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1. Introduction

Studying the correspondence between global and infinitesimal symmetries is a clas-
sical topic. We call the passage from global symmetries to infinitesimal ones dif-
ferentiation, and the inverse passage integration. A classical example is the case of
Lie groups and Lie algebras,

differentiation

Lie algebras Lie groups

integration

However, when the symmetries become more complicated, such as those of Lo-
algebras, or Lyo-algebroids, the integration and differentiation both become harder.
The following problems have been solved for these higher symmetries: integration
of nilpotent L..-algebras by Getzler [5], integration of general L o-algebras by
Henriques [6], differentiation of Le-groupoids by Severa [13], both directions for
Lie 1-algebroids by Cattaneo and Felder [2], Crainic and Fernandes [3], and from
a higher viewpoint by Tseng and Zhu [11]. Here, the author wants to emphasize a
middle step of local symmetries missing in the above correspondence,

. local integration : extension? .
Lic algebras |<————| local Lie | L ZEROL | 10 oroups
differentiation groups restriction
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Indeed, to obtain infinitesimal symmetries by differentiation, we only need local
symmetries. Conversely, sometimes it is easier to obtain a local integration, avoid-
ing some analytic issues (for example, in Getzler [5] for Lo-algebras). In this
paper, we make our first attempts towards the extension problem from local
symmetries to global ones: we construct an extension from local Kan simplicial
manifolds to weak Kan ones. The classical extension of a local Lie group to a
topological group discussed by van Est [12] can be viewed as the 1-truncation of
our result. Its 2-truncation applied to local Lie groupoids provides a solution to
the integration problem of Lie algebroids into Lie 2-groupoids [15]. Observe that
unlike Lie algebras which are in one-to-one correspondence with simply connected
Lie groups, Lie algebroids (integrable or not) are in one-to-one correspondence
with Lie 2-groupoids with some étale property.

We use the viewpoint of Kan simplicial manifolds to describe arbitrary Lie
n-groupoids.

Recall that a simplicial manifold X consists of manifolds X, and structure maps

d':X,— X,_1(face maps) s':X, — X, 41 (degeneracy maps),
forief{0,1,2,...,n} (M

that satisfy suitable coherence conditions (see,e.g., [4]). The first two examples of
simplicial manifolds (actually, they are simplicial sets with discrete topology) are
the simplicial m-simplex A[m] and the horn A[m, j] with

(AmDn={f:0,1,....1) = O, 1,....m)| f() = f(j),Vi= ]},
(Alm, jDn={f € (A[mDaHO.....j =1L j+1,....m}Z{f(0),.... fF(m)}}.

2

The horn A[m, j] should be thought as a simplicial set obtained from A[m] by
taking away its unique non-degenerate m-simplex as well as the jth of its m + 1
non-degenerate (m — 1)-simplices.

..L/\H&%%

AILLT A[LOL  A[22]  A[21]

Our convention for arrows is that they are oriented from larger numbers to
smaller numbers.
In homotopy theory, the Kan conditions require the natural restriction maps

Xm =hom(A[m], X) - hom(A[m, j], X), (3)

to be surjective. Equivalently, every horn can be filled up by a simplex. They cor-
respond to the possibility of composing and inverting various morphisms, in the
language of groupoids.
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With enrichment in differential geometry, the Kan conditions are
Kan(m, j):  Equation (3) is a surjective submersion,
Kan!(m, j): Equation (3) is a diffeomorphism.

But since hom(A[m, j], X) is formed by taking the fibre product of the X;’, it
may not be a manifold. However, if Equation (3) is a submersion for all 0<j <
m <myg, as shown in [6, Lemma 2.4], hom(A[my, j], X) is a manifold for all 0 <
Jj <myg. Hence, we are allowed to define,

DEFINITION 1.1. A Lie n-groupoid X (n € NUoo) is a simplicial manifold that
satisfies Kan(m, j), Ym>1, 0<j <m, and Kan!(m, j), Vm >n, 0 < j <m. When
n=o00, a Lie co-groupoid is also called a Kan simplicial manifold.

Then a Lie 1-groupoid is simply the nerve of a Lie groupoid.
To describe local Lie groupoids, we need local Kan conditions:

Kan'(m, j):  Equation (3) is a submersion,
Kan'!(m, j): Equation (3) is injective étale.

