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Abstract. It is well-known that reduced smooth orbifolds and proper
effective foliation Lie groupoids form equivalent categories. However, for cer-
tain recent lines of research, equivalence of categories is not sufficient. We
propose a notion of maps between reduced smooth orbifolds and a definition
of a category in terms of marked proper effective étale Lie groupoids such that
the arising category of orbifolds is isomorphic (not only equivalent) to this
groupoid category.

1. Introduction.

Given a reduced orbifold (in local charts) and an orbifold atlas representing its
orbifold structure it is well known how to construct (in an explicit way) a proper effective
foliation groupoid (orbifold groupoid) from these data (see, e. g., Haefliger [4] or the book
by Moerdijk and Mréun [8]). Over the years various authors (in particular, Moerdijk [7],
Pronk [10]) used this link to provide a definition of a category of orbifolds by proposing
a definition of a category of orbifold groupoids, either as a 2-category or as a bicategory
of fractions. Lerman [5] provides a very good discussion of these approaches. These
approaches have in common that the morphisms in the orbifold category are only given
implicitly.

While the notion of isomorphisms between orbifolds is clear, that of more general
maps allows variations. Various propositions for orbifold maps in local charts have been
made serving different purposes, e. g., by Borzellino and Brunsden [2] or the Chen—Ruan
good maps [3]|. Unfortunately, neither of these definitions model the morphisms coming
from the groupoid category. We remark that Lupercio and Uribe [6], even though widely
believed, do not prove that Chen—Ruan good maps correspond to groupoid homomor-
phisms (a counterexample to the characterization of groupoid homomorphisms via good
maps and thus to [6, Proposition 5.1.7] is provided by the unique map between any
orbifold with at least two charts in any orbifold atlas and the 0-dimensional connected
reduced orbifold).

All these proposed groupoid categories are just equivalent, not isomorphic, to the
orbifold category. This is caused by the fact that the construction mentioned above
assigns the same groupoid to different (but isomorphic) orbifolds, and conversely vari-
ous (Morita equivalent) groupoids to the same orbifold. Moerdijk and Pronk [9] show
that isomorphism classes of orbifolds correspond to Morita equivalence classes of orb-
ifold groupoids. For many investigations about orbifolds, an equivalence of categories
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suffices to translate the problem to groupoids. However, one cannot investigate e.g. the
diffeomorphism group of an orbifold using any of the groupoid categories.

In this article we provide a correct characterization of groupoid homomorphisms
in local charts. We use the arising maps to define a geometrically motivated notion of
orbifold maps as certain equivalence classes. This allows us to define a geometrically
natural orbifold category (with orbifolds as objects). Characterizing these orbifold maps
in terms of groupoid homomorphisms enables us to define a category in terms of marked
proper effective étale Lie groupoids (which is not the classical one) which is isomorphic
to the orbifold category.

The results in this article are used by Schmeding [13] to show that the diffeomor-
phism group of a paracompact reduced orbifold can be endowed with the structure of
an (infinite-dimensional) Lie group. Moreover, this Lie group is even C*-regular for any
k € NgU {00} and a fortiori regular in the sense of Milnor; we refer to [13] for details.

For convenience we briefly comment on the outline of the paper. We start by review-
ing the necessary background material on orbifolds, groupoids, pseudogroups, and the
well-known construction of a groupoid from an orbifold and an orbifold atlas representing
its orbifold structure. Groupoids which arise in this way will be called atlas groupoids. To
overcome the problem that different orbifolds are identified with the same atlas groupoid
we introduce, in Section 3, a certain marking of atlas groupoids. It consists in attaching
to an atlas groupoid a certain topological space and a certain homomorphism between its
orbit space and the topological space. The general concept of marking already appeared
in [7]. There, however, the relation between a marking of a groupoid and an orbifold
atlas (in local charts) is not discussed. The specific marking of an atlas groupoid intro-
duced here allows us to recover the orbifold. There is a natural notion of homomorphisms
between marked atlas groupoids. In Section 4 we characterize these homomorphisms in
local charts. On the orbifold side, this characterization involves the choice of representa-
tives of the orbifold structures, namely those orbifold atlases which were used to construct
the marked atlas groupoids. Hence, at this point we get a notion of orbifold map with
fixed representatives of orbifold structures, which we will call charted orbifold maps. In
Section 5 we introduce a natural definition of composition of charted orbifold maps and
a geometrically motivated definition of the identity morphism (a certain class of charted
orbifold maps), which allows us to establish a natural equivalence relation on the class
of charted orbifold maps. An orbifold map (which does not depend on the choice of orb-
ifold atlases) is then an equivalence class of charted orbifold maps. The leading idea for
this equivalence relation is geometric: we consider charted orbifold maps as equivalent
if and only if they induce the same charted orbifold map on common refinements of the
orbifold atlases. Moreover, using the same idea, we define the composition of orbifold
maps. In this way, we construct a category of reduced orbifolds. Finally, in Section 6,
we characterize orbifolds as certain equivalence classes of marked atlas groupoids, and
orbifold maps as equivalence classes of homomorphisms of marked atlas groupoids. These
equivalence relations are natural adaptations of the classical Morita equivalence. In this
way, there arises a category of marked atlas groupoids which is isomorphic to the orbifold
category. As an additional benefit the isomorphism functor is constructive. As a final
step, in Section 7, we show that the category of marked atlas groupoids is isomorphic
to an analogously defined category of marked proper effective étale Lie groupoids (by
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embedding).

Even though the category of marked proper effective étale Lie groupoids constructed
in this article not the classical one, all the classical groupoid (2- or bi-) categories can be
recovered by considering elements in an equivalence class as stand-alone entities and the
equivalence-providing maps as 2-morphisms, and by forgetting the marking. The ultimate
orbifold category constructed here is the one which is satisfying from a geometric point
of view (cf. the results in [13]) and also allows to adapt without any difficulties all results
on groupoids that are invariant under Morita equivalence (e.g. the behavior of orbifold
vector bundles under pullback).

We expect that all these constructions can be performed in a similar way for orbifolds
over other fields, e. g., complex ones, and for orbifolds with additional structures such as
Riemannian ones.
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NOTATION AND CONVENTIONS. We use Ny = N U {0} to denote the set of non-
negative integers. If not stated otherwise, every manifold is assumed to be real, para-
compact, Hausdorff and smooth (C'*°). We also consider second-countable manifolds,
and it will always be indicated whether we require a given manifold to be just paracom-
pact or even second-countable. If M is a manifold, then Diff (M) denotes the group of
diffeomorphisms of M. If G is a subgroup of Diff (M), then

G\M :={Gm | m € M}

denotes the space of G-orbits endowed with the final topology. If Ay, A5, B are sets
(manifolds) and f1: Ay — B, fa: A2 — B are maps (submersions), then we denote the
fibered product of f; and fo by Ay ¢, X, A2 and identify it with the set (manifold)

A px g, Az = {(a1,a2) € A1 x Az | fi(a1) = fa(az2)}.

Finally, we say that a family V = {V; | ¢ € I} is indexed by I if I — V, i — V;, is a
bijection.
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2. Reduced orbifolds, groupoids, and pseudogroups.

In this section we recall the necessary background on reduced orbifolds and
groupoids. The notion of (reduced) orbifolds goes back to at least Satake [11], [12], and
has been refined since then, see e.g., [1], [4], [8], [14]. Here, we use one of these more
modern definitions of reduced orbifolds, and we consider different flavors for the mani-
folds involved. We recall that throughout any manifold is required to be real, smooth,
Hausdorff and paracompact.

2.1. Reduced orbifolds.

Let @ be a topological space, and n € Ng. A reduced orbifold chart of dimension n
on @ is a triple (V, G, p) where V is a connected n-manifold without boundary, G is a
finite subgroup of Diff (V), and ¢: V — @ is a map with open image ¢(V') that induces
a homeomorphism from G\V to ¢(V). In this case, (V, G, ¢) is said to uniformize o(V).

One might argue that orbifold charts should better be called orbifold parametriza-
tions. However, orbifold charts are the more established notion and we prefer to stick to
it. The orbifold charts are called reduced (or effective) to indicate that the action of G
is effective.

Two reduced orbifold charts (V, G, ), (W, H,1) on @ are called compatible if for
each pair (z,y) € V x W with ¢(x) = 1(y) there are open connected neighborhoods V
of z and W of y and a diffeomorphism h: V — W with Yoh = p|;. The map h is called
a change of charts. The neighborhoods V and W and the diffeomorphism h can always
be chosen in such a way that h(xz) = y. Moreover 1% may assumed to be open G-stable.
This means that V is open and connected, and for each g € G we either have gV V or
gV NV =0. In this case, W is open H-stable by [8, Proposition 2.12(i)].

A reduced orbifold atlas of dimension n on @ is a collection of pairwise compatible
reduced orbifold charts

of dimension n on @ such that (J;c; ¢i(V;) = Q. Two reduced orbifold atlases are
equivalent if their union is a reduced orbifold atlas. A reduced orbifold structure of
dimension n on @ is an equivalence class of reduced orbifold atlases of dimension n on Q).
A reduced (paracompact resp. second-countable) orbifold of dimension n is a pair (Q,U)
where @ is a (paracompact resp. second-countable) Hausdorfl space and U is a reduced
orbifold structure of dimension n on Q. We note that since the manifolds V' in the orbifold
charts (V,G,¢) are assumed to be connected and finite-dimensional, paracompactness
of V is equivalent to second-countability of V. However, since the topological space @
is not required to be connected, paracompactness does not necessarily imply second-
countability of Q.

Let U be a reduced orbifold structure on (). Each reduced orbifold atlas V in U is
called a representative of U or a reduced orbifold atlas of (Q,U).

Since we are considering reduced orbifolds only, we omit the term “reduced” from
now on. Moreover, when implicitly understood we will omit the terms “paracompact”
and “second-countable”.
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Let (V,G, ), (W, H,v) be orbifold charts of identical dimension on the topological
space @. Then an (open) embedding p: (V,G, ) — (W, H, 1) between these two orbifold
charts is an (open) embedding p: V' — W between manifolds which satisfies ¥ o u = .
We remark that any embedding is automatically open by the Theorem on the Invariance
of Domain. If, in addition, u is a diffeomorphism between V and W, then p is called an
isomorphism from (V, G, ¢) to (W, H,4). Suppose that S is an open G-stable subset of
V and let Gg := {g € G | gS = S} denote the isotropy group of S. Then (S,Gs, ¢|s) is
an orbifold chart on @ as well, the restriction of (V,G, ¢) to S.

REMARK 2.1. Suppose that p: (V,G,p) — (W, H,v) is an embedding. By [8,
Proposition 2.12(i)], (V') is an open H-stable subset of W, and moreover that there is a
unique group isomorphism zi: G — H,yy for which pu(gx) = n(g)u(z) for g€ G,z € V.

In the following example we provide two orbifolds with the same underlying topo-
logical space. These orbifolds are particularly simple since both orbifold structures have
one-chart-representatives. Despite their simplicity they serve as motivating examples for
several definitions in this paper.

EXAMPLE 2.2. Let @ :=[0,1) be endowed with the induced topology of R. The
map

f:Q—=Q, =z~ a°

is a homeomorphism. Further the map pr: (—1,1) — [0,1),  — |z|, induces a homeo-
morphism {£id}\(—1,1) = Q. Then

Vii= ((—17 1),{:|:id},pr) and V5 := ((—1, 1), {£id}, f opr)

are two orbifold charts on ). They are easily seen to be non-compatible.
Let U be the orbifold structure on @) generated by Vi, and Us be the one generated
by VQ.

