy xp, Y —— Y) the underlying object over Gg
determined by the G-object XY is the codomain of the coequalizer n : Y xg, G1 — Zu(Y X¢,
G1). That the unit ny is

(Idy,

G
Y 461;‘01)2 Y XGo Gl M HO X Go EH(Y XGo Gl)
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follows from our construction of ¥(7q, ry = (Idw,F)* and of ¥, - 73.

To complete (b) implies (c), we show that each unit y : Y —— F*¥pY is a regular monomor-
phism if F is fully faithful. In fact it is simpler to prove the stronger result that 7y is an isomorphism.
(The proof of this part has been taken from 5.13 of [M88a].)

The coequalizer ¢ is pullback stable by assumption that H is stably Frobenius. In particular by
pulling back along Fy : Hy — Gg we see that (the underlying object over Hy of) F*XrY is given
by the coequalizer of

Hy X Go (Hl X Hy Y XGo Gl) T Ho yen (Y XaGo Gl) (*)

where the top arrow is (x, h,y,g) — (2,y,9) and the bottom arrow is (x, h,y,g) — (z, hy, (F1h)g).

h
Now Hy 1, Y = {(h,y)|py —> di'h} maps to Ho xg, (Y x¢, G1) = {(z,y,9)|Fox — Fopy}
via (h,y) = (phy,y, (F1h)™1), and this is an isomorphism as F is fully faithful. Also

h ha
Hy Xy Hiy X1 Y = {(h1, ho,y)|py — dihy — di'h}

h .
maps to Hy Xg, (H1 X, Y xXg, G1) = {(z, h,y, 9)|Fox —2 Fopy,py — dh} via (hyi, ha,y) —
(phihay, hy*, hoy, (F1hy)~™1) and this too is an isomorphism as F is fully faithful. But using these
two isomorphisms it can be checked that the pair (*) is isomorphic to the pair

Idg, xb

Hy xpg, (Hi X, Y) Hy xp, Y (*%)

mx Idy

and so their coequalizers are isomorphic. Since the coequalizer of the second pair (**) is b :
Hy xp, Y — Y (it is split by (efp, Idy)) we have that there is an isomorphism from Y to
F*¥rY’; it is clear from construction that this isomorphism is 7y .

For (c) implies (a), by considering the unit 7y at Y = Tyl we see that if the unit is an
isomorphism then F is fully faithful. Equivalences preserve effective descent morphisms and so
1: ¥pTgl — 1 is an effective descent morphism by Lemma 7.4. Then, by part 2. of Lemma 4.2

applied to Tg - Ug, we see that UgXpTyl el 1 is an effective descent morphism. This completes
the proof as this last map is dg’m : Hy xg, G1 — Gy (recall: X, Upg = Tyl = Sg[Trl x (1))
- quotienting out H; returns Hy and the quotient is pullback stable). Q.E.D.

The weakening of the definition of essential equivalence in this last proposition (part (b)), which
is available as we are restricting to stably Frobenius groupoids, works similarly for Hilsum—Skandalis
maps. We show this in the following result, but note that it is not used elsewhere in the paper.

Proposition 10.5. Let H and G be two groupoids internal to a category C with G stably Frobenius.
1f (P 2% Hy x Go,c: Hy xpgg P —— Pod: Gy xg, P —— P) is a H x G-object then it is a
Hilsum—Skandalis map if and only if

(i) (d,m2) : G1 Xg, P — P X g, P is an isomorphism, and

(ii) p : P — Hj is a regular epimorphism.

Proof. As an effective descent morphism is a regular epimorphism, to complete this proof we must
just show that p is an effective descent morphism if conditions (i) and (ii) hold. Firstly, if p is a
regular epimorphism then it is the coequalizer of its kernel pair. But this kernel pair is isomorphic to
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d, 2 : G1 X G, P —= P and their coequalizer is G1 X g, P . Y (P, ¢) which, by assumption that
G is stably Frobenius, is pullback stable. Therefore p is a pullback stable regular epimorphism. Note
that Hy = g (P, d) and under this isomorphism the unit of X¢ 4 G* at (P, d) is P lom) Go x Hy.

It is well known that p* reflects isomorphisms for any pullback stable regular epimorphism p.
(For completeness we recall the proof: if § : A, — By, a morphism of C/Hy, is such that p*6 is an
isomorphism, then 7y : P x g, A — A and 7 : P Xy, B —— B are both regular epimorphisms
by the assumption that p is a pullback stable regular epimorphism. In particular 7o and 7} are
coequalizers of their respective kernel pairs. But their kernel pairs can be seen to be isomorphic as
p*0 is an isomorphism and so A = B. Proving additionally that this isomorphism is 6 is clear from
construction.)

As P, q) is (the underlying object of) a H x G-object (p,q) : (Pp,e) —— G*Hy is a G-
homomorphism. Now because g (P, e) is given by the coequalizer of e, 7y : G1 xXg, P —% P
and condition (i) holds by assumption, ¥g (P, €) is given by the coequalizer of the kernel pair of p,
which is p itself as p is a regular epimorphism. From this it is clear that the adjoint transpose of
(p,q) is (isomorphic to) the identity on Hy.

Now, say f,g: Aq ——r B are a pair of morphisms of C/Hy that are p*-split with r : P x g,
B —— @ the coequalizer of Idp x f and Idp x g. Certainly gm : P xp, B — Go composes
equally with Idp x f and Idp x g and so factors via r; say as tr, where t : Q — Gy. The objects
(P Xy A) g, and (P X g, B)gr, of C are the underlying objects of the G-objects (Py, d) Xg«u, G*A

and (Py, d) Xg- i, G* B (where the pullback in [G, C] is along P g HoxGp). But r is part of a split

coequalizer diagram, preserved by any functor, in particular G1 X g, (), and so (Qs, k) is a G-object
with an action k, since Idp X f and Idp X g are both G-homomorphisms; 7 is their coequalizer in
[G,C]. Apply Xg, a left adjoint, to this coequalizer, use Frobenius reciprocity of 3¢ 4 G* at Hy
and recall our earlier observation that the adjoint transpose of (p,q) : (Pp,e) —— G*Hj is the
identity on Hy as (p, ¢) is isomorphic to the unit of the adjunction. This shows that X (Q:, k) is a
coequalizer of f,g. It can be checked that this coequalizer is over Hy as bmg : P xg, B —— H)
is G-invariant (and Idg, x r is an epimorphism) so the unique factorization of bms through r also
factors through n : @ — Xg(Q4, k). It also follows that Q = P x g, B¢ (Q+, k) as the coequalizers
determined by X are pullback stable in the strong sense (recall, by considering kernel pairs, that
for any map s, if s is the coequalizer in a coequalizer diagram and s is a pullback stable regular
epimorphism then the coequalizer diagram itself is pullback stable). This completes a verification
of the conditions of Beck’s theorem for p* and so p is of effective descent. Q.E.D.

11 Hilsum—Skandalis maps as stably Frobenius adjunctions

We can now prove our first main result which is that between stably Frobenius groupoids, all
Hilsum—Skandalis maps arise from stably Frobenius adjunctions.

Theorem 11.1. If B : H — G is a Hilsum—Skandalis map, with H and G stably Frobenius, then
there exists a stably Frobenius adjunction

L¥ 4 R¥ . [H,C] =— [G, ]
over C such that P =P pe.