DEFINITION 1.2. A local Lie n-groupoid X (ne NUoo) is a simplicial manifold
that satisfies Kan'(m, j), Ym>1, 0< j <m, and Kan'!(m, j), Ym>n, 0<j <m.
When n =00, a local Lie co-groupoid is also called a local Kan simplicial manifold.

Then, the nerve of a local Lie groupoid is a local Lie 1-groupoid X.

As soon as we have done this, it becomes clear that to associate a Kan object
Kan(X) to a local Kan simplicial manifold X, we need to do some sort of fibrant
replacement in the category of simplicial manifolds. However, simplicial manifolds
do not form a model category and we need to do it by hand. In fact, the differen-
tial category is rather special, even the construction for simplicial presheaves can-
not be used directly here. It turns out that the object Kan(X) constructed directly
by Quillen’s small object argument is not a Kan simplicial manifold, however, it
is a simplicial manifold and is Kan as a simplicial set. We also prove certain
representability conditions for Kan(X) that make it into a weak Kan simplicial
manifold (see Sect. 2), a property slightly weaker than that of a Kan simplicial
manifold. On the other hand, the defects of Kan(X) lie only on high levels, that
is, if we perform a 2-truncation t(Kan(X)), and the 2-truncation is still represent-
able, then 7 (Kan(X)) is indeed a Lie 2-groupoid.

2. Definition

To simplify the calculation that we shall encounter later, we introduce a new con-
cept: a simplicial manifold is invertible, if there are isomorphisms

hom(A[2,0], X)=hom(A[2, 1], X) =hom(A[2, 2], X),
which are compatible with the face maps hom(A[2], X) — hom(A[2, j], X).
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A local Lie groupoid G11°C = G%)OC has locally defined multiplication m:V x Gloe 1%

:GIIOC, where V C GllOC is an open neighborhood of G})"C. We can refine GllOC such
that the inverse i is defined from GllOC to G11°°. Hence, the nerve of a local Lie
groupoid is an invertible local Kan simplicial manifold. Since for higher groupoids,
we do not have explicit inverses, we drop higher invertibility condition for local Lie
n-groupoids. In all cases, invertibility is only to simplify the calculation, and our
motivation is to deal with local Lie 1-groupoids.

Now, we try to define a functor Kan sending invertible local Kan manifolds to
Kan simplicial manifolds by modifying directly Quillen’s small object argument.
We will see that this construction is not successful, however, we arrive at a sim-
plicial manifold satisfying conditions slightly weaker than the Kan conditions. Let

J:={Alk, j1— A[k]:0<j<k>3,}U{A[2, 1]—> A[2]}, 4)

be a subset of inclusions with respect to which the Kan conditions have the right
lifting property. Given a local Kan manifold X, we then construct a series of sim-
plicial manifolds

X=xX'5x'5x*?> ... 5 x> ... (%)
by an inductive push-out:

A[kvj] X hOHl(AU{,’,j],X’B) - Xﬁ
(Alk,j]—Alk) e

(6)

H A[k] x hom(Al[k, 5], X?) —,TX/}H

(Alk,jl—A[k])eJ
Then, we let Kan(X)=colimgen XA
Now, we make some calculations for the first steps of this Kan replacement. First
of all, Xg=X}=X2=---=Kan(X)y, and
X =X10(X) xx, X1)
xI=xlux]xx, Xl =
= X] U (X1 xx, X1U X1 xx, (X1 Xx, X1) ,
L(X1 X xy X1) Xxo X1L(X1 XX, X1) Xx, (X1 XX, X1)) M

Kan(X)1=X1U(X] xx, X1)U(X] xx, XDUXExx, XD ...,

which we can represent by the following picture:

| BN B |
[ B N B |

Kan(X) :

s = = m
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A calculation shows that
X1 =XoUX| xx, X1 U X1 xx, X1 UX] Xx, X1
u(u§=0 hom(A[3, j1, X)
x2=xlux! xx, X1 ux] xx, X1 ux] xy, x|
u(u§=0 hom(A[3, j1, X"

Inside Xé, there are three copies of X xx, X1. The first is an artificial filling of
the horn X xx, X1, and the second two are images of degeneracies of X xx, X
in X 11 Similarly, for X%, etc., we represent an element in X% as

X A7 X1 xx, X1 ——, hom(A(3,5),X) : A ... 4such (8)

plus the degenerate ones in the other two copies of X xx, X|. Furthermore, we
represent an element in X% by