2.2. Groupoids and homomorphisms.

A groupoid is a small category in which each morphism is an isomorphism. In the
context of orbifolds this concept is most commonly expressed (equivalently) in terms of
sets and maps. The morphisms are then called arrows.

A groupoid G is a tuple G = (Go, G1, s,t,m, u, ) consisting of the set Gg of objects,
or the base of G, the set G1 of arrows, and five structure maps, namely the source map
s: G1 — Gy, the target map t: G — G, the multiplication or composition m: Gy sX¢
G1 — G, the unit map u: Gy — G1, and the inversion i: G; — G1 which satisfy that

(i) for all (g, f) € G1 sx: G1 we have s(m(g, f)) = s(f) and t(m(g, f)) = t(g),

(i) for all (h,g), (g, f) € G1 sx+ G1 we have m(h,m(g, f)) = m(m(h, g), f),

(iii) for all z € Go we have s(u(z)) = z = t(u(z)),
)

(iv) for all x € Gy and all (u(z), f), (g, u(z)) € G1 sx¢ G it follows m(u(z), f) = f and
m(g, u(x)) = g,
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(v) for all g € Gy we have 5(i(g)) = t(g) and t(i(g)) = s(g), and m(g,i(g)) = u(t(g))
and m(i(g), g) = u(s(g)).

We often use the notations m(g, f) = gf, u(x) = 1,,i(g) =g ', and g: x = y or Ly

for an arrow g € Gy with s(g) = z, t(g) = y. Moreover, G(x,y) denotes the set of arrows
from z to y.

Classically, the base space of a Lie groupoid is required to be a second-countable
manifold. However, parts of the theory of Lie groupoids stay valid if the base manifold is
just paracompact. Therefore, as with orbifolds, we consider two flavors of Lie groupoids
here.

A (paracompact resp. second-countable) Lie groupoid is a groupoid G for which Gy is
a paracompact resp. second-countable manifold, G; is a smooth (possibly non-Hausdorft,
possible non-second-countable) manifold, the structure maps s,t: G; — Go are smooth
submersions (hence G sx; G1, the domain of m, is a smooth, possibly non-Hausdorff
manifold), and the structure maps m,u and i are smooth. A Lie groupoid is called
étale if its source and target map are local diffeomorphisms. It is called proper if Gy is
Hausdorff and the map (s, t): G1 — Go x Gg is proper. An étale Lie groupoid G is called
effective if the map

g germs(g)(t o (sly)™h),

where ¢ € G; and U is an open neighborhood of g in G; such that t|yy and s|y are
injective, is injective.

Let G and H be groupoids. A homomorphism from G to H is a functor ¢: G — H,
i.e., it is a tuple ¢ = (vo, ¢1) of maps ¢o: Go — Hp and ¢1: G; — H; which commute
with all structure maps. If G and H are Lie groupoids, then ¢ is a homomorphism
between them if it is a homomorphism of the abstract groupoids with the additional
requirement that ¢g and @1 be smooth maps.

Let G be a groupoid. The orbit of x € G is the set

Gx::t(sfl(x)):{yeGo’ EIgEGlza:iy}.

Two elements z,y € Gy are called equivalent, x ~ y, if they are in the same orbit. The
quotient space |G| := G/~ is called the orbit space of G. The canonical quotient map
Go — |G| is denoted by pr or prg, and [z] := pr(z) for x € Go.

2.3. Pseudogroups and groupoids.

We recall how to construct a Lie groupoid from an orbifold and a representative of
its orbifold structure. This construction is well known, see e.g. the book by Moerdjik
and Mréun [8]. We provide it here for the convenience of the reader and to introduce
the notations we will use later on. It is a two-step process in which one first assigns a
pseudogroup to the orbifold, which depends on the representative of the orbifold struc-
ture. Then one constructs an étale Lie groupoid from the pseudogroup. For reasons of
generality and clarity we start with the second step.

DEFINITION 2.3. Let M be a manifold. A transition on M is a diffeomorphism
f: U — V where U,V are open subsets of M. In particular, the empty map () — 0 is a
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transition on M. The product of two transitions f: U — V', g: U’ — V' is the transition
fogig HUNV") = fUNV'), x> fg()).

The inverse of f is the inverse of f as a function. If f: U — V is a transition, we use
dom f to denote its domain and cod f to denote its codomain. Further, if x € dom f,
then germ, f denotes the germ of f at z.

Let A(M) be the set of all transitions on M. A pseudogroup on M is a subset P
of A(M) which is closed under multiplication and inversion. A pseudogroup P is called
full if idy € P for each open subset U of M. It is said to be complete if it is full and
satisfies the following gluing property: Whenever there is a transition f € A(M) and an
open covering (U;);cr of dom f such that f|y, € P for all i € I, then f € P.

We now recall how to construct an étale Lie groupoid from a full pseudogroup.

CONSTRUCTION 2.4. Let M be a manifold and P a full pseudogroup on M. The
associated groupoid T' := T'(P) is given by

Ip:=M, Ti:={germ, f|fe€P, x&domf},
and

I(x,y) :={germ, f | f € P, z € dom f, f(z)=y}.

For f € P define Uy := {germ, f| € dom f}. The topology and differential structure
of I'1 is given by the germ topology and germ differential structure, that is, for each
f € P the bijection

. Uf — dom f
vr germ, f— @

is required to be a diffeomorphism. The structure maps (s,t,m,u, i) of I are the obvious
ones, namely

s(germ, f) i=
t(germ, f) := f(x)
m(germy ,y g, germ,, f) 1= germ,(g o f)
u(z) := germ,, idy for an open neighborhood U of z
i(germ, f) == germy(,) f .

Obviously, T'(P) is an étale Lie groupoid.
SPECIAL CASE 2.5. Let (Q,U) be an orbifold, and let
V= {(‘/;7Gi,71'2‘) ‘ 1€ I}

be a representative of U indexed by I. We define
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V::HVi and ﬁ::Hm—.
iel i€l
Then
U(V):= {f transition on V' | mo f = 7T|domf}-

is a complete pseudogroup on V. The associated groupoid

is the proper effective étale Lie groupoid we shall associate to (@ and V. Note that this
groupoid depends on the choice of the representative of the orbifold structure U of Q). A
groupoid which arises in this way we call atlas groupoid.

If (Q,U) is a second-countable orbifold, then we can choose V to be countable and the
associated atlas groupoid has a second-countable base. Whenever dealing with second-
countable orbifolds in the following, we will assume that the chosen representative of the
orbifold structure is countable.

ExaMPLE 2.6. Recall the orbifolds (Q,U;) (i = 1,2) from Example 2.2, and con-
sider the representative V; := {V;} of U;. Proposition 2.12 in [8] implies that

Y(Vi) ={gluv: U —g(U) | U C (~1,1) open, g € {£id}}.

In both cases the associated groupoid I' :=T'(V;) is

Lo =(-1,1)
{ germ, id, germy(—id)} fz=0=y
id if £ = 0
B
{ germ, (—id)} ife=-y#0
0 otherwise.

3. Marked Lie groupoids and their homomorphisms.

In Example 2.6 we have seen that it may happen that the same atlas groupoid is
associated to two different orbifolds. The reason for this is that in the definition of
the pseudogroup which is needed for the construction of the atlas groupoid one loses
information about the projection maps ¢ of the orbifold charts (V, G, ¢). To be able to
distinguish atlas groupoids constructed from different orbifolds, we mark the groupoids
with a topological space and a homeomorphism. It will turn out that this marking suffices
to identify the orbifold one started with.

A marked Lie groupoid is a triple (G, «, X) consisting of a Lie groupoid G, a topo-
logical space X, and a homeomorphism a: |G| = X.

For atlas groupoids there exists a specific marking which is crucial for the isomor-
phism between the orbifold category and the groupoid category. It is stated in the
following lemma of which we omit its straightforward proof.
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LEMMA 3.1.  Let (Q,U) be an orbifold and
V= {(V;,Gi,ﬂ'i) ‘ 1€ I}

a representative of U indexed by I. Set V :=[[;c; Vi and 7 := []
the map

mi: V. — Q. Then

i€l

N {|r<v>|% Q

[z] —7(2)
is a homeomorphism.

Let (Q,U) be an orbifold. To each (countable if (Q,U) is second-countable) orb-
ifold atlas V of @ we assign the marked atlas groupoid (I'(V), ay, @) with ay being the
homeomorphism from Lemma 3.1. We often only write T'(V) to refer to this marked
groupoid.

ExXAMPLE 3.2. Recall from Example 2.6 the orbifolds (Q,U;) for ¢ = 1,2, their
respective orbifold atlases V;, and the associated groupoids I' = T'(V;). The orbit of
x € Ty is {x,—x}. Hence the homeomorphism associated to (Q,U;) is ay,: [I'| = Q@
given by ay, ([r]) = |z| resp. ay,([z]) = 2?. Thus, the associated marked groupoids

(T, ay,, Q) and (T, ay,, Q) are different.

PROPOSITION 3.3.  Let (Q,U) and (Q',U") be orbifolds. Suppose that V is a rep-
resentative of U, and V' a representative of U'. If the associated marked atlas groupoids
(T(V),ay,Q) and (T(V'),v, Q") are equal, then the orbifolds (Q,U) and (Q',U") are
equal. More precisely, we even have ¥V = V.

Proor. Clearly, Q = Q’. Suppose that

V={(Vi,Giy,m) |iel} and V' ={(V],G},7)|je ]},

VRN

indexed by I resp. by J. From I'(V) = I'(}') it follows that

[[Vi=rmoe=r0"0 =1V

iel jeJ

Since each V; and each Vj’ is connected, there is a bijection between I and J. We may
assume I = J and V; = V/ for all ¢ € I. Let € V;. Then m;(x) = ay([z]) = oy ([z]) =
7i(x). Therefore m; = w} for all 4 € I. Thus ¥(V) = ¥(V’). Moreover

Gi={f€UV)|domf=V;=codf} =G

To show that the actions G; and G} on V; are equal, let g € G;. For each z € V; we have
7i(g(x)) = wl(x). This shows that g(x) € Gix for each x € V;. By [8, Lemma 2.11] there
exists a unique element ¢’ € G} such that g = ¢’. From this it follows that G; = G} as

acting groups. Thus, V =V, O

LEMMA 34. Let (G,a,X) and (H,3,Y) be marked Lie groupoids and suppose that
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© = (po,¢1): G = H is a homomorphism of Lie groupoids. Then ¢ induces a unique
map 1 such that the diagram

Go —S= |G| —2> X

| ﬁ |

Hy 2 |H|——=Y

commutes. Moreover, ¥ is continuous.

PrROOF. The map ¢ induces a unique map |p|: |G| — |H| such that |¢| o prgo =
pry owg, which is continuous. Then ¥ = B o |p|oa™?. O

4. Groupoid homomorphisms in local charts.

In this section we characterize homomorphisms between marked atlas groupoids on
the orbifold side, i. e., in terms of local charts. We proceed in a two-step process. First we
define a concept which we call representatives of orbifold maps. Each representative of an
orbifold map gives rise to exactly one homomorphism between the associated marked atlas
groupoids. Since, in general, each groupoid homomorphism corresponds to several such
representatives, we then impose an equivalence relation on the class of all representatives
for fixed orbifold atlases. The equivalence classes, called charted orbifold maps, turn out
to be in bijection with the homomorphisms between the marked atlas groupoids. The
constructions in this section are subject to a fixed choice of representatives of the orbifold
structures. In the following sections we will use this construction as a basic building block
for a notion of maps (or morphisms) between orbifolds which is independent of the chosen
representatives.

Throughout this section let (Q,U), (Q',U") denote two orbifolds.