Proof. By Lemma 9.4 the projection functor p : P —— H is an essential equivalence, where P

is the internal groupoid corresponding to 8 (use Lemma 7.5; [P,C] —— [H x G,C]|/B over C).
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Now Yy - P* is stably Frobenius (it is a pullback adjunction) so we can conclude that P is
stably Frobenius, because H x G is stably Frobenius (by (iii) of PI‘OpOSlthH 10.3). As PP is stably

Frobenius we can apply Proposition 10.4 to Conclude that [H,C] —— [P,C] is an equivalence.

We therefore have an equivalence ¢ : [H,C] —— [H x G,C]/B. Given an H-object (Yy,b), its
image is the projection w1 : P xXp, Y — P (where the action on P xp, Y is determined by
(9,h)(z,y) = (gh, hy)).
Define L¥ 4 R¥ as
S
[H, C] ~ [HXGC]/‘J3 > [HxG,Cl == [6.C] (%

w3

where the final adjunction is from (i) of Proposition 10.3. This adjunction is stably Frobenius and
over C.

Say (P 2% Hy x Go,c : Hy xpyy P —— P,d : Gi xg, P —— P) is the underlying data
of L. The 1mage of the H- obJect (P,, c) under the equivalence in the display (*) is the morphism

Pxp, P ' P. Thei image of Tg1 under PB*m3 is the pullback of d‘f’ xIdpg, : GixHy — Gox Hp

along P %L Gy x Hy which is 12 : Gy xg, P —— P. But Gy xg, P —— P x, P given by

(go,2) + (2,95 ') is an H x G-isomorphism as ¥ is a Hilsum-Skandalis map and so (P,,c) =
R¥Tg1.

Further, the image of Tyl under the equivalence in the display (*) is the H x G-homomorphism
71 Pxpg, HH — P. But ¥, quotients out the H-action and when applied to (the H x G-object
whose underlying object is) P x g, H1 returns (P, d) as the quotienting map P x g, Hi — P can
be seen to be (z, hy) — halm which can be split using the identity of H. Hence (P,,d) = L¥Tyl
and so P =Py pv. Q.E.D.

The reader may find it odd that we have not mentioned profunctors. Whilst parts of the proof
could usefully reference constructions from the well established theory of profunctors, notably the
construction of L¥ 4 R¥ from B, I was not able to easily adapt the theory of profunctors to get
the result.

Corollary 11.2. If H and G are two stably Frobenius groupoids, then there exists an equivalence

0 : [H,C] — [G,C] over C if and only if there is a span H <-— P —» G such that both p and g
are essential equivalences.

Proof. If we have such a span then by apply Proposition 10.4 twice to construct the required
equivalence. In the other direction if 6 is an equivalence then § 4 6=! and 6! 4 6. Apply the
Theorem twice and notice that we get the same span both times. Q.E.D.

Two groupoids, internal to C, are said to be Morita equivalent if their categories of G-objects are
equivalent over C. The corollary characterizes Morita equivalence for stably Frobenius groupoids.

We now extend the Theorem to morphisms and so make good our claim that Hilsum—Skandalis
maps between stably Frobenius groupoids can be represented by stably Frobenius adjunctions.

Theorem 11.3. If H and G are two internal stably Frobenius groupoids, then the category of
Hilsum—Skandalis maps from H to G is equivalent to the category of stably Frobenius adjunctions
LAR:[H,C] — [G,C] over C.
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Proof. We first verify that the assignment of Hilsum-Skandalis maps from adjunctions over C
(ie. (L 4 R) — Pr r) is functorial. Say we have two adjunctions, L; 4 R;, i = 1,2 over
C. Then any natural transformation between the left adjoints (say « from L; to L) gives rise

to a natural transformation between the right ad301nts Say B : Ry —— R;. Explicitly, § is
R
Ry . RiL1R> Ry R1LsRs fne) R, where n* and &' are the unlt and counit respectively of

L; 4 R; for i = 1,2; from this definition we always have e!L;3 = c2ag,. Then we note that we
have ary1 @ L1Tgl — LTyl which is a G-homomorphism. In fact it must be an isomorphism
by application of part (a) of Proposition 8.2. We also have .1 : ReTgl — R;1Tg1 which is an
H-homomorphism. This looks like it is going in the wrong direction, but if we can show that the
canonical isomorphism 9y : X, UgR2Tgl — X, UgL2Thl factors as

Yo UnPBrg
ZHo HPTGL S p,UaR Tg1 Y1,

YaoUsaryt
ZO0TEL 5 G, U Lo Tyl

Su,UaRoTe1
S, UsLi Tl

then we will be done as then ﬂf@ll can be defined, is a H-homomorphism and corresponds to ar,1
under the canonical isomorphisms. Now, up to canonical isomorphisms (determined by G and H
and not by the adjunctions being over C) v;, for i = 1,2, is

-1 Eg(E%GlLi‘ITQ,Liﬂ'l)
P S—

Su(Tal x RiTgl) —— SgLi(Tyl x R;Tg1) Y6 (Tgl X LiTgl)
where 7; are the natural isomorphisms that exist as the adjunctions are over C. Under the canonical
isomorphism determined by G, a1 corresponds to X (Idr.1 X ary1) and similarly Sr,; corresponds
to Xg(Idr,1 X Bre1). To prove the factorization we check that E([;(E%Gllxgﬂg, L27T1)T51

|
\g|

2 -1 .
c(e1g1Lama, Lam)Ngary1x Ry, 71 (a8 @ is over C)
2 1
Te1 X 1dr,me1) X6 (aR,Te1 X ary1)Ye (Lime, L) 7]

)26 (ety1 X Idp,ma1)S6 (L1 Bre1 X Idp,my1)Se(Lama, Lymy )t
) (511%1 x Idr,1y1) 26 (Lime, Lim) Y6 Ly (Idrg X Brei)my !

)26 ety L1m2, L1m1) 2 Ly (Idmyn X Brg)mi

)E(

= EG Id’]yGl X OTy1 EG 5’1]1‘51L17r2aLlﬂl)Tfle(Id’H‘Hl X BTGl)

where the second line is by naturality of a at m; : Tyl X RyTgl —— Tyl and m : Tyl X
RoTgl — RyTgl, the fourth line is from the definition of 8 and the fifth line is naturality of 3.
The last line is naturality of 71; we have been suppressing the objects in the notation for the 7s.
So we can conclude that (L 4 R) — P, g is functorial.

In the other direction to make P — (Ly - Rys) functorial say we have an H x G-homomorphism
a :PB1 — Po; in other words we have a morphism a : P; — P5 that is both an H-homomorphism
and a G-homomorphism. Writing L; 4 R; for Ly, 4 Ry, by the last theorem P; = L;Tyl and
so by Lemma 4.3 applied to L; Ty 4 UgR; there is a natural transformation a : L1 Ty —— LTy
over C that is uniquely determined by a; = @’ where o’ = a via P; = L;Tgl. Explicitly, for every
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object Y, of C/Hy, ay, is defined using a’ x Idy : L1 Tyl xg-pg, H*Y —— LoTul xg-g, H'Y and
L;TuYy = L;Tul xXg-g, H'Y. But every H-object (Yy,b) is a canonical coequalizer of a pair of
arrows

Trb

TuUnaTuUu(Yy, b) TuUu(Yy,,b).