X ;: described as above
1 1.
X 1 XXy X 1:

e —— ©)
hom(A[3,7], X1): A\ A LA A

We now show that
X3 = hom(A[2,01, XY= X1 x4, xg.a; X (10)

is not a submersion.
We first need some technical preparation. A simplicial set S is called collapsible
if it admits a filtration

pt=SyC S C---CS=S (11)

such that each S; is obtained from the previous one by filling a horn, namely such
that S; can be written as S; =S;_1 Ua[y, ;] Aln;] for some injective map Aln;,[;]—
S;_1. Thus, we can define an order relation on the collapsible simplicial sets: we
say that S is not greater than 7, and we write S< 7T, if T=S;, and S=S; with
s <t in Equation (11). By convention, the notation S <7 also indicates the inclu-
sion map S— T. We also define the dimension of a collapsible simplicial set S by

dim Szmgx{A[k] <S}.
LEMMA 2.1. Given S<T and a local Kan simplicial manifold X, hom(T, X) and
hom(S, X) are both manifolds, and the natural map

hom(T, X) — hom(S, X),

is a submersion.
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This is proven in [6, Lemma 2.4] for Kan simplicial manifolds, but it is easy to see
that it works also for local Kan ones since only the submersion condition is used.

We return to the study of the map Equation (10). X% has several components,
and the horn projection map Equation (10) induces on each component the fol-
lowing maps:

X> —hom(A[2,0], X), hom(A[3, j], X) - hom(A[2, 0], X) (12)

X1 Xxy X1—> X1 Xx5 (X1 X%, X1), X1 Xx, X1 = (X1 Xx X1) X%, (X1 Xx, X1),
(13)
X1 xx, X1— X1 xx, X1. (14)

The morphisms in Equation (12) are always submersions by Lemma 2.1. How-
ever, the morphisms in Equation (13) are not submersions. This implies that
hom(A[2], Kan(X)) — hom(A[2, 0], Kan(X)) will not be a submersion. Hence,
Kan(X) will not be a Kan simplicial manifold, but we will prove that it satisfies

(A) Kan(X) is a simplicial manifold,

(B) hom(S, Kan(X)) is a manifold for any collapsible S;

(C) the natural map Kan(X), —hom(Al[n,!I], Kan(X)) is surjective for all n and
[ with 0</<n.

Simplicial manifolds satisfying such conditions are called weak Kan simplicial man-
ifolds. These weak Kan simplicial manifolds are indeed Kan as simplicial sets.
The submersion condition in the Kan conditions is replaced by condition (B). By
Lemma 2.1, we can see that the submersion condition implies (B), hence weak Kan
is indeed weaker than Kan. However, a submersion condition is usually applied to
guarantee some representability, for example, the one in condition (B). Hence, we
see that in many cases this condition will be sufficient to conclude. For example,
we can still talk about hypercovers of weak Kan simplicial manifolds (but they will
not be used in this paper).
Before attacking the problem, we prove a technical lemma:

LEMMA 2.2. Suppose that the XP’s are a sequence of simplicial sets constructed by
Equation (6).
1. If S is a collapsible simplicial set, then we can decompose

hom(S, X#™1) =4 hom(S,, X7),

with a finite set of collapsible simplicial sets {S,:a € A}> S satisfying dim S, <
dim S.

2. This decomposition respects morphisms, that is if S<T, and both of them have
a decomposition,

hom(S, X#1) =U4ea hom(S,, X#), hom(T, X+ =0, ca hom(T,, XP),
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then there is a map o :A'— A, and morphisms of simplicial sets Syay — Ty,
such that the natural morphism hom(T, XP+1 S hom(S, XPHY) is induced from
hom(7,, X#) — hom(Sy . XPY on the level of their decompositions.

Proof. Since the procedure to form X#*+! from X# is the same as the one to
form X' from X, we only have to prove the two statements for =0. Since X is
arbitrary, the decomposition in Equation (1) is clearly unique. We use an induction
on the size of S and 7. The initial assumption is verified in the calculation we did
earlier in this section. It is clear that Equation (1) holds for A[m] for m € N. Now
with a fixed n, we consider a horn filling diagram as we mentioned in the proce-
dure of Equation (11)

S T

L
(15)

Alk, j] — A[k],
with dimS<dim7 <n-—1, and k<n—1.