DEFINITION 4.1.  Let f: Q — Q' be a continuous map, and suppose that (V, G, ) €
U, (V',G" ") € U are orbifold charts. A local lift of f with respect to (V,G, ) and
(V', @, 7') is a smooth map f: V — V' such that 7' o f = f o . In this case, we call f
a local lift of f at q for each q € w(V).

Recall the pseudogroup A(M) from Definition 2.3.

DEFINITION 4.2. Let M be a manifold and A a pseudogroup on M which satisfies
the gluing property from Definition 2.3 and is closed under restrictions. The latter means
that if f € A and U C dom f is open, then the map f|y: U — f(U) is in A. Suppose
that B is a subset of A(M). Then A is said to be generated by B if B C A and for
each f € A and each z € dom f there exist some g € B with € dom g and an open set
U C dom fNdom g such that z € U and f|y = g|y. In this case we say that B generates
A.

DEFINITION 4.3. Let M be a manifold. A subset P of A(M) is called a quasi-
pseudogroup on M if it satisfies the following two properties:
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(i) If f € P and = € dom f, then there exist an open set U with x € U C dom f and
g € P such that there exists an open set V with f(z) € V C dom g and

(flo) " = glv-

(i) If f,g € P and 2 € f~!(cod f N dom g), then there exists h € P with x € domh
such that we find an open set U with

€U C fYcod fNdomg)Ndomh and go fly = hly.

A quasi-pseudogroup is designed to work with the germs of its elements. Therefore
identities (like inversion and composition) of elements in quasi-pseudogroups are only
required to be satisfied locally, whereas for (ordinary) pseudogroups these identities have
to be valid globally. One easily proves that each quasi-pseudogroup generates a unique
pseudogroup which satisfies the gluing property from Definition 2.3 and is closed under
restrictions. Conversely, each generating set for such a pseudogroup is necessarily a
quasi-pseudogroup.

In the following definition of a representative of an orbifold map, the underlying
continuous map f is the only entity which is stable under change of orbifold atlases or, in
other words, under the choice of local lifts. The pair (P, v) should be considered as one
entity. It serves as a transport of changes of charts from one orbifold to another. Here
we ask for a quasi-pseudogroup P instead of working with all of ¥ (V) (recall ¥(V) from
Special Case 2.5) for two reasons. In general, P is much smaller than ¥ (V). Sometimes
it may even be finite. In Example 4.6 below we see that for some orbifolds, P may
consist of only two elements. Moreover, if the orbifold is a connected manifold, P can
always be chosen to be {id}. The other reason is that it is much easier to construct
a quasi-pseudogroup P and a compatible map v from a given groupoid homomorphism
than a map v defined on all of ¥(V).

Examples 4.5 and 4.6 below show that the objects requested in the following defini-
tion need not exist nor, if they exist, are uniquely determined.

DEFINITION 4.4. A representative of an orbifold map from (Q,U) to (Q',U’) is a
tuple

f:: (fa{fi}iElaP7V)
where
(R1) f: @ — Q' is a continuous map,

or each 7 € I, the map f; is a local lift of f wit respect to some orbifold charts
R2) fi h i e I, th f local lift of f h bifold ch
(Vi, Giymi) €U, (V! Gl wl) € U such that
Um) =@
i€l

and (‘/i,Giaﬂ—i) # (ijﬁGjaﬂ—j) for 27.7 S Iv 1 #.7)
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(R3) P is a quasi-pseudogroup which consists of changes of charts of the orbifold atlas
V:={(V;,Gi,m) |iel}
of (Q,U) and generates ¥ (V).
(R4) Let ¢ :=]1,¢; fi and let V' be a representative of U’ which contains

{(Vi,Gi,mi) i€ I}

Then v: P — ¥()V’) is a map which assigns to each A\ € P an embedding
v(A): (W H X) = (V.G ¢')
between some orbifold charts in V' such that
(a) Yo X=v(A)otY|doma,
(b) for all A, x € P and all € dom A N dom p with germ,, A = germ,, p, we have
germ ) V(A) = germy,y (),

(c) for all A\, € P, for all z € A~!(cod A N dom p1) we have

BTy (\(g)) V(1) - geTmy, () V(A) = germy () v(h),

where h is an element of P with x € dom h such that there is an open set U
with

z €U C A (cod AN dom ) Ndom h

and po Ay = hlu,

(d) for all A € P and all z € dom A such that there exists an open set U with
x € U Cdom A\ and Ay = idy we have

germ,, .,y v(A) = germy, ) idy
with U := [, V/-
The orbifold atlas V is called the domain atlas of the representative f , and the set

{(Vi.Gl,m) | i€ I}

is called the range family of f . The latter set is not necessarily indexed by I.

Condition (R4c) is in fact independent of the choice of h. The technical (and easily
satisfied) condition in (R2) that each two orbifold charts in V be distinct is required
because we use I as an index set for V in (R3) and other places.

Example 4.5 below shows that the continuous map f in (R1) cannot be chosen
arbitrarily. It is not even sufficient for f to be any homeomorphism.
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EXAMPLE 4.5. Recall the orbifold (Q,U;) from Example 2.2. The map

f:Q—=Q, f(x)=+x,

is a homeomorphism on ). We show that f has no local lift at 0. Each orbifold chart in
U, that uniformizes a neighborhood of 0 is isomorphic to an orbifold chart of the form
(I,{tids},pr) where I = (—a,a) for some 0 < a < 1. Seeking a contradiction assume
that f is a local lift of f at 0 with domain I = (—a,a). For each x € I, necessarily
f (z) € { + \/m } Since f is required to be continuous, there remain four possible
candidates for f, namely

fl(w):\/m, sz*JFl,

~ Ve x>0 ~ ;
fg(x)_{ﬁ <0, |

But none of these is differentiable in = 0, hence there is no local lift of f at 0.

The following example shows that the pair (P, v) is not uniquely determined by the
choice of the family of local lifts.

EXAMPLE 4.6. Recall the orbifold (@Q,U;) and the representative V; = {Vi} of Uy
from Example 2.2. The map f: @ — @, g — 0, is clearly continuous and has the local
lift

f: {(17 1) - (717 1)

z — 0
with respect to V; and Vi. Consider the quasi-pseudogroup P = {£id(_1,1)} on (—1,1).

Proposition 2.12 in [8] implies that P generates W(V;). The triple (f, f,P) can be
completed in the following two different ways to representatives of orbifold maps on

(Q,Uh):

(a) vi(Fid(—q,1)) :==id—11),

(b) vo(id(—1,1y) == id(—1,1), vo(—id—1,1)) = —id(q1 1)

We will see in Example 4.8 below that (f, f, P,v1) and (f, f, P, 1) give rise to different

groupoid homomorphisms.

PROPOSITION 4.7. Let f = (f, {ﬁ}iel,P, v) be a representative of an orbifold
map from (Q,U) to (Q',U"). Suppose that V = {(V;,G;,m;) | i € I}, is the domain
atlas of f, which is an orbifold atlas of (Q,U) indexed by I. Let V' be an orbifold
atlas of (Q',U') which contains the range family {(V{,G},w}) | i € I}. Define the map
©wo - F(V)() — F(V’)O by

Yo = Hfz

el

Suppose that p1: T'(V)1 — T'(V'); is determined by
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p1(germ, A) := 8T, () v(A)
forall A € P, x € dom A. Then
¢ = (0, ¢1): T(V) = T(V)
is a homomorphism. Moreover, ay: o |p| = f o ay.

PROOF. Obviously, ¢q is smooth. To show that ¢, is a well-defined map on all of
I'(V)1, let g € ¥(V) and x € dom g. Then there exists A € P such that = € dom A and

glu = Alv
for some open subset U C dom g Ndom A with z € U. Hence germ, g = germ, A. Thus
p1(germ,, g) = p1(germ, \) = eI, ) (3 v(A).

If there is 4 € P such that € domp and g|lw = p|lw for some open subset W of
domg N domy with x € W, then germ, u = germ, A. By (R4b), germ,, ) v(p) =
germ, (,) ¥(A) and thus

p1(germ,, 1) = p1(germ,, \).

This shows that ¢; is indeed well-defined on all of I'(V);. The properties (R4a), (R4c)
and (R4d) yield that ¢ commutes with the structure maps. It remains to show that ¢y
is smooth. For this, let germ, A € I'(V); with A € P. The definition of v shows that ¢y
maps

U := {germ, \ | y € dom A}
to
U’ :={germ, v()\) | z € domv(\)}.

Now the diagram

U—2 v germ, A\ —— germ,, () V(\)
dom A —2% dom v(A) Yy ¢0(y)

commutes, the vertical maps (restriction of source maps) are diffeomorphisms and g is
smooth, so ¢; is smooth. Finally, suppose = € V;. Then

(avr o lo]) ([2]) = avr ([po(@)]) = mi(fi(2)) = f(mi(x)) = (f 0 aw) ([a]).

This completes the proof. O
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Example 4.8 below shows that the choice of (P,v) in Definition 4.4 is not unique,
and more elaborated examples would immediately show that not each pair (P,v) auto-
matically satisfies the compatibility conditions in (R4a). However, for some important
types of maps between orbifolds (e.g. isomorphisms) the choice of (P, v) is canonical and
the compatibility conditions are also automatic, which is the essence of Proposition 5.5
below.

ExaMPLE 4.8. Recall the setting of Example 4.6 and the associated groupo~id I':=
I'(V1) from Example 2.6. The homomorphism ¢ = (o, 1) of I' induced by (f, f, P, 1)
is wg = f and

p1(germ,, (+id(_y 1)) = germyid(_y 1) -
The homomorphism ¢ = (1g,%1): ' — T induced by (f, f,P, Vo) is g = f and
Y1(germ,, id(_1,1)) = germgid(_ 1),
Y1 (germ, (—id(—1,1))) = germy(—id(_1 1)).

The following proposition is the converse to Proposition 4.7. Its proof is constructive.
In Section 6 we will use this construction to define the functor between the category of
orbifolds and that of marked atlas groupoids.

PROPOSITION 4.9. Let V be a representative of U, V' a representative of U', and
¢ = (o, 1): T(V) = T(V')

a homomorphism. Then ¢ induces a representative of an orbifold map

(fa{fi}iel,P7V)

with domain atlas V, range family contained in V', and

fi = olv,
for all i € I. Moreover, we have f = vy o |p| o a]_;l.

PrROOF. We start by showing that for each h € ¥(V) and each x € dom h there
exist an element g € ¥()’) and an open neighborhood U of 2 (which may depend on g)
with U C dom h such that for each y € U we have

01 (germy h) = germ, )y g- (1)

So, let h € ¥(V) and x € domh. By the definitions of I'(V); and ¢;, there exists
g € U(V') such that

p1(germ, h) = germ, ;. g-

Since ¢ is continuous, the preimage of the germ g—neighborhood

wo()
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U, = {germ_ g | z € dom g}

is a neighborhood of germ, h. Hence there exists an open neighborhood U of x with
U C dom h such that
Unjp = {germ, h |y € U} € 1" (U)

g

Thus, for all y € U we have (1) as claimed. We remark that each two possible choices
for g coincide on some neighborhood of yp(x).

For each h € ¥(V) and each x € dom h we now choose a pair (g, U) where g € ¥()')
is an embedding between some orbifold charts in 4’ and U is an open neighborhood of
x such that h|y is a change of charts of V. Let P(h,z) := (g,U). We adjust choices
such that for hy, hy € U(V) and x; € dom hy, 25 € dom hy the chosen pairs P(hy,x1) =
(g1,U1) resp. P(ha,z2) = (g2, Us) are either equal or U; # Us. Let P denote the family
of the changes of charts we have chosen in this way:

P={hly: U= h(U) | heT(V), zcdomh, P(h,z)=(g,U)}.