ETy Un (Yy,b)

where ¢ is the counit of Ty - Ug. Therefore as L; preserves coequalizers, ¢ can be seen to
define a natural transformation @ : Ly —— Lg over C, uniquely determined by a(y, »b = bay,
for all H-objects (Yy,b), provided we can check that (a) ay,(Li1Tub) = (L2Tub)ay,t,y, and (b)
ay, (Lietyuy(v,p)) = (L2€TyUn(y, b))@uuTay,- That (a) is true is clear from naturality of a. As
for (b), recall the diagrams after Lemma 7.2 which show how e,y (v, 5) can be identified with
my X Id : Tyl x Tyl x (Yy,b) — Tyl x (Yy,b). Hence Ler, (v, ») can be identified with

Yo (Idx L{ma x Id]) >
MR e

Ye(Tel x LTyl x Tyl x (Y, b)]) (Tgl x L[Tyl x (Y,,b)])

which (see the proof of Proposition 8.3) is isomorphic to:

Su([Tel x Tul x (Y,,b)] x RTgl) 222D 5 (111 % (Y, b)] x RTel)

But this last is the H-action on (Y, b) x RTg1 and so (b) holds because a is also an H-homomorphism
(recalling how @ is defined in terms of a x Id). Hence P — (Ly - Ry) is functorial.

Now by applying (b) to (Yy,b) = 1 we see that a’Liery1 = Loer,1auyms1 and so @’ = a@ry1, from
which it is clear that (L 4 R) — By r is full. To show faithfulness notice that for av: Ly —— Lo
over C, the natural transformation ar, : L1 Ty — LoTy is equal to ar,; because they both agree
at 1 (Lemma 4.3). By naturality of o at b we then have oy, b L1Tub = b(ar1)(y, 5 and so «a is
uniquely determined by ary. Q.E.D.

The next Proposition is an application of the characterisation of morphisms between Hilsum—
Skandalis maps as natural transformations (necessarily isomorphisms) between stably Frobenius
adjunctions. Recall that if G is an internal groupoid, in C, and I is an object of C, then a groupoid
C(I,G) can be defined by setting C(I,G)g = C(I,Gy) and C(I,G); = C(I,G1). The groupoid
structure of C(I,G) is inherited from G, for example, the multiplication is given by (y1,y2) —
m(y1,y2) where m is the multiplication of G.

Proposition 11.4. Let G be a stably Frobenius groupoid in C and I an object of C. Then C(I,G)
is equivalent to the full subcategory of the category of stably Frobenius adjunctions from C/T to
[G,C] over C consisting of adjunctions of the form TgX, 4 z*Ug for each z : I —— Go,.

In other words C(I,G) embeds in the groupoid of ‘stage I points’ of [G,C]. Do not expect the
embedding to be full as there will also be the points arising from every G’ Morita equivalent to G
in this groupoid (see C5.2.4 of [J02] for a reference to a concrete example).

Proof. Write p, for the adjunction TgY, 4 *Ug. The Hilsum—-Skandalis map associated with p,
is the principal G-bundle Gy xg, I —— I (i.e. w3 : djz — I) where the G-action is given by
m X Idy. Define a functor F' by x — p, on objects and send any morphism y : I — G; to

Gl X Gy I — G1 XGOI

(g:4) = (gy(i)~",4)



Hilsum—Skandalis maps and geometric morphisms 105

where the domain is a pullback of T AaYeN o, Gy and the codomain a pullback of I 2, G, hy

This defines a G-homomorphism over I and certainly by considering the groupoid identity we see
that F', defined on morphisms in this way, is faithful. Now, given two objects z1 and zs of C(I,G),
a map of principal bundles ¢ : G; xg, I —— G1 X, I must be of the form (0, 73) for some
0 : Gy xgy I — G; as is over I. But in fact as is also a G-homomorphism 6 must
be (g,i) ~ gy(i)~! where y : I — Gy is given by i — [f(ex1i,i)]"!. It is easy to see that
dob(ex1i,1) = xoi and d10(exqi,4) = 217 and so y is a morphism from z; to z2. Hence F is full and
this completes the proof as F is essentially surjective by definition of the codomain category. q.E.n.

12 Hilsum—Skandalis maps invert essential equivalences

In this section we use the representation of Hilsum—Skandalis maps as stably Frobenius adjunctions
to give a short proof that Hilsum-Skandalis maps correspond to the maps of a category that
universally inverts internal essential equivalences. This result is a known characteristic of Hilsum—
Skandalis maps, but has perhaps not been observed at this level of generality before. The result is
also notable as it does not require the machinery of a calculus of fractions (though note Section 2.6
of [MMO5] where similar techniques are used). Let SFGpde be the 2-category whose objects are
stably Frobenius groupoids internal to C, whose morphisms are internal functors and whose 2-cells
are internal natural transformations. Let T¢ be the 2-category whose objects are categories of the
form [G, C] with stably Frobenius G, whose morphisms are stably Frobenius adjunctions over C and
whose 2-cells are natural transformations between the left adjoints that commute with connected
components functors in the manner as described in Section 3.2.
Before the statement and proof of the theorem we need a lemma:

Lemma 12.1. If h: (Y, b) — (X, a) is a G-homomorphism then
(h:Y — X, Idg, xh:G1 Xg, Y — G1 Xg, X)

determines an internal functor b : Xy, —— Y, (i.e Lemma 7.5 extends to morphisms). The
functor b is an essential equivalence iff h: Y —— X is an effective descent morphism.

Proof. That an internal functor is defined is routine from definitions. For the effective descent

claim, note that the relevant map is Y xx (G1 xg, X) ELIaYeN X Gy X ™, X where the domain
is the pullback of a along h. But this map factors as hc where ¢ : YV xx (G xg, X) — Y is
(v, (g,2)) — g~ 'y since h is a G-homomorphism. As c is a split epimorphism, using the groupoid
identity, we can complete by recalling the remarks of Section 6 which outlined how a composition
of two morphisms is an effective descent morphism if and only if the second factor is an effective
descent morphism, provided the first factor is a split epimorphism. Q.E.D.

Theorem 12.2. There is a pseudo-functor [_,C] : SFGpdec —— T which takes essential equiva-
lences to equivalences and has the property that for any other pseudo-functor N : SEGpde — N
which takes essential equivalences to equivalences, there is a pseudo-functor N : Tp — N, unique
up to equivalence, such that N'[_,C] ~ N.

Proof. Part (ii) of Lemma 10.3, which can be applied as we are restricting to stably Frobenius
groupoids, shows how to define [_,C] on morphisms; send an internal functor F : H —— G to
Yr 4 F*. If a : F* —— F’ is an internal natural transformation (where F* F® : H —= G) then

Go.
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for any G-object (X, a) consider the map (F§)*X; — (F0)*X; defined by (m1,a(a x Idx));
this determines a natural transformation from (F¢)* to (F°)* which can be seen to be a 2-cell of
Te. Proposition 10.4 shows that essential equivalences are sent to equivalences.

Let us now say we are given a pseudo-functor ANV : SFGpdec — N which takes essential
equivalences to equivalences. Define N': T — N on objects by N[G,C] = NG; this is well
defined up to equivalence by Corollary 11.2. Given a morphism L - R of T¢, from [H,C] to
[G,C], we know there is a Hilsum-Skandalis map Bz r from H to G. But then there is a span

H «*— P,z —» G, with p an essential equivalence and so we can define N'(L 4 R) = Nq(Np) L.
If o:(Ly 4 Ry) — (L2 1 Rz) is a 2-cell of T then we know (Theorem 11.3) that there is a
morphism of Hilsum-Skandalis maps, Br, r, — Pr,,r,- S0, by the lemma, o gives rise to an
internal functor t* : Pr, r, — P, r, which clearly must commute with the spans associated
with the L; 4 R;s in the obvious manner (i.e. pot® = p; and q2t* = q1). Note then that because
Np1 and Nps are both equivalences (in N) so is Nt*. As N is a pseudo-functor we therefore have
a 2-cell

N (Np1)™h — NgaNt* (Npat®) ™ —
NNt (Nt) " (Np2) ™ — Naa(Npa) ™.