We suppose that

(i) statement (1) is true for all §" with ' < S;
(ii) statement (2) is true for S’ <7’ and S’ < A[n] when dim S’ <dim7’ <n — 1
and when (1) is true for S’ and 7’.

To complete the induction, we will prove that

e statement (1) holds for T;
e statement (2) holds for S < T, and holds for T < A[n] if such a map T — Al[n]
exists.

First, we apply hom(—, X!) to Equation (15) and apply the induction hypothesis
to hom(S, X'), hom(A[k, j1, X!) and hom(A[k], X'). Then we have
hom(T, X")=hom(S, X") xpom(apk.j1.x1) hom(A[K], X ) =
=Ugea hom(S;,, X) X e a hom(S,,X) Uarea” hOl’Il(Sg//, X)=
=Upep hom(7j, X).
Here, T}, is formed when a(a’) =a(a”) by

S!

a

Ty
L

Saa) SV,
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We obtain a map B — A’ defined by b+ a’ and morphisms S’, — T;,. They induce
the morphisms hom(7, X) — hom(S;,,X), hence the morphism hom(7, X!) —
hom(S, X!). It’s not hard to see that T € {T,} by the induction hypothesis and
Equation (15).

Suppose hom(A[n], XY =U.ec(De, X). If there is a map T < A[n], by restriction,
we obtain maps S < A[n], Alk, j1<A[n], and A[k] < A[n] which fit in the following
commutative diagram:

S Aln|

Alk, j] ——— Alk].

By the induction hypothesis, we have

e the morphism hom(A[n], X') — hom(S, X!) is induced by a map o’ : C — A’
and morphisms S(;,(C)

e the morphism hom(A[n], X!) — hom(A[k, j], X') is induced by a map «:C —
A and morphisms Sy () = D¢;

e the morphism hom(A[n], X!) — hom(A[k], X!) is induced by a map «”:C —
A" and morphisms S

— D¢;

ey ™ D..

We see that hom(D,, X) — hom(Sy (. X) induces hom(A[n], X!) = hom(A[k, j1,
X1, and the composed morphism hom(D,, X) — hom(S(;,(c), X) — hom(Sy(w/(c)), X)
induces hom(A[n], X') — hom(S, X!) — hom(A[k, j], X!), which is the same mor-
phism as hom(A[n], X!) — hom(Alk, j], X!). Hence by the uniqueness of the
decomposition, we have a(a’(c)) =a(c) and similarly a(c)=a(a”(c)), and a com-
mutative diagram,

/
SO/(C) Dc

Sa(a/) —_— S(I)i”(c)'
Then Tj ) defined by the push-out diagram,

«

S ey —— T
(" (¢)) bo)
L

Sae) = Sa(a())>
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has a canonical map Tp) — D, where b(c) is an index in B and depends only
on c. Since hom(7, X!) is a fibre product, these canonical maps induce the map
hom(A[n], X!) — hom(7T, X') via the maps hom(D., X) — hom(Ty), X). a

PROPOSITION-DEFINITION 2.3. The operation Kan constructed in Equation
(6) is a functor from the category of local Kan manifolds X to the category of
weak Kan simplicial manifolds.

Proof. The construction of Kan makes it clear that it is functorial. Since
Kan(X) = colimg XP, given any finite simplicial set A (a collapsible simplicial set
S is such), the natural map of sets is an isomorphism,

colimg hom(A, X#) S hom(A, Kan(X)). (16)
Moreover, by Lemma 2.2,
hom(S, X#*!) =hom(s, X#) |_|(|_|,1 hom(S,, X%)). (17)

We then use Lemma 2.2 recursively, and obtain that for any collapsible simpli-
cial set T,

hom(T, X#)=uhom(T,, X),

for a finite set of collapsible simplicial sets T,,. Hence, hom(S, X#) and hom(S,,
X#) are manifolds because X is a local Kan manifold. By Equations (17) and (16),
hom(S, Kan(X)) is a disjoint union of manifolds.

Therefore, it remains to show that Kan(X) is Kan as a simplicial set. We take
an element A— B of J and a solid arrow diagram,

A — Kan(X) (18)

B%pt

then we must show that the dotted arrow exists. By the isomorphism Equation
(16), the map A — Kan(X) factors through X# — Kan(X) for some p and we have
the solid arrow diagram

A—— X —— xB+l —— Kan(X)

1=

B”‘;>pl‘

Since XP*! is constructed as the push-out in Equation (6), the dotted arrow nat-
urally exists, and this dotted arrow defines the one in Equation (18).