By construction, P is a quasi-pseudogroup which generates (V). We define the map
v: P—=9(V) by

v(A) =g

where g is the unique element in ¥()’) attached to A € P by our choices. For A € P and
z € dom A\ we clearly have

p1(germ, A\) = germ, ;) v(\). (2)

Properties (R4) are easily checked using the compatibility of ¢ with the structure maps.
It remains to show that the image of yo|v; is contained in V] for some orbifold chart
(V{,G%,m%) € V'. Since V; is connected, the image ¢o(V;) is connected as well. The

AR
connected components of I'(V')y are exactly the sets W’ with (W', G’,¢’) € V. From
this the claim follows. O

Proposition 4.9 guarantees that each homomorphism

@ = (o, 1): T(V) = T (V)

induces a representative of an orbifold map (f, { fl}le 1, P,v) with domain atlas V, range
family contained in V', f; = ¢q vi, and f = ayr o p| o a;l. For the pair (P, v), Propo-
sition 4.9 allows (in general) a whole bunch of choices. On the other hand, different
representatives of an orbifold map may induce the same groupoid homomorphism. In

view of Proposition 4.7 and the proof of Proposition 4.9, the relevant information stored
by the pair (P,v) are the germs of the elements in P and the via v associated germs of
elements in ¥()’). This observation is the motivation for the equivalence relation in the
following definition.

DEFINITION 4.10. Let
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= (f,{fitier, Pi,v1) and  §:= (g,{Gi}ier, Po, 1)

be two representatives of orbifold maps with the same domain atlas V representing the
orbifold structure &/ on @ and both range families being contained in the orbifold atlas

V'iof (Q'\U"). Set ¥ :=[1,c; f;. We say that f is equivalent to § if f = g, f; = g; for all
i € 1, and

germ ;) () = germ, ;) va(A2)

for all \y € P1, Ay € P5, z € dom \; Ndom Ay with germ, A\; = germ, Ay. This defines
an equivalence relation. The equivalence class of f will be denoted by [f] or

(fa {fi}ieb [P],I/l]),

or even f if it is clear that we refer to the equivalence class. It is called an orbifold
map with domain atlas ¥V and range atlas V', in short orbifold map with (V, V') or, if the
specific orbifold atlases are not important, a charted orbifold map. The set of all orbifold
maps with (V,V’) is denoted Orb(V,V’). For convenience we often denote an element
h € Orb(V,V') by

vy
REMARK 4.11. Instead of using the pair [P, 7] in the definition of charted orbifold
maps one could also define a variant where [P, 1] is replaced by a mapping
6: Germ(¥(V)) — Germ(¥(V")),

which maps germs of transitions to germs such that the equivalence conditions in (R4a)
are satisfied by 6. This would stress the actual “germ nature” of [P, v] and might simplify
the compositions of charted orbifold maps as defined in Construction 5.9 below and
support the intuition for its definition. Anyhow, for the reasonings in this manuscript
(and other concrete situations) it is more convenient to work with the actual transitions
and to have the possibility to choose “small” quasi-pseudogroups P, for which reason we
decided to use the variant with the pair [P, v].

Propositions 4.7 and 4.9 yield the following statement of which we omit the proof.

PROPOSITION 4.12.  Let V be a representative of U, and V' a representative of U'.
Then the set Orb(V, V') of all orbifold maps with (V,V') and the set Hom(T'(V),T' (V")) of
all homomorphisms from T'(V) to T (V') are in bijection. More precisely, the construction
in Proposition 4.7 induces a bijection

Fy: Orb(V,V'") — Hom(T'(V),T'(V)),
and the construction in Proposition 4.9 defines a bijection

Fy: Hom(T'(V),I'(V)) — Orb(V, V'),
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which is inverse to Fy.

5. The category of reduced orbifolds.

To define an orbifold category where the objects are orbifolds and the morphisms are
equivalence classes of charted orbifold maps we have to answer the following questions:

(i) When shall two charted orbifold maps be considered as equal? In other words, what
shall be the equivalence relation?

(ii) What shall be the identity morphism of an orbifold?
(iii) How does one compose ¢ € Orb(V,V’) and ¢ € Orb(V',V")?
(iv) What is the composition in the category?

The leading idea is that charted orbifold maps are equivalent if and only if they
induce the same charted orbifold map on common refinements of the orbifold atlases.
Therefore, we will introduce the notion of an induced charted orbifold map.

It turns out that answers to the questions (ii) and (iii) naturally extend to answers
of (i) and (iv), and that the arising category has a counterpart in terms of marked atlas
groupoids and homomorphisms. We start with the definition of the identity morphism of
an orbifold. This definition is based on the idea that the identity morphism of (@, ) shall
be represented by a collection of local lifts of idg which locally induce idg on some orbifold
charts, and that each such collection which satisfies (R2) shall be a representative.

5.1. The identity morphism.

DEFINITION AND REMARK 5.1.  Let (Q,U) and (Q’,U") be orbifolds and let f: Q —
Q@' be a continuous map. Suppose that f is a local lift of f with respect to the orbifold
charts (V,G,7) e U and (V',G’,7') € U’'. Further suppose that

Ar (WK, x) = (V.G,m) and p: (W', K',x') = (V',G',7)

are embeddings between orbifold charts in I resp. in U’ such that

FW)) € p(W7).
Then the map
Gi=pltofox: W W

is a local lift of f with respect to (W, K, x) and (W', K’, x"). We say that f induces the
local lift g with respect to A and p, and we call g the induced lift of f with respect to f,
A and p.
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Suppose that f is a local lift of the identity idg for some orbifold (Q,U). Propo-
sition 5.3 below shows that f induces the identity on sufficiently small orbifold charts.
This means that locally f is related to the identity itself via embeddings. In particular,
f is a local diffeomorphism. For its proof we need the following lemma, which is easily
shown and crucially depends on the finiteness of G and the Hausdorff property of M. We
refer to [13, Lemma B.3] for the details of the construction of the G-stable neighborhood

S.

LEMMA 5.2.  Let M be a manifold, G a finite subgroup of Diff (M), and x € M.
There exist arbitrary small open G-stable neighborhoods S of x. Moreover, one can choose
S so small that Gg = G, the isotropy group of x.

PROPOSITION 5.3.  Let (Q,U) be an orbifold and suppose that f is a local lift of
idg with respect to (V,G,n), (V',G',n") € U. For each v € V there exist a restriction
(5,Gs,m|s) of (V,G,m) withv € S and a restriction (S, (G") s/, 7'|s') of (V',G',7") such

that f|s is an isomorphism from (S,Gg,m|s) to the orbifold chart (S',(G")s/,7'|s/). In
- RN |
particular, f|s induces the identity idg with respect to ids and (f|s>

PROOF. Let v € V and set v/ := f(v). Then 7(v) = 7/(v'). By compatibility of
orbifold charts there exist a restriction (W, H, x) of (V,G,7) with v € W and an open
embedding A: (W, H,x) — (V',G’,7’) such that A(v) = v’. Lemma 5.2 yields an open
H-stable neighborhood S of v with S C f~1(A\(W)) N W. Let

G=Atoflg: S =W

denote the induced lift of idg. Since x 0§ = x, [8, Lemma 2.11] shows the existence of a
unique h € H such that § = hlg. Thus f|g = Ao h|s: S — A(h(Y)) is a diffeomorphism.
In turn

fls: (8, Hs, x|s) = (f(S),G}(S)J/U(s))
is an isomorphism of orbifold charts. O

Not each local lift of the identity is a global diffeomorphism, as the following example
shows.

EXAMPLE 5.4. Let Q be the open annulus in R? with inner radius 1 and outer
radius 2 centered at the origin, i.e.,



774 A. PoHL

Q={weC|l<|w| <2}

aw) = (L~ 1)

maps @ onto the cylinder Z := S* x (0,1). Note that a(Q) covers Z twice. Then the
map §: Z — C,

The map a: @ — C x R,

2
B(z,s) = i

z

is the linear projection of Z from the point (0,2) € C x R to the complex plane. The
composed map f=foa: Q — C,

~ 2w?

Hw) = B a2

is smooth (where we consider C = R? as a 2-dimensional real manifold) and maps @Q onto
Q. Further it induces a homeomorphism between @/{+1id} and Q. Hence, if we endow
Q with the orbifold atlas

{(Q.{xid}, f), (@, {id}.id) },

then f is a local lift of idg with respect to (@, {£id}, f) and (@, {id}, id) but not a global
diffeomorphism.

PROPOSITION 5.5.  Let (Q,U) be an orbifold and {fi}iel a family of local lifts of
idg which satisfies (R2). Then there exists a pair (P,v) such that (idg, { fi }ic1, P,v) is a
representative of an orbifold map on (Q,U). The pair (P,v) is unique up to equivalence
of representatives of orbifold maps.

ProOF.  This follows immediately from Proposition 5.3 in combination with (R4a).
O

PROPOSITION 5.6. Let Q be a topological space and suppose that U and U’ are
orbifold structures on Q. Let

f = (FAFYier.[PV])

be a charted orbifold map for which f = idg, the domain atlas V is a representative of
U, the range family V', which here is an orbifold atlas, is a representative of U', and for
each i € I, the map f; is a local diffeomorphism. Then U = U'.

Proor. Let (V;,Gi,m) € V, (V],G},m;) € V' and z € V;, y € V] such that
mi(z) = 7 (y). Since fi: Vi = V! is alocal diffeomorphism, there are open neighborhoods

U of z in V; and U’ of fi(z) in V such that f;|y: U — U’ is a diffecomorphism. We have
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W;(fz(x)) =mi(r) = w;(y)

Therefore there exist open neighborhoods W} of fi(z) in U’ and W} of y in V; and a
diffeomorphism h: Wi — W3 satisfying 7; o h = ;. Shrinking U shows that (V;, G, m;)
and (V},G’, ) are compatible. Thus U =U". O

]’J

The following example shows that the requirement in Proposition 5.6 that the local
lifts are local diffeomorphisms is essential.

EXAMPLE 5.7. Recall the orbifolds (Q,U;), i = 1,2, from Example 2.2, the repre-
sentatives V; := {V4} and Vs := {Va} of U; resp. Us, and set g(z) := 22 for x € (—1,1).
Then g is a lift of idg with respect to V5 and V. Further let

P = {i id(,l,l)} and V(iid(,l’l)) = id(fl,l) .

Then (idg, {g}, [P, v]) is an orbifold map with (Vs, V1) from (Q,Us) to (Q,U:), but Uy #
Us.

Motivated by Propositions 5.5 and 5.6 we make the following definition.

DEFINITION 5.8. Let (Q,U) be an orbifold and let f = (f,{fi}ics, [P,v]) be a
charted orbifold map whose domain atlas is a representatlve of . If and only if f =idg
and fl is a local diffeomorphism for each i € I, we call f a lift of the identity id(g ) or
a representative of id(g g4). The set of all lifts of id(q 1) is the identity morphism id(q v

of (Q,U).