This defines N on 2-cells. Because of our representation of Hilsum-Skandalis as stably Frobenius
adjunctions, the definition of A" on morphisms and 2-cells just given are unique up to equivalence
given the requirement of N to factor as N, C].

All that remains is to check that A is pseudo-functorial; i.e. if there are two stably Frobenius
adjunctions

Ly Lo
[H,C] == [6,¢] —— [K,C]
R1 Ro>

over C then Nqa(Np2) AN qi(Np;1)~! is isomorphic (in N) to Nqi2(Npi2)~! where pia,q12 is the
span associated with the composite adjunction LoL; 4 RyRs. If PB; = (P, ...) are the Hilsum—
Skandalis maps associated with L; 4 R;, for i = 1,2, then P; X, P» can be seen to be a Hx G x K-
object; the action is [(h, g,k), (x1,22)] — (hgx1, kgze). We write this H x G x K-object as P23
with P93 the associated internal groupoid. As a G-object, P03 is L1 Tyl X ReTkx1 and because
Eg(LlTﬂl X RQTK1> = Z(;,Ll(T]]_Hl X RlRQTKl) = EH(THl X RlRQTKl) the underlying object of EG
applied to P03 is P 3, i.e. the H x K-object associated with Lo L 4 Ry Rs. Further it is easy to see
that Yg determines a functor u : Pi53 —— P13 such that Pqo3 BN Py 1. M factors as pisu and

P23 BLN Py —®, K factors as qisu. Let us say that mq : P1og — ]I_Dl is an essential equivalence;
then Ny is an equivalence in N and so is Mu. But then certainly N is pseudo-functorial; to see
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this consider

NPi23
/'\
N © S
NP, NPy
/‘\ /N
N Z S &
¢l %
NH NG NK

and the factorization, up to isomorphism, of the identity on NP3 as Nu(Nu~!) to see that
Naz(Np2) " *"Nqi(Npy)~! is isomorphic to Nqia(Np12) ™t

So, to complete, we must check that the projection functor m : P1o3 — P; is an essential
equivalence. On objects 7y is the first projection P; x¢g, P» —— P; which is an effective descent
morphism because it is the pullback of P, —— Gg (which is an effective descent morphism as 35
is a Hilsum—Skandalis map). Therefore m is essentially surjective by the lemma. To prove that m
is fully faithful we must show that H1 X Hy G]_ X Go Kl X Ko (P1 X Go PQ) — [(Pl X Go PQ) X (Pl X Go
Pg)] X Py x Py (Hl X Hy Gl XGo Pl) given by

(h7 g, ka ('Th 372)) = ([(hgxh k’g.]?g), (‘/El’ xz)L (ha g, l‘l))
is an isomorphism. But as P is a Hilsum-Skandalis map we have that K; X g, P» L) Py X gy Po
is an isomorphism and so the inverse is given by

([(hng y)7 (:C’ Z)]v (hvgax)) = (h7gv 771(*’71-2)71(:9792)7 (1‘, Z)) :

Q.E.D.

13 Composing monadic functors

In order to give a categorical construction of semi-direct product using the techniques developed,
which is the topic of the next section, we need a result about when monadic functors are closed under
composition. It is not true in general that the composition of two monadic functors is monadic;
however,

Lemma 13.1. [Hannah’s lemma.] Given a diagram of adjunctions

L,

C C

Ry
L R Lo Rs
L

N

Co

R
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that commutes up to natural isomorphism (i.e. we are given a natural isomorphism R; Ry _i> RR)
and that satisfies Beck-Chevalley (i.e. the canonical natural transformation LRy — RLs is an
isomorphism), if Ry and Ry are both monadic then so is Ri Rs.

Proof. First note that we can assume that Cs is C}b where T5 is the monad induced by Lo 4 Rs; Ro
is the forgetful functor. We apply Beck’s theorem and as the property of reflecting isomorphisms
is closed under composition what remains is a check that if a,b : A — B is a pair of arrows in
C, that is Ry Ro-split then the pair has a coequalizer that is mapped under R; R to the split, up
to canonical isomorphism. As R; is monadic there exists a coequalizer

Rza q
RoA — RoB —— @ (%)

R2b
in C; such that R1Q = Qo where Qg is the split coequalizer of RiRsa, RiR2b. Now consider
RiR>Ls applied to (*). By the assumption that the diagram commutes up to isomorphism and
that Beck-Chevalley holds we get,
RLRlRZ(l q
—— RLRiR3B — RLR1Q (¥
RL

R1R2b

RLR 1Ry A

which is part of a split coequalizer diagram as a,b are Ry Ro-split (and split coequalizer diagrams
are preserved by functors; here RL). It follows that as R; creates coequalizers for such split
diagrams and reflects isomorphisms, that RsLoqg is the coequalizer of RoLsRsa, RoLoRob and in

2
particular, by naturality of the counit €2 of Ly 4 Ry, that RyLoRyB g R>B 1, Q factors
through Ry Logq, say via ¢ : RoLo@QQ —— Q. From the definition of ¢ it is readily checked that
(Q, c) satisfies the unit condition required to be a Ts-algebra. A similar argument to the one just
deployed to show that RoLoq is a coequalizer also shows that RoLoRoLog is the coequalizer of
RoLoRyLoRsa, RoLoRoLoRob and so RoLoRoLsoq is an epimorphism. From this observation it is
easy to check that (Q, ¢) satisfies the associative condition required to be a Ty-algebra and so it is
a Tsy-algebra and from this it is clear that q is the coequalizer of a, b. Q.E.D.

As a consequence:

Lemma 13.2. If X and Y are two objects of a category C and both !X : X —— 1 and 75 :
Y x X —— X are effective descent morphisms then " *X : Y x X — 1 is an effective descent
morphism.

Proof. Consider the diagram of adjunctions:
pINN
C/lY xX —=(C/X
up)
Yo | |7 x| | X*

Yy

0%
Y*

which clearly commutes and satisfies Beck-Chevalley. Q.E.D.
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14 Semi-direct products

In this section we exploit the result just given on the composition of effective descent morphisms to
give a categorically flavoured description of semi-direct product. The result provides a non-trivial
application of our proposition that characterises connected component adjunctions (Proposition
7.3) and is a generalisation of Lemma 7.5 from trivial internal groupoids (i.e. from slices of [G,C])
to all stably Frobenius internal groupoids:

Proposition 14.1. We are given G, a groupoid in C with a connected components adjunction,
and 8, a stably Frobenius groupoid in [G,C]. Then there exists a groupoid G x £ internal to C and

an equivalence O : [G x §,C] — [&,[G,C]] such that $gXg0 = Sgug. Further, if G is stably
Frobenius then so is G x R.

Proof. The proof can be completed by showing that condition 4. of Proposition 7.3 is closed un-
der composition. We are given stably Frobenius adjunctions Lo 4 Ry : Dy — D and L 4 R :
D ——= C where there are objects Wy and W of Dy and D respectively (with both Wy —— 1 and
W —— 1 of effective descent) such that Ly : D/W — C/LW and (Lo)w, : Do/Wo — D/LoW)
are both equivalences. Since R is stably Frobenius we can assume that Ly 4 Ry is stably Frobenius
and so Xr,w, 7 (LoWp)* factors up to isomorphism as

[(Lo)wy] ™t Sw, Lo
Do/Wo <— Dy —D.
0) W Wy Ry

D/LoW,

Then, by taking the slice at W, we can conclude that Dy /Wy x RoW is equivalent to D/ LWy x W.
Now 7 : D/LoWy — D/LoWy x W is monadic as it is the slice at LoW, of the monadic functor
W*:D —— D/W; hence m : Wy x RgyW —— W, is an effective descent morphism. By Lemma
13.2 the morphism ! : Wy x RyW —— 1 is an effective descent morphism. But this essentially
completes the proof because D/LoWy x W is a slice of D/W and D/W is (equivalent to) the slice
C/LW.