392 CHENCHANG ZHU

Now, we only have to verify that the dotted arrow in Equation (18) exists for
All, j1— A[l] for j=0,1 and A[2, j]— A[2] for j=0,2. We have Xg:Xo, and

. 1
hom(A[1, j1, X =x0*" = Xo,  hom(A[1], XPT1) =X x4 x0.0 X7,

thus the map hom(A[1], X#*1) - hom(A[l, j], X#*!) being the pull-back of d; or
do, has to be a surjective submersion. Now, we prove that if X# is invertible, then
XA+ is also invertible. In fact,

1 1
hom(A[2,2], XP*) =X gy xoa X0 =
= (Xlls I—'Xlls Xdy,Xo,d Xlls) Xdy,Xo,dy (X/ls I—'Xllg X dy, Xo,d} Xllg):
=X/13 Xdy,Xo,dy Xll3 '—'XllS Xdy,Xo.d) (Xll3 Xdy,Xo,dy Xf)

U (Xf Xdo, Xo,d) Xf) Xdy, Xo.dy XllS u...
Since X7 is invertible, X’f X dy Xo.d; X‘f%x’f X do. Xo.d! X;lﬂ_ Hence

X/13 Xdy,Xo,dy (Xlﬂ Xdo,Xo,d1 X/ls) ;Xf Xdy,Xo,dy X? Xdy,Xo,dy Xf’
(Xlﬂ Xdy,Xo,d1 Xlﬂ) Xdy,Xo,dy X/13 EX? Xdy,Xo,dy Xf Xdy,Xo,dy Xf =

= (X]ﬂ Xdo,X(),d] X]ﬂ) Xdo,Xo,dl X]ﬁv

It is easy to continue to verify that X#*! is invertible. Then the final result follows
from Equation (16). O

Given an invertible local Kan manifold X, we call Kan(X) the Kan replacement
of X.

Even though Kan(X) is not Kan, its 2-truncation 7;(Kan(X)) behaves well. We
define the n-truncation t, (it was denoted by t<, in [6, Section 3]), of a simplicial
manifold X by

T, (X =Xk, YVk<n—1, ©,(X)r=Xi/~k, Vk>n,

where two elements x ~; y in X; if they are homotopic' and have the same
n-skeleton. Since in the process, taking a quotient is involved, the result t,(X)
might not be a simplicial manifold anymore. We view it as a simplicial stack.
When X is Kan, 7,(X) viewed as a simplicial set is always a discrete n-groupoid. It
is representable, namely it is indeed a simplicial manifold with the quotient topol-
ogy, if and only if the quotient X, /~, is representable because the higher levels
are decided by X,/ ~,. Even though Kan(X) is not a Kan manifold, we still have

IThis means that dix=d;y, 0<i<k, and there exists z€ Xy such that di(z)=x,dy1(z) =y,
and diz=sp_1dix=s,_1d;y, 0<i <k.
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PROPOSITION 2.4. When Kan(X);/ ~, is representable, t(Kan(X)) is a Lie
2-groupoid.

Proof. As a simplicial set, Kan(X) is Kan. Hence hom(A[n], rp(Kan(X))) =
hom(Aln, j1, n(Kan(X))), for n > 3. Especially, t(Kan(X)); = hom(A[3,0],
7 (Kan(X))). Since the higher layers are determined by the first four layers,

o (Kan(X)) = Cosk o Sk (1a(Kan(X))),

by the same argument as in [16, Section 2.3], to show that (Kan(X)) is a
Lie 2-groupoid, we only need to show that hom(A[3, 0], o(Kan(X))) is rep-
resentable and that t(Kan(X)) satisfies the condition Kan(m, j) for m < 2.
In fact, the induction argument there already shows that the representabili-
ty of hom(A[3,0], 72(Kan(X))) is implied by the fact that tr,(Kan(X)) satisfies
Kan(m, j) for m <2 since tp(Kan(X)); =Kan(X);/~7 is representable. Hence, we
only need to show Kan(m <2, j).

As shown in Definition-Proposition 2.3, hom(A[1], X#*1) - hom(A[l, j], X#*1)
being the pull-back of d; or dp, is a surjective submersion, hence hom(A[1],
Kan(X))— hom(A[l, j], Kan(X)) is a surjective submersion. This is Kan(1, j) for
Kan(X), hence for tp(Kan(X)).