5.2. Composition of charted orbifold maps.
CONSTRUCTION 5.9.  Let (Q,U), (Q',U") and (Q",U") be orbifolds, and

Vi={(V;,Gi,m) liel}, V:={(V],G}m))|jeJ}

resp. V" be representatives for U, U’ resp. U”, where V resp. V' are indexed by I resp.
J. Suppose that

= (fa {fi}iEH [Pf’ Vf]) € Orb(V7V/)
and
9 =1(9,195}jer, [Py, vy]) € Orb(V', V")

are charted orbifold maps and that a.: I — J is the unique map such that for each i € I,
fiis alocal lift of f with respect to (V;, Gy, m;) and (V). GY, ), Toiy)- The composition

g o f = iL = (h7 {Bi}ieb [P}“ l/hD S OI’b(V, VN)
is given by h := go f and hi == Ja(i) © ﬁ for all 4 € I. To construct a representative

(Pn,vh) of [Pp,vp] we fix representatives (Py,vy) and (Py,vy) of [Pr,vy] and [Py, v),
respectively. The leading idea to define (P, 1) is to take P, = Py and v, = v4 o vy.
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But since v¢(\) is not necessarily in P, for A € Py, the composition v, o vy might be
ill-defined. In the following we refine this idea.

Let p € Py and suppose that domu C V; and codp C V; for the orbifold charts
(V;,Gi,ﬂ'i) and (Vj,Gj,ﬂ'j) in V. By (R4a)

fj oOp = Vf(u) Ofi|d0m;u

where vy(pn) € U(U'). By possibly shrinking domains, we may assume that vy(p) €
(V). For = € dom p we set y, := f;(x), which is an element of dom v(u). Hence we
find (and fix a choice) §,, . € P, with y, € dom§,, ., and an open set U}, , C dom§, . N
dom vy (u) such that y, € U, , and

H,x

U’

o’

u

ur,, =v(p)

Then we find (and fix) an open set U,, , C dom p with # € U,, , such that f;(U, ) C U, o
By adjusting choices we achieve that for p11, 2 € Py and 1 € dom p1, 2 € dom po we
either have

M1|UH1,11 7é MQ‘U;Q,IQ or 5#1@1 = 5#2,12' (3)

Define

Ph = {‘Ll,

Upo| # € Pp, @ € dompu},
which obviously is a quasi-pseudogroup generating W(V), and set

v (plu,.) = vg(€ua)

for puly, , € Pn. Property (3) yields that vy, is a well-defined map from P}, to W(U").
One easily sees that v, satisfies (R4a)—(R4d), and that the equivalence class of (P, vp,)
does not depend on the choices we made for the construction of P, and vp,.

REMARK 5.10. The construction of the composition of two charted orbifold maps
immediately implies that the maps F; and Fy (see Proposition 4.12) are both functorial.

The following lemma provides the definition of induced charted orbifold map and
shows its relation to lifts of the identity.

LEMMA AND DEFINITION 5.11.  Let (Q,U) and (Q',U") be orbifolds. Further let
V ={(Vi,Gi,m) | i € I} be a representative of U, indexed by I,
V' ={(V/,G},7]) |l € L} be a representative of U', indexed by L,
f = (fa {fi}iela [Pf, Vf]) € OI‘b(V, V/)a

and let B: I — L be the unique map such that for each i € I, fz 1s a local lift of f with
respect to (Vi, G;,m;) and (Vé(i),G’

B(Z—),Tf‘/ﬁ(i)). Suppose that we have
o a representative W = {(W;, H;,v¥;) | j € J} of U, indexed by J,
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o a subset {(W}, H},¢%) | j € J} of U, indeved by J (not necessarily an orbifold
atlas),

o amap a: J =1,

o for each j € J, an embedding

i (Wi Hiy i) = (Vg Gat) Tai)):

and an embedding
wis (Wi Hj 65) = (Vi) Gotatin) Toai)
such that
Fatny M (W5)) € i (W)).
For each j € J set
iLj = M;l o fa(j) o )‘j Wj — WJ/

Then

(i) €:= (idg, {A\;j}jes [P-,ve]) € Orb(W,V) (with [P-, v.] provided by Proposition 5.5)
is a lift of id(qQu)-

(ii) The set {(W}, H}, %) | j € J} and the family {p;}jes can be extended to a repre-
sentative

W = {(Wy, Hy, i) | k€ K}
of U' and a family of embeddings {px}rex such that
¢ = (idgr, {pur }rek, [P, ver]) € Orb(W', V')
(with [Pz, ver] provided by Proposition 5.5) is a lift of the identity id(q/ 117y

(iii) There is a uniquely determined equivalence class [Pr,vp] such that
h:=(f,{hj}jes, [Ph,v]) € Orb(W, W)

and such that the diagram
Loy

W h w

/

commutes.

We say that h is induced by f
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PROOF. (i) is clear by Propositions 5.3 and 5.5. To show that (ii) holds we con-
struct one possible extension: Let

yeQ \ Uvm).
JjeJ
Then there is a chart (V',G’,7’) € V' such that y € 7/(V'). Extend the set
{(W}, Hj,¢5) | j € J}

with (V’/,G’,7") and the family {y;};ec; with idy-. If this is done iteratively, one finally
gets an orbifold atlas of Q' as wanted. Then Propositions 5.3 and 5.5 yield the remaining
claim of (ii). The following considerations are independent of the specific choices of
extensions. Concerning (iii) we remark that each ﬁj is obviously a local lift of f. Fix
a representative (Pf,vys) of [Py,v¢]. In the following we construct a pair (Pj,v) for
which & is an orbifold map and the diagram in (iii) commutes. It will be clear from the
construction that the equivalence class [Py, ] is independent of the choice of (Py,vy)
and uniquely determined by the requirement of the commutativity of the diagram. Let
v € Y(W) and = € dom~. Possibly shrinking the domain of v, we may assume that
dom~y C W; and cody C Wy, for some j,k € J. In the following we further shrink the
domain of 7 to be able to define v, as a composition of vy with elements of {y;};ecs. Let
y = Aj(z). Since

A=A oo ()\j\domv)_l 2 Aj(dom~y) — Ag(cod )

is an element of ¥(V), we find 8, € Py such that y € dom 3, and germ,, 3, = germ,, 7.
Then

2 1= Ja() (v) € domuy (8y) 141y (W)).
Since

v1(By)(2) = Ja(i(By() € (W),
the set

U’ = domwy(B85) N i (W)) Nvp(By) ™" (e (Wy)
is an open neighborhood of z. Define
Uy :={w € dom 3, N A\j(dom~) | germ,, B, = germ,, 7},
which is an open neighborhood of y. Then also
U:=Uin f U

is an open neighborhood of . We fix an open neighborhood U, ,, of z in A;l(U). Further
we suppose that for y1,v2 € U(W), 21 € dom 1, x2 € dom s, we either have
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VlUsy oy 02|00y OF Vi(Byy) = vi(Bys)- (4)

Then we define
Py, = {’y|U%w’ yeTW), x € domy}

and set

vh(Ylu,..) == i o ve(By) oy

for vy, , € Py with x € W; and v(z) € Wy (j,k € J). The map vp,: P, — ¥(W') is
well-defined by (4). One easily checks that (P, ) satisfies all requirements of (iii). O

We consider two charted orbifold maps as equivalent if they induce the same charted
orbifold map on common refinements of the orbifold atlases. The following definition
provides a precise specification of this idea.

DEFINITION 5.12.  Let (Q,U) and (Q',U’) be orbifolds. Further let V;, Vs be rep-
resentatives of U, and V},V} be representatives of U’. Suppose that f; € Orb(Vy,V)})
and fo € Orb(V, V). We call fi and fo equivalent (fy ~ fo) if there are a representative
W of U, a representative W' of U’, e1 € Orb(W, V1), e2 € Orb(W, Vs) lifts of id(g ),
gy € OrbOWV', V1), €5 € Orb(W', Vy) lifts of id (g 14y, and a map h € Orb(W, W’) such
that the diagram

v v

commutes.

Proposition 5.15 below shows that ~ is indeed an equivalence relation. For its proof
we need the following two lemmas. The first lemma discusses how local lifts which belong
to the same charted orbifold map are related to each other. The second lemma shows
that two charted orbifold maps which are induced from the same charted orbifold map
induce the same charted orbifold map on common refinements of orbifold atlases. This
means that ~ satisfies the so-called diamond property.

LEMMA 5.13.  Let (Q,U) and (Q',U’") be orbifolds and let

f = (fv {fi}iefv [Pa V]) € OI‘b(V, V/)

be a charted orbifold map where V is a representative of U and V' one of U’. Suppose that
we have orbifold charts (Va,Ga,70), Vi, G, mp) € V and points x, € Vy,, xp € Vi, such
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that mo(zs) = mp(xp). Then there are arbitrarily small orbifold charts (W, K, x) € U,
(W', K',x") e U and embeddings

A (WKX) (Va, Ga,y a)
L WLKL X)) = (Vy, Glymy)
(WK X) (Vo, Gy, )

p's (W xX') = (W, Gy, )

with z, € NW) and xp € p(W) such that the induced lift g of f with respect to Fas A, N
coincides with the one induced by fy, p, p'. In other words, the diagram

Vv, v

W g W

g9

N

Vy ——= V)

commutes.

Proor. By compatibility of orbifold charts we find an arbitrarily small restriction
(W, K, x) of (Vg,Gq,ms) with z, € W and an embedding

e (W, K, x) — (Vy, Gy, )

such that u(x,) = xp. Then p: W — p(W) is an element of ¥()). Fix a representative
(P,v) of [P,v]. Hence there is v € P with 2, € dom+ and an open neighborhood U of
z, such that U C dom~y N W and

plo = vlu

With loss of generality, v = p. Property (R4a) yields that
v(p) o falw = fo o p.

By shrinking the domain of v(u), we can achieve that codv(u) C V; and still f,(W) C
domuw(u) =: W'. With p/ := v(u) it follows

and further

This proves the claim. O
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LEMMA 5.14.  Let (Q,U) and (Q',U') be orbifolds, V a representative of U, and
V' one of U'. Further let f € Orb(V,V'). Suppose that h € Orb(Wy, W) and §
Orb(Wa, W5) are both induced by f Then we find a representative W of U and charted
orbifold maps e, € Orb(W, W), 2 € Orb(W,Wy) which are lifts of id(guy, and a
representative W' of U' and charted orbifold maps e} € Orb(W', W), e, € Orb(W', W)
which are lifts of id(q: vy, and a charted orbifold map k € OrbOW, W) such that the

diagram

W1L>W{
W/ | \W
W — oWy

commutes. If the orbifolds are second-countable, we can choose W, W' to be countable.

PROOF. Suppose that f = (f,{fa}aeA,[Pf,uf]), h = (f,{}}i}iel,[ph’yh]) and
G ="(f{d;}jecs. [Py, vg]). Let

Wy = {(W1,, H14,%14) | @ € I}, indexed by I,
Wi = {(WY 1, H{ . ¥1 &) | k € K}, indexed by K,
Wy = {(Wa,;, Ha j,¢2,;) | j € J}, indexed by J,
Wy = {(W3,, Hy;,v5,) | | € L}, indexed by L,

and let a1 : I — K resp. ag: J — L be the map such that for each i € I, BZ is a local lift
of f with respect to (Wi ;, Hy ;,11,;) and (W] o (i)’ H; (i) ,wi al(i)) resp. for each j € J,

gj is a local lift of f with respect to (W2 ;, Ha j,12,;) and (W,
Further let

(i) H3,00 )0 V200 ()

61 = (idg, {A1,i}ier, [R1, 01]) € Orb(W1, V),
02 = (idg, {A2,;}jes, [R2, 02]) € Orb(Ws, V)

be lifts of id(g ) and

511 = (idQ/v {/il,k}kGIO [Rllv 0,1]) € OI‘b(W{, Vl)a
0 = (idqr, {p2,i hier, [Ry, 05]) € Orb(Wy, V")

be lifts of id(q/ g4y such that fod = e hand fody=go 05. With loss of generality
we assume that all A\;;, p1k, A2; and po, are embeddings. We will use Lemma 5.11
to show the existence of k. More precisely, we attach to each ¢ € @) an orbifold chart
(Wy, Hy,q) € U with q € ¥,(W,) and an orbifold chart (W,, H;,4y) € U with f(q) €
Yo (W,). We consider orbifold charts defined for distinct ¢ to be distinct. In this way, we
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get a representative

W= {<quanwq) lq€Q} (5)

of U which is indexed by @, and a subset {(W,, H;, ;) | ¢ € Q} of U’, indexed by Q as
well. Moreover, we will find maps 51: @ — I and fB3: Q — J and embeddings

€rqt Wy, Hg,g) = (Wi g,(0): Hiu () Y161(0)
2,4 (quan¢q) (W2 Ba(a)s H2,85(q), V2 ﬁa(Q))
Xt (Wo Hoytg) = (WA oy 810 He o (81 (0)) Yoo (81a1))
X2.a0 (Wor Hy ¥g) = (W 0,8, (00) H2,00(820) V2,008 ()

such that for each g € @ the local lift l~cq of f induced by izﬁl(q), &1, and x4 coincides
with the one induced by gg,(q), §2,¢ and x2,4. Then Lemma 5.11 shows that h resp. §
induces a charted orbifold map (f, {kq}4eq, [Pi,v1]) resp. (f, {kq}tqeq, [Posva]). Tt then
remains to show that we can choose all the embeddings &1 4,82,4, X1,4> X2, i0 & Way that
[Py, 1] equals [P, 1s].