The ‘Further’ part is clear as stably Frobenius adjunctions are stable under composition. q.E.p.

Let us be explicit about the structure of G x K. Say

R=((K},a) ? (K9, a0), ...)-
1

In the proof of the last Proposition we have D = [G,C], W = Tgl and LW = W is Gg. Similarly
Wy is Tgl, Lo = Xg, LoW, is (K?O,ao) and Lo(Wy x Wp) is (K}l,al). The object of objects of
G x R, constructed in the proof of the Proposition, is g applied to the image of 1 under the
equivalences Do /Wy x RgW —— D/LoWy x W which is ¥g(LoWy x Tgl) which from earlier
identities we know is ¥g,Ug(LoWo) = K°. Now Proposition 7.3 shows us that dij = Loms and
dft = Lom where Lom; : Lo(Wy x Wy) — LoWy. The domain and codomain maps of G x & are
YeLom + BgLo([Wo x RoyW] x [Wy x RoW]) —— EgLo([Wy x RoW]) for i = 2,1 respectively,
which by application of the Frobenius reciprocity assumption on Ly - Rg are Xg(m; X Lom;) :
Y6([Tel x Tgl] x Lo[Wo x Wy]) — Zg(Tgl x LoWy). But, see the diagram before Proposition
7.3, the image of the two projections mo and w1 onto Tg1 under the connected components functor of
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G can be identified with the projection and G-action respectively and so the domain and codomain

a8 as
maps of G x & can be seen to be G xg, K* LK 20 KO and Gy X g, K! ML g S KO,

As for the multiplication we first pause for a lemma:

Lemma 14.2. If G is a groupoid with a connected components adjunction and (X, a) a G-object,
then under the canonical isomorphisms the morphisms g (m;; x Id) : £g(Tgl x Tgl x Tgl x
(Xf,a)) —_— Eg(Tgl X T(;,l X (Xf,a)) are

G1 XGo G1 XGOX — G1 XGOX

(91,92, ) = (91, 92)
(91,92, ) = (9192, )
(917927:1:) — (927-T)

for ij = 12,13, 23 respectively.

Proof. Apply Tgl x (-) to the diagrams just before the start of subsection 7.2. For any G-
homomorphism h, Idp,1 x h is canonically isomorphic to TgUgh by naturality of €. Applying
to h = TeUge(x;,a) and h = eqgy,(x;,a) We see that for ij = 12,13 respectively, Xg(m;; x Id) is
canonically isomorphic to UsTcUgE(x,,q) and User,u,(x,,q) Tespectively from which these cases
are clear given our knowledge of ¢.

For the ij = 23 case apply the second diagram to the G-object Tgl x (Xf,a) and note that
ETeUe(To1x (Xf,a)) 15 canonically isomorphic to et u,Tevg(x;,a)- We have commented in the para-
graphs leading up to Proposition 7.3 that ¥ applied to the counit at the free algebra returns the
relevant projection. Q.E.D.

Returning to multiplication, the 4. implies 1. part of Proposition 7.3 shows that it is

) (Lomi2,Lomas) ™"
oMz, om2s) |

Lo(WO X Wo) X LoWo Lo(Wo X WO LO(WO X WO X W())

Lomis

—— Lo(Wo x Wp)

for R and similarly for G and G x K. So, again exploiting the fact that Lo 4 Ry satisfies Frobenius
reciprocity, the multiplication of G x K is the composition of

Z(G,(Tl'lg X L07T13) : Z([;(T(G,l X T(G,l X T(G,l X Lo(WO X WQ X W())) ——
ZG(T(I;I X Tgl x Lo(WO X Wo)) (a)

and [Sg(m12, Lomi12), 6 (a3, Lomaz)] ™

E(;,(T(G,l X T@l X Lo(WO X W())) XEG(T’GlXLOWO) Z@(Tgl X ’]I‘«;,l X Lo(WO X Wo))
— Yg(Tgl x Tgl x Tgl x Lo(Wo x Wy x Wy))  (b)

Apply the lemma to see that (a) is sending, under the canonical isomorphisms, (g1, g2, [k1, k2]) to
(9192, k1k2) and the inverse of (b), i.e.

[ZG(W127 L()7T12), EG(MS, L07Tz3)]7
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sends (g1, 92, [k1, k2]) to ((g1, g2k1), (92, ko)) where we are using [_, ] for
(Lomi2, Lomas) .

From this it is clear the multiplication of G x & is ((g, k), (¢, k")) = (gg’, ((¢') " k)k’') and we have
indeed defined semidirect product in the usual manner.

Going in the other direction to the last Proposition, stably Frobenius adjunctions with categories
of H-objects as domains give rise to internal groupoids:

Proposition 14.3. Let H be a groupoid in C with a connected components adjunction, D .— C
an adjunction and L 4 R : [H,C] == D a stably Frobenius adjunction over C. Then there exists
a stably Frobenius groupoid £z r in D and an equivalence © : [H,C] — [RL g, D] over D.

Proof. By Proposition 7.3, using the second condition, we need to find an object W of D and a stably
Frobenius adjunction D/W ——* [H, C] over D whose right adjoint is monadic. But by Proposition
7.3 we know that there is a stably Frobenius adjunction Ty 4 Uy : C/Hy =—= [H, C] over C whose
right adjoint is monadic, so to progress the proof we exhibit an equivalence C/Hy ~ D/W. Take
W = LTyl and notice that Lemma 4.2 part 2 can be applied as LTy 4 UgR is stably Frobenius
because L - R is stably Frobenius. Q.E.D.

When D = [G,C], for G stably Frobenius, describing £z r is easy; it is given by (Lma, L7 :
L(Tyl x Tyl) — LTyl,...) and L(Tyl x Tyl) is the (R,,e) that played a role in the proof of
Proposition 8.3; so the domain and codomain maps of Rz r are canonically isomorphic to o, c :
Hy xpg, P — P where, as before, (P,,c: Hy xg, P — P) is defined as RT¢1.

Lemma 14.4. Given L - R as in the last proposition, with D = [G, C]. Then the groupoid Gx £, r
in C is isomorphic to Py, g, the groupoid corresponding to the Hilsum-Skandalis map ‘B r

Proof. Follows from the explicit descriptions of semidirect product and £ g already provided.
Q.E.D.

So, in summary, we see that the stably Frobenius adjunctions corresponding to Hilsum—Skandalis
maps are the connected component adjunctions of internal stably Frobenius groupoids. Hilsum—
Skandalis maps give rise to stably Frobenius groupoids internal to [G,C] and vice versa, but these
internal groupoids are unique only up to Morita equivalence.