The surjectivity property in Kan(2, j) is automatically satisfied. In fact, since
Kan(X) is Kan as a simplicial set, the composed map

Kan(X)y— ©(Kan(X)) S hom(A[2, j], Kan(X)) =hom(A[2, j], o (Kan(X))),

is surjective, hence the desired map p is also surjective. We only need to show
the submersion part. Then what happened to the points where the horn projection
map of Kan(X); is not a submersion? These points necessarily represent degener-
ate faces. In fact, an element n€ Kan(X), can be described as a tree as stated in
Lemma 3.8. If all the vertices of the tree are triangles in X5, then the horn pro-
jection map is a submersion for Kan(X),, hence p is a submersion. The problem
happens exactly when the tree contains at least one vertex coming from one of
the three copies of X1 xx, X1. But these bad pieces as in Equations (13) and (14)
are all homotopic via elements in Kan(X)3 to the boundary of good pieces as in
Equation (12), where the submersion holds. Hence, the submersion property also
is true for the 2-truncation. a

3. Universal Properties

Given a local Lie 1-groupoid W (or the nerve of a local Lie groupoid), it extends
to a Lie 2-groupoid t(Kan(W)). In [15], we verified that tp(Kan(W)) is always
a Lie 2-groupoid (even though 7|(Kan(W)) might not be Lie) with a universal

property.
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For this purpose, we need to show some universal properties of our Kan replace-
ment. It should be stable under Morita equivalence of simplicial manifolds (and
this needs to be made precise), and if some simplicial manifold X is Kan, then
Kan(X) should be Morita equivalent to X. We begin by introducing concepts
related to Morita equivalence.

3.1. MORITA EQUIVALENCE OF LOCAL KAN MANIFOLDS

The reader’s first guess is probably that a morphism f:X — Y of simplicial man-
ifolds ought to be a simplicial smooth map, i.e., a collection of smooth maps f,:
X, — Y, that commute with faces and degeneracies. We shall call such a morphism
a strict map from X to Y. Unfortunately, it is known that, already in the case of
usual Lie groupoids, such a notion is not adequate. Indeed there are strict maps
that are not invertible even though they deserve to be called isomorphisms; here is
an example of such a situation. Consider a manifold M with an open cover {U4,}.
There is a natural map from the simplicial manifold X with X, =], ., U N
-++NU,, to the constant simplicial manifold M. All the fibers of this map are sim-
plices, in particular, they are contractible simplicial sets. Nevertheless, this map has
no inverse. That is why the notion of Hilsum—Skandalis bimodule [9] was intro-
duced.

The second guess is then to define a special class of strict maps which we shall
call hypercovers. A map from X to Y would then be a zig-zag of strict maps X <
Z — Y, where the map Z— X is a hypercover.

Another, equivalent, to define a generalized morphism of simplicial manifolds
uses the Cartesian fibrations of [7, Section 2.4]. In this paper, we use the zig-zag
method with the notion of hypercover.

Our definition of hypercover is inspired by the notion of hypercover of étale
simplicial objects [1,4] and by Quillen’s trivial fibrations for simplicial sets [10].

Recall that [8, Section 1.3], given a pointed Kan simplicial set X, i.e., Xg= pt,
its homotopy groups are given by

(X)) :={x € X,,|d; (x) = pt for alli}/~

where x ~x’ if there exists an element y € X,,+| such that dy(y)=x, d;(y)=x’, and
d;(y)=pt for all i > 1. In general, when X is not necessarily a point, 7, is a sheaf
over Xo.

LEMMA 3.1. Given a map S— T of pointed Kan simplicial sets, if for any n >0
and any commutative solid arrow diagram
OA[n] — S (19)

|

Aln] — T
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there exists a dotted arrow that makes both triangles commute, then this map is a
homotopy equivalence, i.e., w,(S)=m,(T). Here, OA[n] stands for the boundary of
the n-simplex.

The proof is standard.
Translating the condition of Lemma 3.1 into a condition on the corresponding
hom spaces, we obtain,

DEFINITION 3.2. A strict map f:Z— X of local Kan simplicial manifolds is a
hypercover if the natural map

Z, =hom(A[m], Z) > hom(0A[m] — Alm], Z — X) (20)

is a surjectve submersion for all m > 0.