Let ¢ € Q. We fix i € I such that g € 9 ;(W; ;) and we pick w; € Wy, with ¢ =
1,:(w1). We set f1(g) := i. Further we fix j € J such that g € 9 ;(W2 ), and pick an
element wy € Wy ; with ¢ = 15 j(w2). We set 52(¢) := j. By Lemma 5.13 we find orbifold
charts (W, Hy,v,) € U with g € ¥,(W,), say ¢ = ¥4(w,), and (Wy, H,,v;) € U" with
f(q) € ¢g(Wy) and embeddings 1,4, §2,4, X1,g5 X2,¢ With w1 = &1,4(wg), w2 = & 4(wg),
and a local lift l%q of f such that the diagram

W/

fB (q)
> ( l,al(Bl(q)))

Mgy @) (W61(0) = 1,01 (81(0))

Alyﬁl(q)T

T”lvoq(ﬁh(q))

E’/‘ﬁ (q) /
W16, (q) W1 a1 (81(a))
fl q X1,q
kq /
W, Wq
& p } X2,q
9B2(q)
W2, 6,(0) W3 0 (2(0))
AZ’BQ(q)l i“%ﬂﬂﬁz(q))
fﬂz (a) ’
22.85(0) Wa,82(0) == H2,0820)) (W3 000 (82 (1))

commutes. We may assume that &; , = id and x; 4 = id. Now

1= A2,8,(q) © 2,4 © )\1_7231((1): A1 (o) (Wa) = Aa,,(g) (€2.4(W0))

is an element of W(V) with y := Ay g, (4)(§1,4(wy)) in its domain. We pick a representative
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(Pf,vy) of [Pf,vs]. Then there is an element v € Py with y € dom~ and an open
neighborhood U of y such that U C dom~ Ndomn and 7|y = v|y. By (R4a),

vi(7) o fava)lv = Foata) © Vo = Faaiy o mlur-

The map

1= Ho,00(82(a) © X2 © K1 o (51 (a)) * Floaa (810)) (W) = H2,05(82 () (X2.0(W))

is a diffeomorphism as well. Further there exists an open neighborhood V' of y such that

Font@ onlv = 1o fa,)lv-

Hence

vi(7) o favigy = 1o fai(g)

on some neighborhood of y. Therefore, after possibly shrinking W, we can redefine Wy,
X2,q and l;q such that

X2.0 = Fa 0 (8a(a)) © VI (V) © B0 81 () - ©

We remark that this redefinition might be quite serious if fBl(q) and hence ﬁﬁl(q), 98s(q)
and fﬁz(q) are highly non-injective. But since these maps all behave in the same way,
we may perform the changes without running into problems. Let W be defined by (5).
Lemma 5.11, more precisely its proof, shows that h resp. g induces the orbifold maps

ky = (f, {kq}eeq, [Pr,v1]) resp. ko = (f, {kq}ecq, [P, 12))

with (W, W'), where W' is a representative of &’ which contains the set
{(Wy, Hy 1) | g € Q}

(the proof of Lemma 5.11 shows that we can indeed have the same W' for k; and k).

It remains to show that [Pi,v1] = [Pa,v2]. Recall from Lemma 5.11 that [Py, 1]
is uniquely determined by £, {&1,4}qe0 and {x1,4}¢eq, and analogously for [Py, vs]. Al-
ternatively, we may consider k; and k2 to be induced by f. Thus, [Py, v1] is uniquely
determined by f, {\1,5,(q) ©€1,q}qe@ and {i1,a,(8,(q)) © X1,q}qc@, and [Pa, v5] is uniquely
determined by f, {X2,8,(0) 2,0} qe@ and {1120, (82(q)) © X2,¢ fee@- We fix a representative
(Ps,vy) of [Pr,vs]. Let v be a change of charts in U(W) and = € dom+~. Suppose
dom~y C W, and cody € W,. Using the same arguments and notation as in the proof of
Lemma 5.11 (without discussing the necessary shrinking of domains, since we are only
interested in equality in a neighborhood of x) we have

1
Br = A81() © 7 ° AL g, ()
Bg = A2y(q) © 2,407 © 55,11» © Ai}iz(p)’
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V1(Y) = 15 (3 (a) © VS (BR) © B (81 ()
-1 -1
va(y) = X2,q © H2 0y (82(q)) © vi(By) o H2,02(B2(p)) © X2,p-

Hence

-1 —1 _y—1
Bg = A2,8,(g) © &2, © )\l,ﬁl(q) 0 B o AL (p) ©&2p © /\2,/32(p)-

Definition (6) shows that

—1 —1 -1
Vf()\2ﬁ2(q) 82,4 © gl,q © /\1,51(Q)) = H2,02(B2(9)) © X2, © F1 0, (61(9))"

Then

V2('7) = Mitllc1(51(q)) © Vf(ﬁh) O U1 a1 (B1(p)) = V1(7)~

Hence the induced equivalence classes [Py, 1] and [Ps, v2] indeed coincide. The lift
g1 of id(guy is given by the family {1 4}qeq, the lift e2 by {£24}¢eq, the lift €} of
id(qrur) is any extension of {x1,4}qeq, and the lift & is any extension of {x2 4}¢cq-

If the orbifolds are second-countable, we find countable subfamilies of W and W'
which are themselves orbifold atlases and restricted to which the orbifold map k still sat-
isfies the statement of the lemma. Alternatively, we could have started the construction
with an appropriate countable subset of Q. O

The following proposition now follows immediately.
PROPOSITION 5.15.  The relation ~ from Definition 5.12 is an equivalence relation.

The equivalence class of a charted orbifold map f with respect to the equivalence
from Definition 5.12 is denoted by [f]. It will always be clear from context whether
f is a charted orbifold map and [f] denotes an equivalence class of charted orbifold

maps, or f is a representative of an orbifold map and [f] denotes an equivalence class of
representatives, that is, a charted orbifold map (cf. Definition 4.10).

5.3. The orbifold category.
Now we can define the category of reduced orbifolds.

DEFINITION 5.16. The category Orb of reduced (paracompact resp. second-
countable) orbifolds is defined as follows: In both cases, the class of objects is the class
of orbifolds. For two paracompact orbifolds (Q,U) and (Q’,U’), the morphisms (orbifold
maps) from (Q,U) to (Q',U’) are the equivalence classes | f] of all charted orbifold maps
f € Orb(V, V') where V is any representative of U, and V' is any representative of U’

that is

Morph ((Q,U), (@', U")) = {[ﬂ ’ f € Orb(V,V"), V representative of U, } _

V' representative of U’

For second-countable orbifolds we restrict to countable representatives of the orbifold
structures. We now describe the composition in Orb. For this let
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[f] € Morph ((Q,U), (Q',U")) and [§] € Morph (Q',U'),(Q".U"))

be orbifold maps. Choose representatives f € Orb(V,V') of [f] and § € Orb(W',W")
of [§]. Then find (countable, if the orbifolds are second-countable) representatives IC
K', K" of U, U', U”, resp., and lifts of identity e € Orb(K, V), 51 € Orb(K', V"), &)
Orb(K/, W), €” € Orb(K”,W") and two charted orbifold maps h € Orb(K,K’), k: €
Orb(K’, K") such that the diagram

V—>V’

a4 AW"\

k

commutes. The composition of [§] and [f] is defined to be
@) o [f] = [k o h].

The following lemma shows that this composition is always possible, Proposition 5.18
below that it is well-defined.

LEMMA 5.17.  Let (Q,U), (Q",U") and (Q",U") be orbifolds. Further let V be a
representative of U, V' and W' be representatives of U', and W' a representative of U” .
Suppose that f € Orb(V,V') and § € Orb(W',W"). Then there exist representatives K of
U, K of ', K" of U", lifts of the respective identities € € Orb(K, V), m € Orb(K', V'),
ny € Orb(K/,W'), 8§ € Orb(K”,W"), and charted orbifold maps h € Orb(K,K'), k €
Orb(K', K" such that the diagram

V*>V/

N AW"\

k

commutes. For second-countable orbifolds we can choose K,K' and K" to be countable.

PROOF. Let f = (f, {fiYier, [Py, vs]) and § = (9,{g;}jes, [Py, vg]). Suppose that

Vv

{(V“Gv,ﬂ',) | i € I}, indexed by I
(V!,GlL,7!) | c € C}, indexed by C,
(

W,

W/ H/ ) | j € J}, indexed by J,
H/,4}) | d € D}, indexed by D.

{
{
{

Let 7: I — C be the map such that for each i € I, fz is a local lift of f with respect to
(Vi, Gy, ;) and (V! L ),G’T( > T(<)), and v: J — D the map such that for each j € J, g;
is a local lift of g with respect to (W}, H},1}) and (W” H” By Lemma 5.11

Gy Hoy Y-
it suffices to find
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e a representative K = {(Ky, La, xa) | @ € A} of U, indexed by A,
e a representative K’ = {(K;, L}, x;) | b € B} of U’, indexed by B,

a subset {(K}',L},xy) | b€ B} of U”, indexed by (the same set) B,

amap a: A — I,

e an injective map B: A — B,

e for each a € A, an embedding

Aa: (Kaa L, Xa) - (Va(a)a Ga(a)a 7Toz(a))

and an embedding

. / / ’ / / /
ta: (Kpay Layr Xs(a)) = (Viia(a)) Grata))s Tr(aa)))

such that

fatay(Ma(Ka)) € pa(Kj(y),
e amapy: B— J,
e for each b € B, an embedding
ov: (K3, Ly Xb) — (Wi HY ), ¥ )
and an embedding
on: (Ky, Ly s xi) = (W) Ho o)) Yriaoy)

such that
Gy (06(K})) € on(Ky).

Let ¢ € Q and set r := f(q). We fix i € I and j € J such that ¢ € m;(V;) and

r € ¢;(W]). Further we choose v' € V] ;) and w’ € W] such that 7/, (v) = r = ¢} (w').

By compatibility of orbifold charts we find a restriction (Kg, Lg, xq) of (V] ), G7 0y, 7))
with v" € K| and an embedding

0q: (Kg: Lgs Xg) = (W, Hj, 5).