15 Pullback of connected component adjunctions

In this section we show that the 2-category T¢ defined in the introductory paragraph of Section
12 has finite pseudo-limits. It clearly has a terminal object as the trivial groupoid G =1 is stably
Frobenius. The next proposition shows that 7Tz has binary pseudo-products, but this is sufficient
as we can exploit the results of the previous section to show that a pullback diagram over [G,C]
gives rise to a product diagram in 7jg c]. We will see later that this allows us to conclude that the
pullbacks of bounded geometric morphisms over some base topos S can be calculated in Tiecg,
where Locg is the category of locales over S.
We need a lemma.
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Lemma 15.1. If H and G are two groupoids in C then

(Idg, xd$,d¥xIda,)
Tngl LA St L WTTHl X W;Tgl

is an H x G-isomorphism. If, further, both H and G are stably Frobenius then

(a) for any H x G-object A = (A(s4),c,d), the map na : A — ¥, A, which quotients out the
G-action, is an H-homomorphism,

(b) Id x d$ : Tgxgl — 7Tyl is the adjoint transpose across ¥, 4 7} of the projection
T - T]}Hl X H*GO —_— THL

(c) for any H-object B = (By, ¢), the morphism

S, (Tixel x 75 B) 225 S0 (8, Taxel x B) 2254 53 (Tl < B)

is canonically isomorphic to m; : B X Gg — B; and,
(d) the morphism

Suxe((Idxd$)xId)
ZHXCATER A AT

EHX@(Tngl X A) ZHX@(TFTTHl X A) — EH(THI X Zﬂ-lA)

is canonically isomorphic to A BEN Yo A

The functor X, : [HxG,C] — [H, C] used in the statement of the lemma exists by application
of Proposition 10.3.

Proof. That the given morphism is an isomorphism is clear from the construction of product in
[H x G, CJ; the pullback of Idy, x d5 along di x Idg, is dif x d$ : Hy x Gy — Hy x Gy, i.e. di*C.
Part (a) is clear from the construction of the H-action on ¥, A from which the identification of
Y Tuxgl with Tl x H*GY is also clear; quotienting out the G-action on G returns Gy and from
this (b) follows as the quotienting map is df.
For (c), first note that ., (Taxgl x 7} B) is constructed using the quotient (Idx d$) x (Idx Id) :
(H1 X G1) Xgyxa, (B x Go) — (H1 X Go) Xm,xc, (B X Gp). But (c¢) then follows as

= m x Id

(Hleo) X HoxGo (BXG())H (Hleo) XHOB H1 XHOB
o 2
B x Gy i - B

clearly commutes where the vertical arrows quotient out the H-action.
The morphism of (d) is ¥ applied to

Sy (71 X Id)
—_—

S (Trixgl x A) S, (71Tl x A) —» Tyl x 3y, A
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where (_) is adjoint transpose across X, 4 7f. As the canonical isomorphism in the definition of
Frobenius reciprocity involves a counit this morphism is equal to

Sr (IdXna)
_—

Y (Tuxgl x A) Yo (Taxgl X T8, A4)  — 20, Taegl X B, A

7T1><Id

—_— THl X Eﬂ-lA.

The result then follows by taking B = X, A in (c) since the unit 774 is the map A {nag) YA X

Go. Q.E.D.
Proposition 15.2. T has binary pseudo-products.

Proof. Let G and H be two stably Frobenius groupoids in C. Then, Proposition 10.3, G x H is
stably Frobenius and the top horizontal and left vertical adjunctions of the diagram

2

[H x G,C] G,C]
5
Yo | |7 Y| |G* (%)
X
[H, C] c
H*

are morphisms of T¢. The diagram commutes up to canonical natural isomorphism.
For any stably Frobenius groupoid K given a diagram

Lo

K,C] (G, (]

Ry
L Ry pel G*

Xy

[H,C] c

H*

L
commuting up to natural isomorphism and over C, we must construct an adjunction [K,C] =— [Hx
R

G, C], unique up to natural isomorphism, such that ¥, L = Ly and X, L = Ly. Write ; =
((Pi)(ps,q)» Cir di) for the Hilsum-Skandalis maps corresponding to L; 4 R;, for i = 1,2. Notice

q1Xq2

that P; x g, P — Hy x G can be made into a H x G-object ([(h, g), (x1,z2)] — (hz1, gz2))and
pim P Xg, Py — Ky into a K-object ((k, (x1,22)) — (kz1,kzs)). Given that pym @ P) Xk,
P, —— Ky is an effective descent morphism (Lemma 13.2, applied in C/Kj) it is then easy to
check that a Hilsum—Skandalis map, 3, has been defined and so there is a corresponding adjunction
L 4 R. If (Y,,0) is a K-object then L;(Yy,b) is obtained by quotienting the K-action of the
K x H-object Pi xg, Y (the action map is ((k,h),z,y) — (kha,ky)). Similarly Ly (Y,,b) has
underlying object X ((P1 X i, P2) Xk, Y). Then, since ¥, quotients out the G-action, the process
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of quotienting commutes (the groupoids are stably Frobenius) and Ky = Xg((P2)g,,d2), it follows
that Ly = ¥, L. Similarly Ly = ¥, L.

—_—

To complete we must show that any adjunction [K,C] =—= [H x G, (] over C is isomorphic to

R
Ly - Ry where ‘B is the Hilsum—Skandalis map whose underlying object is Py X i, P», constructed
from ¥, L 4 Rr} and ¥,,L 4 Rn} as in the last paragraph. The lemma shows that Tgyml =
1 Tl X753 Tel; by applying R we see that the K-object RTyx g1 is isomorphic to P; X i, P>. The re-
sult then follows by taking A = LTx1 in the lemma as it shows that R(Idg, xd¥) : RTgxgl — P
is an H-homomorphism (it corresponds to npm,1 under the canonical isomorphisms) and similarly
R(d¥ x Idg,) : RTgxgl — P is a G-homomorphism; but then by construction of Py x ¢, P2 as
an H x G-object the morphism (R(Idg, x d$), R(d¥ x Idg,)) must be an H x G-homomorphism
and so ‘B = P, g. Q.E.D.

16 Geometric Morphisms as stably Frobenius adjunctions

In this section we recall the main result of [T10] which is a representation theorem of geometric
morphisms as stably Frobenius adjunctions and give a correct account of the morphisms in the
representation theorem. Familiarity with locale theory and topos theory is assumed; e.g.[J02] or
[JT84]. Our toposes are elementary unless stated otherwise. We write f : F — & for a geometric
morphism between toposes and Locg for the category of locales relative to a topos €. If X is a
locale in F we write Oz X for its frame of opens. The direct image f. of any geometric morphisms
preserves frames; i.e. f.OrX = OgX;X for some locale ¥ ;X in £. This determines a functor
¥¢ : Locy —— Locg which can be shown to have a right adjoint which, abusing notation, is
written f* : Locg —— Locy. The abuse is reasonable because f* is the inverse image of f
when restricted to discrete locales. We call Xy - f* the pullback adjunction associated with the
geometric morphism f. This is reasonable because if f is a geometric morphism between categories
of sheaves over two locales, i.e. f: Sh(X) —— Sh(Y), then it is uniquely determined by a locale
map f: X —— Y and under the equivalences Locgyz) ~ Loc/Z, for Z = X,Y, the adjunction
Y - f* is the pullback adjunction in the usual sense (i.e. X¢(Y,) = Yyg).
The following result is clear from [T10]:

Proposition 16.1. If f : F —— £ is a geometric morphism between elementary toposes then
the adjunction ¥y 4 f* : Locy —= Locg is stably Frobenius and f*Sg = Sr. Further, for
every stably Frobenius adjunction L 4 R : Locx . Locg, if R preserves S then there exists a
geometric morphism f : F —— &£, unique up natural isomorphism, such that R & f*.

Here S is the Sierpinski locale. Its frame of opens is the free frame on the singleton set 1. It is
an internal distributive lattice in Loc and when we are asserting that it is preserved by a functor
we mean that the implied isomorphism also commutes with the lattice structure.

Proof. The proof is in [T10]. Two comments are useful. 1. The proof that £y 4 f* is Frobenius in
fact is already clear from Proposition 2(4) of Ch. 6, §1 of [JT84], and from Proposition 2 of §3 of the
same Chapter, which establishes Locgy,(z) ~ Loc/Z, it can be seen that the adjunction ¥y 4 f* is
stably Frobenius (consider Proposition 4 §1). 2. The category of locales is order enriched and X x S
is the tensor X ® {0 < 1} for any locale X; from this it is clear that a functor between categories
of locales preserves the order enrichment provided it preserves the Sierpinski locale. Q.E.D.
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To turn this last proposition into a categorical equivalence, one needs to restrict to natu-
ral isomorphisms between geometric morphisms and adjunctions. This is because the mapping
f = (Z¢ 4 f*) is not functorial on natural transformations; if a : (f1)» —— (f2)« is a natural
transformation between direct images then the morphism agq, x is not necessarily a frame homo-
morphism. But it will be if « is an isomorphism (use the naturality of a to show that aqg,x is
monotone).

However we can account for natural transformations between geometric morphisms in this rep-
resentation theorem if required. To see this recall that such natural transformations can be repre-
sented as S-homotopies. If f,g : F — &£ are two geometric morphisms then a S-homotopy from
f to g consists of a geometric morphism H : ShxSz —— &£ such that f = HOs, and g = Hls,
where Os, and lg, are the geometric morphisms corresponding to the locale maps that are the
bottom and top points of the Sierpinski locale Sx. The topos ShzSx can be described explicitly,
it is the presheaf category [2, F], where 2 is the category (0 — 1), i.e. two objects and one non-
identity morphism. From the definition of geometric morphism it is then clear that S-homotopies
from f to g are in natural bijection with natural transformations from f* to ¢g*. Define a localic
S-homotopy from f to g to be a stably Frobenius adjunction L 4 R : Locr/Sy =— Locg such
that (0s,)*R = f* and (1s,)*R = g*. So,

Proposition 16.2. For any two toposes F and &, the category of geometric morphisms from
F to &, i.e. Top(F,E), is equivalent to the category of stably Frobenius adjunctions L 4 R :
Locr — Locg such that R preserves the Sierpinski locale. The morphisms of Top(F,E&) are
natural transformations (between the inverse images) and the morphisms of the category of stably

Frobenius adjunctions are localic S-homotopies.

17 Bounded geometric morphisms

Consider a geometric morphism f : F —— &. Section 4 of [T14] shows that condition (4’) of
Proposition 10.2 holds for the adjunction ¥ 4 f* if f is bounded. On the other hand suppose that
condition (4”) of Proposition 10.2 holds. Then, as we have recalled that 3 4 f* is stably Frobenius,
we know that Locz is equivalent to [G, Locg] over Locg. By restricting to discrete objects we can
then conclude that f is equivalent to the canonical geometric morphism v : BeG —— £ which is
well known to be bounded (e.g. B3.4.14(b) of [J02] or see the definition of the relevant site in §6 of
[M88a]) and so f is bounded. In summary:

Lemma 17.1. A geometric morphism f : F —— £ is bounded if and only if ¥y - f* :
Locr — Loc¢ satisfies one of the equivalent conditions of either Proposition 10.2 or Propo-

sition 7.3.

This lemma captures the essence of the famous Joyal and Tierney result that any topos F
bounded over € is equivalent to B¢G for some open localic groupoid G; see [T14] for more detail. We
write SB‘Zopi for the 2-category whose objects are toposes, morphisms bounded geometric morphisms
and whose 2-cells are natural isomorphisms.

Theorem 17.2. Let S be a topos with a natural numbers object. Sending bounded p : £ — &
to X, 4 p* determines a pseudo-functor i : BTop’/S — Tpocs- This pseudo-functor preserves
binary pseudo-products and is full and faithful, up to isomorphism.

The theorem can be adapted to show that all finite pseudo-limits are preserved; this is omitted
in the interests of space.
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Proof. The lemma shows how to construct i, though of course the construction of a localic groupoid
for any bounded p can be taken to be that defined via the well known Joyal-Tierney theorem [JT84].
In particular we recall (C5.3 of [J02]) that given the bounded geometric morphism v : BeG — &,
the pseudo-functor returns [G, Locs] where G is the étale completion of G. Therefore for any étale
complete G, [G, Locg] is equivalent to i(+) for some bounded geometric morphism +.

Since every bounded p is equivalent to one of the form v : BeG —— £ to complete the proof of
the assertion about binary pseudo-products, given Proposition 15.2, one just needs to check that
H x G is étale complete if G and H are. But [H x G, Locs] is equivalent to [H*G, [H, Locs]] and
Lemma 7.3 of [M88a] shows that H*G is étale complete if G is.

For the claim of ‘full and faithful’ use the the representation theorem of geometric morphisms
as stably Frobenius adjunctions. Note that as f* preserves the Sierpinski locale for any geometric
morphism f, G*Sg is the Sierpinski locale of £, where G is the localic groupoid associated with &;
similarly for F. Therefore the right adjoint of L 4 R must preserve the Sierpinski locale for any
adjunction [H, Locr] == [G, Locg¢] provided it is over Locs.

Q.E.D.

Remark 17.3. One can expand this result to include natural transformations between geometric
morphisms that are not necessarily isomorphisms; the morphisms of T1,ocs then need to be replaced
with S-homotopies. We note that if 1,B2 : H —— G are two Hilsum—Skandalis maps between
stably Frobenius localic groupoids then a localic S-homotopy is given by a Hilsum—Skandalis map
P : H — G with the additional data of an open a of P (equivalently a locale map a : P —— S)
such that P; is the open sublocale a*1s of P and P is the closed sublocale a*0g of P. This provides
a localic characterisation of natural transformations between geometric morphisms (for bounded
toposes at least).

Remark 17.4. It is unfortunate that this result uses Lemma 7.3 of [M88a] as the proof of Lemma
7.3 requires discussion of sites and so we have not fully achieved a site-free description of the
pullback of bounded geometric morphisms. However it is not unreasonable to expect that a site-
free characterisation of étale completeness is possible and that this can be shown to be pullback
stable without reference to sites. Indeed this has been done for localic groups, see Lemma 1.4 of
[M88b].

18 Further applications to geometric morphisms

In this section we prove a number of results about geometric morphisms using their representation
as stably Frobenius adjunctions and applying our results about stably Frobenius adjunctions. The
results are all essentially known; what is new is that they all follow from our earlier results about
Frobenius adjunctions.

Proposition 18.1. Let f: F — £ and g : G —— F be two geometric morphisms. Then (i) fg
is localic(bounded) if f and g are, (ii) if fg is localic then g is localic; and, (iii) if fg is bounded
then ¢ is bounded.

Recall that a geometric morphism f : F —— & is localic if there is a locale X in £ and an
equivalence F =+ 5 heX over £. An equivalent condition on the pullback adjunction ¥y - f*

is that there exists a locale X in £ and an equivalence Locr = Locg /X over Locg; localic
geometric morphisms are bounded (consider the trivial localic groupoid X).
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Proof. (i) Certainly if f and ¢ are localic then so is fg as a slice composed with a slice is again
a sliced adjunction. Say f and g are bounded then Proposition 14.1 shows that the adjunction
Y¢g 1 (fg)* satisfies the conditions of Proposition 7.3 and so fg is bounded.
(ii) Say fg is localic then (2.) of Lemma 4.2 shows that ¥, - g* is a slice and so g is localic.
(iii) Proposition 14.3. Q.E.D.