Since f; is continuous, there is a restriction (Kq, Lq, xq) of (Vi,Gy,m;) such that ¢ €
Xq(Ky) and f;(K,) € K;. We set
(K L)) o= (W) Y ).

q

We consider orbifold charts constructed for distinct ¢ to be distinct. Then we set

A:=Q, a(q) =1, M:=1id, pg:=1id,
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B:=QuUQ"\ f(Q), Bla):=q, ~(@)=j, o4:=id forgeqQ.
For ¢' € Q" \ f(Q) we fix j € J with ¢’ € ¢(W]) and set v(¢') := j. Further we set
(Kc/]’aL;HX;/) = (leaH_;vdjg) and (K(/I//7L:1/'7X:1l’) = (W_j{laH_;lvw_;’/)'

Again we consider orbifold charts built for distinct ¢’ to be distinct and to be distinct
from all those defined for some ¢ € @, and we define g, := id and oy := id. Then
all requirements are satisfied. If the orbifolds are second-countable, then we see as in
Lemma 5.14 that we may restrict this construction to countably many points of @ and
Q' resp. countable sets A and B to achieve that K, K’ and K" are countable. O

PROPOSITION 5.18.  The composition in Orb is well-defined.

PROOF. We use the notation from the definition of the composition. We have to
show that the composition of [f] and [g] neither depends on the choice of the induced
orbifold maps h and k nor on the choice of the representatives of [f] and [§]. To prove
independence of the choice of h and 12:, suppose that we have two pairs (izj, 12:]) of induced
orbifold maps h; € Orb(K;, K5)s k;e Orb(K%, KY) (j = 1,2) such that the diagram

K I K ul Ky
\ VIEAY: / \ w9 W”/
Ko h2 K he K

commutes. The non-horizontal maps are lifts of identity. Lemma 5.14 shows the ex-
istence of representatives H of U, H',Z' of U', T" of U”, and charted orbifold maps
hg € Orb(H,H'), ks € Orb(Z’,Z"), and appropriate lifts of identity such that the dia-
grams

h
K:l *1>IC/1

hs ks

’C//
/ \ ) / \ )
\ / \ . /
commute. By Lemma 5.17 we find representatives K, X', K" of U,U’',U", resp., charted

orbifold maps h € Orb(K,K’), k € Orb(K’,K"), and appropriate lifts of identity such
that

Ko —>IC’
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H hs3 Hl T’ ka T
K/,;\K//,;\KN

commutes. Hence, altogether we have the commutative diagram

h 3
K —= K, —=K

R

]C*h>lc/$-lcll (7)

b

Ky —=Ky) —=KY

which shows that 12:1 o izl and ]%2 o ilg are equivalent (see Remark 5.19 below for some
more details).

For the proof of the independence of the choices of the representatives of [f] and [g],
let fi € Orb(V1,V}), fo € Orb(Vy, V4) be representatives of [f], and g, € Orb(W}, WY),
g2 € Orb(Wj, W4) be representatives of [§]. Further, for j = 1,2, let h; € Orb(K;, K%)
be induced by fj, and I;:j € Orb(K, KY/) be induced by g;. Since f1 and f> are equivalent,
we find representatives V, V' of U, U’, resp., a charted orbifold map f € Orb(V,V’) and
appropriate lifts of identities, and analogously for §; and §o, such that the diagrams

vy Wi Iy
V / f \ ) / g \WU
PREELIY 2wy

commute. Lemma 5.17 yields the existence of h € Orb(K,K’) and k € Orb(K/, ") and
appropriate lifts of identities such that

y Ly WL

v \/b\

k

commutes. Since h is induced by f1 and by fg, and likewise, k is induced by g1 and by
g2, we conclude as above that kl o h1 and k2 o hg are both equivalent to koh. This yields
that the composition map is well-defined. O
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REMARK 5.19.  We elaborate on a subtle issue in the proof of Proposition 5.18. By
the reasoning in the proof, the diagram (7) a priori is of the form

K~ K Ky —E K

'H&i’ jf&z"

K i‘\/c'/’“ K"

H&H'/ B
| |

Kz 2 K Ky 2 Ky

and we implicitly claim that the two maps from K’ to K} as well as from K’ to K} are
identical. This might lead to the suspicion that the composition of charted orbifold maps
as defined above is not well-defined.

However, since iL, ﬁl,ﬁg are all induced by f, and 1%712:1,1%2 are all induced by g,
the arising maps K’ — K} are indeed identical as well as the arising maps K' — K5.
The diagram in Figure 1 shows the maps between the local charts, which proves the
latter statement as well as that diagram (7) is indeed commutative. The notation in
this diagram is intuitive, e.g. K is an orbifold chart in I, all greek letters refer to
diffeomorphisms. To improve readability we may assume without loss of generality that
K' C K{, Ki CV'NW and K} C V' NW'. The latter two choices implicitly mean
that we assume that the local diffeomorphism between V'’ and W’ is the identity, which
we indeed may. Otherwise we would just need to add the same local diffeomorphism to
several maps in the diagram. The local diffecomorphism between K’ and K} is denoted
by & (note that we are not allowed to suppose that £ = id in general). Note that the top
and bottom maps in the diagram are identical.

We end this section with a discussion of the equivalence class represented by a lift of
identity. The following proposition shows that it is precisely the class of all lifts of identity
of the considered orbifold. This justifies the notion “identity morphism” in Definition 5.8.

PROPOSITION 5.20.  Let (Q,U) be an orbifold and ¢ a lift of id(g). Then the
equivalence class [€] of € consists precisely of all lifts of id (g u)-

PRrOOF. Lete; € Orb(Vy, W;) and &2 € Orb(Va, W) be two lifts of id 4). Propo-
sitions 5.3 and 5.5 imply that there is a representative V of U such that £; and 5 both
induce the orbifold map

idg = (idg, {idv, }ier, [R, 0])
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Figure 1. Maps in local charts.

with (V,V). Thus, each two lifts of id(g ) are equivalent.

Let f be a charted orbifold map which is equivalent to e. With loss of generality we
may assume that € = idg. To fix notation let

V ={(V;,Gi,m;) | i € I},indexed by I,
Ki={(Ki14,L1,a,X1,0) | a € A}, indexed by A,
Ko = {(Ka2p, Lap, x2,6) | b € B}, indexed by B,
Wi ={(W1,;,Hij,91;) | j € J}, indexed by J,
Wy = {(Wak, Ha gy ¥2k) | k € K}, indexed by K,

be representatives of U. Let

f=(fAFi}ies: [Pr.vs]) € Orb(Wi, W)
Suppose that

9= (9,{da}taca, [Py, v4]) € Orb(K1,Ks2)

is a charted orbifold map and

&1 = (lan {Al,a}aeAa [Ph Vl]) S OI‘b(ICh V)
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(ldQ {)‘2 a}aGAv [ 2,V ]) € Orb(lCh Wl)
01 = (ldQ {1 p}veB, [R1,U1]) € Orb(K2,V)

b2 = (idg, {p2,s}ve B, [R2, 02]) € Orb(Ka, Wa)

are lifts of id(q ) such that the diagram (which shows that f and iaQ are equivalent)

/A\

g

\f/

Wi ——= W,

commutes. Clearly, g = idg and hence f =idg. Let a: A = I, : A = J, v: A = B,
0: B—1I,n: B— K and (: J — K be the induced maps on the index sets as, e.g., in
Construction 5.9. For each a € A, we have

idVQ(a) O)\l,a = /Ll,'y(a) o ga-

Since idv, , ; A1,o and py () are local diffeomorphisms, so is g,. Now

@) © Aoa = H2.4(a) © Fa

for each a € A. Hence fﬁ(a) is a local diffeomorphism. Lemma 5.13 implies that f] is a
local diffeomorphism for each j € J. Therefore, f is a lift of id(g - (]

6. The orbifold category in terms of marked atlas groupoids.

Proposition 4.12 and Remark 5.10 show that charted orbifold maps and their com-
position correspond to homomorphisms between marked atlas groupoids and their com-
position. By characterizing lifts of identity and equivalence of charted orbifold maps in
terms of marked atlas groupoids and their homomorphisms, we construct a category for
marked atlas groupoids which is isomorphic to the one of reduced orbifolds. To that
end we first show that lifts of identity correspond to unit weak equivalences, a notion
we define below. Throughout this section let pr; denote the projection onto the first
component.

A homomorphism ¢ = (g, ¢1): G — H between Lie groupoids is called a weak
equivalence if

(i) the map
to pry: H1 SXAPO GO — H()

is a surjective submersion, and
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(ii) the diagram

®1

Gi Hy

(87t)l i(sxt)

Yo Xpo
GO X GO 4>H0 X Ho

is a fibered product.

Two Lie groupoids G, H are called Morita equivalent if there is a Lie groupoid K and
weak equivalences

G K_“Ysm

DEFINITION 6.1. Let (G1, a1, X1) and (Ga, a2, X5) be marked atlas groupoids. A
homomorphism

v = (p0,p1): (G1,00,X1) = (G2, a2, X2)

is called a unit weak equivalence if p: G; — G4 is a weak equivalence and s o || ocvf1 =

idx, . Necessarily we have X7 = Xo =: X. A unit Morita equivalence between (G1, a1, X)
and (Ga, ag, X) is a pair (11, 12) of unit weak equivalences

%‘5 (G,Q,X) - (Gjaaij)

where (G, a, X) is some marked atlas groupoid. If such a unit Morita equivalence ex-
ists, then the marked atlas groupoids (G, a1, X) and (Ga, aq, X) are called unit Morita
equivalent.

In contrast to Morita equivalence of Lie groupoids, unit Morita equivalence of
marked atlas groupoids requires the third (marked) Lie groupoid to be an atlas groupoid.
In Proposition 6.3 below we will show that unit Morita equivalence of marked atlas
groupoids is indeed an equivalence relation.

The following proposition identifies lifts of identity with unit weak equivalences.

PROPOSITION 6.2. Let U and U be orbifold structures on the topological space Q.
Further let V resp. W' be a representative of U resp. of U'.

(i) Suppose that U = U'. If f € Orb(V, W) is a lift of id(u), then Fi(f) is a unit
weak equivalence.

(ii) Let € € Hom(I'(V),I'(W’)) be a unit weak equivalence. Then U =U’, and Fy(e) is
a llft Of id(Q,Z/{)-

PRrROOF. Let

V={(V;,Gi,m;) i €I} resp. W ={(W} Hj¢i)|je T},
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indexed by I resp. by J, and let G := T'(V) and H := T(W'). We will first prove
(). Suppose f = (idg, {fi}icr, [P, v]). By Proposition 4.7 it suffices to show that ¢ =
(g0,¢1) := Fi(f) is a weak equivalence. We first show that

toDr. - Hy oxcy Go — Hy
PR () o i(h)

is a submersion. Let (h,z) € H; 4X., Go. Recall from Proposition 5.3 that ¢ is a local
diffeomorphism, and from Special Case 2.5 that G and H are étale groupoids. Choose
open neighborhoods U, of z in Gy and Uy, of h in H; such that eg|y, and s|y, are
embeddings with s(Up) = e9(U,). Then Uy, sX, U, is open in Hy ¢x., Go. Further

U sXeg U, = {(k,y) e Uy, x U:C| S(k) = EO(y)}
={(k,eg"(s(k)))| ke Upn}.
Therefore,
pry: Up sXey Ug = Un

is a diffeomorphism. Since ¢ is a local diffeomorphism, ¢ o pr; is a submersion.
Now we prove that topr, is surjective. Let y € Ho, say y € W}, and set ¢}(y) =: q €
Q. Then there is an orbifold chart (V;, G;,m;) € V such that g € m;(V;), say ¢ = m;(x).

fi W
Q

Set z = fl(x)a hence j(z) = q = wg(y) Hence, there are a restriction (S’, K’,x’) of
(W/!, H.,4!) with z € S” and an embedding

Vi

A (ST KT X) = (W), Hj,5)
such that A(z) =y. Then A € $(W') and (germ, A, z) € H;y sx., Go with
topry(germ, A\, z) = t(germ, \) = y.