Proposition 18.2. Any geometric morphism f : F —— & factors, uniquely up to isomorphism,
as a hyperconnected followed by a localic geometric morphism.

Recall that f is hyperconnected if the canonical map Q¢ — f,Qr (i.e. the unique frame
homomorphism) is an isomorphism. An equivalent condition is that 3 preserves 1.

Proof. Repeating the remark just before Lemma 3.1 we know that there is a factorization:
(Z)zj PSP

= f
Locr é Locr/f*%¢1 Locg /Y1 —— Locg
n fen (ZrD)”

Because Yy - f* is stably Frobenius and pullback adjunctions are stably Frobenius the composite
of the first two adjunctions, (Xf)s,1%,, - n{fgfl, is stably Frobenius. But the right adjoint of
this composite adjunction preserves the Sierpinski locale and so it must be the pullback adjunction
of a geometric morphism, f; and as (X eyl =1, f is hyperconnected and this completes the
proof of the existence of the factorization because pullback adjunctions correspond to the pullback
adjunctions of localic geometric morphisms.

Let us say we have another factorization of f as F —Py SheX —— € with p hyperconnected.
Because ¥,1 = 1 it follows that X = 3,1 (use ¥x1 = X) and so there is an equivalence ¢ :
Locg/X —~+ Locg /X1 over Locg. To complete it just needs to be checked that 1p is isomorphic
to f. But any object Y, of Locg /X can be written as an equalizer

X*f
Yy — XY —/— X*X
Ax!
and so p*Y} is determined by the image of this equalizer. Note that 1 2ox p*(X*X) is the double

adjoint transpose (via X, - p* and Xx 4 X*) of the identity X x 3,1 Ldx Y x3,1; but this identity
is isomorphic to the identity

Ids ;1
xSl —5 85,1871

and so has isomorphic double adjoint transpose (now via %7 f* and Iy ;11 8p1%). Tt follows
that p*Ax is isomorphic to f*Agfl. Q.E.D.

Proposition 18.3. The hyperconnected-localic factorization of a bounded geometric morphism
along a bounded geometric morphism is pullback stable.

Proof. If X is an object of a category C and G an internal groupoid, then there is an isomorphism
between [X x G,C] and [G,C]/G*X. So that localic geometric morphisms are pullback stable
follows from the description of product given in Proposition 15.2. For the pullback stability of
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hyperconnected geometric morphisms, this follows as the diagram (*) in the proof of Proposition
15.2 satisfies Beck-Chevalley (both ways round). That the diagram satisfies Beck-Chevalley is clear
from the explicit description of ¥, given in (i) of Proposition 10.3. Q.E.D.

Proposition 18.4. Open and proper bounded geometric morphisms are pullback stable (along
bounded geometric morphisms).

Proof. A geometric morphism is open(proper) if and only if the localic part of its hyperconnected-
localic factorization is open(proper); see C3.1.9 (preamble to C3.2.12) of [J02]. The result then
follows from the previous proposition as it is well known that f* : Loce —— Locx preserves both
open and proper (i.e. compact) locales for any geometric morphism f: F — £. Q.E.D.

Proposition 18.5. For any two toposes F and £, bounded over some base topos S, the category of
geometric morphisms from F to £ over S (with natural isomorphisms as morphisms) is equivalent to
the category of Hilsum—Skandalis maps from H to G where H(G) is the localic groupoid associated
with F(&).

Proof. Immediate from our main result (Theorem 11.3) and our earlier result, contained in Theorem
17.2, that i is full and faithful up to isomorphism.
Q.E.D.

Proposition 18.6. For any bounded p : £ — S there is a localic groupoid G = (Gy — G, -..)
such that for every point z : 1 —— Gy there is a geometric morphism p, : § — £ over S (i.e. a
point of £). The full subgroupoid of sBfopi(S, &) consisting of all p,s is equivalent to the groupoid
of points of G.

Proof. Proposition 11.4. Q.E.D.

19 Concluding remarks

Whilst writing this paper the idea of changing the title to ‘Everything you always wanted to know
about a cartesian category (but were afraid to ask)’ occurred to me. At the outset I did not
think that generalities on cartesian categories were going to produce any work of substance. The
results would either be well known or just not true at that level of generality. The core result on
the representation of Hilsum—Skandalis maps was clearly going to require some work, but I was
surprised by the depth of the more basic lemmas, notably our earlier ones on slicing adjunctions
(e.g. Lemma 3.1) and, as should be apparent from the exposition, the Proposition characterising
connected component adjunctions. So, at the very least, this paper should be of use to those
who want to see basic results on sliced adjunctions, stably Frobenius adjunctions and groupoids
expressed at the greatest possible level of generality (‘greatest’ because the cartesian structure is
needed to express the stably Frobenius condition and in the definition of internal groupoids).
Open surjections in the category of locales are effective descent morphisms and are stable under
all the relevant constructions (basically, pullback). So by replacing ‘effective descent morphism’
with ‘open surjection’ one can return to a topological ‘terra firma’ should that be required. But our
essential point is that the relationships persist at a greater level of generality (cartesian categories)
and so should be of general interest. The additional generality is not vacuous because proper
surjections in the category of locales provide a non-trivial example, different to open surjections.
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The essence of the main result on Hilsum-Skandalis maps is already in [T15], from where the
ideas of this paper stem. That localic Hilsum—Skandalis maps represent geometric morphisms
is implicit in the literature as they are known to correspond to the morphisms of the category
of fractions of open groupoids, and geometric morphisms are known to be represented by the
morphisms of this category of fractions; see Section 7 of [M88a]. What is new for this paper is
that we have provided a new explicit characterisation of the morphisms of the relevant category of
fractions: they are the stably Frobenius adjunctions.

It has not been possible here to provide a localic characterisation of étale completeness of localic
groupoids. Therefore some extra work remains to support any assertion that we have ‘done topos
theory without sites’. But I think it is fair to say that most of the heavy lifting has been done
above, notably with Proposition 15.2. The idea of reasoning about categories of locales to recover
known aspects of topos theory is well motivated, but needs to be finished!

However, what I believe to be of greater interest is working out what happens when we forget
about étale completeness. The paper [T17] shows that [G,Loc] behaves like a perfectly good
category of locales even if G is not étale complete and so [G, Loc] is not actually a category of locales
over some topos. What we have shown here is that the theory of ‘geometric morphisms’(=stably
Frobenius adjunctions; let’s call them Frobenius morphisms) works at a greater level of generality.
There is an account of hyperconnected-localic factorization, boundedness, pullbacks, open and
proper maps and, e.g. [T12], aspects of internal lattice theory, all with ‘categories of locales’ taking
on the role of toposes and Frobenius morphisms taking on the role of geometric morphisms. And
the key point of this paper is that Frobenius morphisms can be represented as Hilsum—Skandalis
maps (i.e. generalised principal bundles). There is further work required to see how useful this new
context is. As a final idea consider the question ‘What should the natural numbers object look like
in this context?’. We propose the following axiom of infinity: there exists an internal groupoid G
and a natural categorical equivalence Disp ~ T¢ (D, [G,C]) for each D over C. In other words, G
classifies discrete objects. Restricting to toposes we get a characterisation of the natural numbers
(B4.2.11 of [J02]). What happens if we don’t make that restriction?
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