This means that ¢ o pr; is surjective.
Set

K = (GO X GO) (0,€0) X (s,1) Hy.
It remains to show that the map

. { G1 — K
" lgerm, g+ (2, 9(v), e1(germ, g))
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is a diffeomorphism. Note that 3 = (s,t,e1). Let (x,y,germ, (,)h) be in K, hence
germ, .y h: go(z) — €o(y). By the definition of H; there are open neighborhoods Uj of
eo(x) and Uj of eo(y) in W' := [[,; W such that h: Uy — Uj is an element of W(W').
Since g is a local diffeomorphism, there are open neighborhoods U; of x and U; of y
in V := [[;c; Vi such that o|y, is an embedding with o(Ux) C Uy, (k = 1,2). After
shrinking U], we can assume that eo(Uy) = UJ.. Let vy := 0|y, . Then

gi=7 ohoy: U = Uy

is a diffeomorphism, hence g € ¥(V). By Proposition 5.5 (or rather its proof), we have
v(g) = h and hence (see (R4a) and recall Proposition 4.7)

e1(germ, g) = gerny, () h.
Finally, we see
Blgerm, g) = (z, g(z), e1(germ, g)) = (@, y, germ, () h).

Therefore  is surjective. Since germ, g does not depend on the choice of Uy and Uj,
the map [ is also injective. Finally, we will show that 8 is a local diffeomorphism.
Since s and t are local diffeomorphisms, we only need to prove that ; is one as well.
Let germ, f € G;. Choose an open neighborhood U of z such that U C dom f and
eolu: U — g9(U) is a diffeomorphism. By the germ topology, the set

U::{germyf\yGU}

is open in Gy, and the set
V = {germ_ v(f) | z € eo(U)}

is open in H;. Further the diagrams

N

commute. Since the vertical arrows are diffeomorphisms by definition,

‘I germ, f > germ,, ) (f)

co(U) yr——"—>¢c0(y)

€1|02 U-)V

is a diffeomorphism as well. This completes the proof of (i).

We will now prove (ii). Proposition 3.3 shows that the orbifold atlases V and W’
are determined completely by the marked atlas groupoids I'(V) and T'(W’), resp. Hence
we can apply Proposition 4.9, which shows that Fy(e) is well-defined. Suppose that

Fy(e) = (f.{fi}ier. [P,V)).
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Proposition 4.9 yields f = idg. By [8, Exercises 5.16(4)] € is a local diffeomorphism.
Thus, Proposition 4.9 implies that each f; is a local diffeomorphism. The domain atlas
of Fy(e) is V, its range family is W’. From Proposition 5.6 it follows that & = U’. By
Definition 5.8 Fy(¢) is a lift of id(g 1) O

The combination of Propositions 3.3, 6.2 and Remark 5.10 now allows to identity
each step in the construction of the category of reduced orbifolds and each intermediate
object in terms of marked atlas groupoids. For an orbifold (Q,U) we define

LQ,U) = {(T(V),a,Q) | V is a (countable) representative of U/ }.

We recall from Special Case 2.5 the convention that for second-countable orbifolds we
always restrict here to countable representatives of the orbifold structure. For non-
second-countable, we also consider non-countable representatives.

Then Proposition 5.20 gives rise to the following proposition.

PROPOSITION 6.3.  Unit Morita equivalence of marked atlas groupoids is an equiv-
alence relation. Further, if V is a (countable) representative of the orbifold structure U
of the orbifold (Q,U), then the unit Morita equivalence class of (T'(V), ay, Q) is T(Q,U).

Equivalence of charted orbifold maps translates to marked atlas groupoids as follows.

DEFINITION 6.4. Let (Gi,0q,X), (Ga,a2,X), as well as (Hy,B1,Y) and
(Ha, 2,Y) be marked atlas groupoids. For j = 1,2 let

Y (Gj, a5, X) = (Hj,8;,Y)

be a homomorphism of marked Lie groupoids. We call ¥, and v unit Morita equiv-
alent if there exist marked atlas groupoids (G, «, X) and (H,3,Y), a homomorphism
x: (G,a,X) — (H,B,Y), and unit weak equivalences ¢;: (G,o,X) — (Gj, ¢, X),
§;: (H,B,Y) — (Hj,8;,Y) such that the diagram

(Gr, 01, X) —2s (Hy, 1Y)

P2
(G2, a2, X) — (Hz, 2,Y)
commutes.
Proposition 5.15 in terms of atlas groupoids means the following.

PROPOSITION 6.5.  Unit Morita equivalence of homomorphisms between marked
atlas groupoids is an equivalence relation.
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We define the category Agr of marked atlas groupoids as follows: Its class of objects
consists of all I'(Q,U). The morphisms from I'(Q,U) to T'(Q',U’) are the unit Morita
equivalence classes [p] of homomorphisms ¢: (G,a, Q) — (G', o/, Q) where (G, «, Q) is
any representative of I'(Q,U) and (G’, o/, Q) is any representative of T'(Q’,U").

The composition of two morphisms [¢] € Morph (F(Q,L{),F(Q’,L{')) and [¢] €
Morph (F(Q’,M’), F(Q”,L{”)) is defined as follows: Choose representatives

¢: (G, Q) = (G',a/,Q")  of [¢]
and
v: (H', 5", Q") — (H",5",Q") of [¥].

Then find representatives (K,7,Q), (K',7',@"), (K",7",Q") of the classes T(Q,U),
Q" U"), T(Q",U"), resp., and unit Morita equivalences

(K,7,Q) = (G, o, Q),

(K YL,QN) = (G d,Q),
ey (K9, Q") = (H', 8, Q'),

([(//7,)///7 Q//) (HH, g QH),

g:

and homomorphisms of marked Lie groupoids

x: (K,7,Q) = (K',v,Q"),
K (K/’7/7QI)_>(K//’/Y//7Q//)

such that the diagram

0 v

(G,a,Q) — (G',a',Q") (H',8",Q") ——= (H",8",Q")
ET \ / TEN

(K,7,Q) (K'',Q") (K" ~4",Q")

commutes. Then the composition of [¢] and [¢)] is defined as

[¥] o lg] i=[rox]
Invoking Lemmas 5.11, 5.17 and Proposition 5.18 we deduce the following proposi-
tion.

PROPOSITION 6.6. The composition in Agr is well-defined.

We define an assignment F' from the orbifold category Orb to the category of marked
atlas groupoids Agr as follows. On the level of objects, F' maps the orbifold (Q,U) to
I'(Q,U). Suppose that [f] is a morphism from the orbifold (Q,) to the orbifold (Q',U").
Then F maps [f] to the morphism [Fy(f)] from T'(Q,U) to D(Q',U").
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THEOREM 6.7. The assignment F' is a covariant functor from Orb to Agr. Even
more, F' is an isomorphism of categories. The functor F' and its inverse are constructive.

In the following example we show that the representatives of orbifold maps from
Example 4.6 define different orbifold maps. In this example we use G(z,y) to denote the
set of arrows ¢ of the groupoid G with s(g) = z and t(g) = v.

EXAMPLE 6.8. Recall the representatives of orbifold maps
flz(faﬁpvyl) and f2:(f’}v',P71/2)

from Examples 4.6 and 4.8. We claim that f1 and f2 are representatives of different
orbifold maps. Assume for contradiction that f1 and f2 define the same orbifold map
on (Q,U;). This means that the groupoid homomorphisms ¢ and ¢ from Example 4.8
are Morita equivalent. Hence there exist marked atlas groupoids K and H, unit weak
equivalences

a=(apg,a1): K =T, v=(0,m): H—=T,
ﬂ: (ﬂ()»ﬁl): K —T, 6= ((5(),51)2 H—T,

and a homomorphism x = (xo, x1): K — H such that the diagram
r—2-r
o N\
K X H
X /
[p—

commutes. Since « is a (unit) weak equivalence, there exists ¢ € K and g € T" with
s(g) = ap(z) and t(g) = 0. Necessarily, g € {germ,(£id)}, and hence ap(z) = 0. In
turn, «; induces a bijection between K (x,z) and I'(0,0). Thus K(z,z) consists of two
elements, say K(z,z) = {k1, k2}. Let 2’ := xo(z). Then

0 = po(ao()) = v0(z").

This shows that 71 induces a bijection between H(z',2’) and I'(0,0). For j = 1,2 we
have

Y1 (x1(kj)) = p1(ai(ky)) = germy id,

which implies that x1(k1) = x1(k2). Further £ induces a bijection between K (x,x) and
T'(Bo(x), Bo(x)). Hence By(x) = 0, and thus

Y1(B1(k1)) # ¥1(Br(kz))-

But this contradicts to
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Y1(B1(k1)) = 01(x1(k1)) = 61(x1(k2)) = P1(B1(k2))-

In turn, ¢ and % are not Morita equivalent.

7. Extension to marked proper effective étale Lie groupoids.

Let Pgr denote the category of marked proper effective étale Lie groupoids which
is defined analogously to the category Agr of marked atlas groupoids with the only
difference that any marked atlas groupoid may be a marked proper effective étale Lie
groupoid. Note that the objects in Pgr are not the single marked proper effective étale
Lie groupoids themselves but the unit Morita equivalence classes of these.

In this final section we show that these two categories are isomorphic via the canon-
ical embedding. As before we consider two different flavors of categories distinguished
by whether the involved topological spaces are required to be just paracompact or even
second-countable. These differences do not cause any distinctions in statements or proofs
and therefore will be implicit.

THEOREM 7.1.  The embedding functor Agr — Pgr is an isomorphism.

PROOF. We prove that we can lift any given homomorphism (weak equivalence)
between two proper effective étale Lie groupoids to a homomorphism (weak equivalence)
between weakly equivalent atlas groupoids:

Let G be a proper effective étale Lie groupoid. By [8, Corollary 5.31] there exists an
orbifold atlas U on the base space Gy of G such that I'(U{) is weakly equivalent to G.
More precisely, let (U;);c; be a covering of Gy by open connected subsets such that for
each i € I, there exists a point x € U; such that

Gi=Gp={geCG |z -La}=c

Ui

and U; is Gj-stable, and such that the action groupoid G; x U; is isomorphic to G|y,.
Then the family

U:={U;,G;pr)|icl}

is an orbifold atlas on Go. We identify U; with {i} x U;. Let H := I'(i{). Then the weak
equivalence ¢: H — G is given by

QD()IH()—)G(), (z,m)r—mv

and
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k k
901:H14>G13 (Z,I)H(],y) = Y.

Now let G, G’ be two proper effective étale Lie groupoids and x: G — G’ be a homomor-
phism (weak equivalence). Choose orbifold atlases (in the way as above)

U:={(U;Gypr) liel}, U :={UjGjpr)|je T}

on Gy resp. G|, such that there exists a map : I — J such that

xo(Ui) € Upiy

for all ¢ € I (this is possible). Set H :=T'(U), H' :=T(U’) and define o: H — H' via

ao: Hy — Hy,  (i,2) = (B(7), xo(z))

: x1(k)
ca: Hy = H, (i.2) — (1) = (B(0) x0(@)) — (BG): xo))

One easily checks that « is a homomorphism (weak equivalence).

With this lifting property we can bring back all equivalence relations between marked

proper effective étale Lie groupoids and between maps between these groupoids to state-
ments purely between marked atlas groupoids and maps between those. This proves the

theorem. O
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