Here, hom(A — B,Z — X) denotes the pull-back spaces of the form
hom(A, Z) Xpom(a,x) hom(B, X), where the maps are induced by some fixed maps
A — B and Z — X. The notation indicates that this space parameterizes all com-
muting diagrams of the form

A—>7

BN
B—X,

where we allow the horizontal arrows to vary but we fix the vertical ones.
Similarly, we can define hypercovers for Lie n-groupoids:

DEFINITION 3.3. A strict map f:Z — X of Lie n-groupoids is a hypercover if
the natural map Equation (20) is a surjective submersion for all 0 <m <n and is
an isomorphism when m =n.

Remark 3.4. As proved in [14], if f:Z — X is a hypercover of Lie n-groupoids,
then Equation (20) is automatically an isomorphism for all m > n.

As in the case of Definition 1.1, we need to justify that the pull-back
hom(0A[m] — Alm], Z — X) is a manifold. This is rather surprising since the
spaces hom(JA[m], Z) need not be manifolds (for example take m =2 and Z the
cross product groupoid associated to the action of §' on R? by rotation around
the origin). We justified this in [14] for Kan simplicial manifolds, but it is clear that
only the submersion property is needed, hence the same proof is valid for local
Kan manifolds.

DEFINITION 3.5. Two local Kan simplicial manifolds X and Y are Morita equiv-
alent if there exists a local Kan simplicial manifold Z such that both maps X <
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Z 5 Y are hypercovers. We call the equivalence relation thus defined [14, Section 2]
the Morita equivalence of local Kan simplicial manifolds.

We also define Morita equivalence of Lie n-groupoids in the same fashion using
hypercovers of Lie n-groupoids.

Hypercovers of Lie n-groupoids may also be understood as higher analogues of
pull-backs of Lie groupoids. Let X be a 2-groupoid and let Z; = Z; be two man-
ifolds with structure maps as in Equation (1) up to the level n =1, and let f,:
Z, — X, be a map preserving the structure maps d;'’s and s,’:_l’s for n <1. Then,
hom(9A[n], Z) is defined for n <1. We further suppose that fy:Zy— X is a surjec-
tive submersion (hence Zy x Zo X x,xx, X1 is a manifold) and Z| — Zy X Zo X x,x x,
X1 also, that is, to say we suppose that the induced maps from Z; to the pull-
backs hom(OA[k], Z) Xpom(oa[k).x) Xk are surjective submersions for k=0, 1. Then,
we form

Zr =hom(9A[2], Z) Xhom(@a[2],x) X2,

which is a manifold (see [14, Lemma 2.4]).
Moreover there are maps dl.2 :Zy — Z; induced by the natural projections
hom(0A[2], Z) — Z1, and maps sl.1 :Z\ — Z, defined by

so ()= (h, b, s(dg (M), sy (Fi()), st () = (s9(d] (), b, by s} (1)),
and maps m; :hom(A[3,i], Z) - Z, with

mo((ha, hs, h3,01), (ha, hs, ho, 12), (h1, h3, ho, 13)) = (h2, ha, k1, mo(01, 72, 13)),

and similarly for the other m;’s.

0
ho
hs
h
1 3 T 3
:\ /
2

Then Z,= Z1= Z, is a Lie 2-groupoid and we call it the pull-back 2-groupoid of X
by f. Then f:Z— X is a hypercover with f, the natural projection f;:Z, — X».

3.2. THEOREMS AND LEMMAS

We shall prove that if X is a Kan simplicial manifold, then there is a Morita
equivalence X < Kan(X). It is very easy to prove this result for simplicial sets.
Since the procedure of Kan replacement is basically to fill out horns, the geomet-
ric realizations of Kan(X) and X are homotopic. Since X is Kan, the geomet-
ric realizations of Kan(X) and X being homotopic is equivalent to the fact that
the natural embedding map X — Kan(X) satisfies the lifting property described in



KAN REPLACEMENT OF SIMPLICIAL MANIFOLDS 397

Equation (19). However, the tool of homotopy theory which is available for sim-
plicial sets cannot be used for simplicial manifolds in general. In fact, these do
not form a model category, and building a certain machinery as a suitable replace-
ment for model categories should be the correct method of proving the following
theorems and lemmas. In the case of simplicial sets, one can easily obtain a mor-
phism 7 : Kan(X) — X such that the composition X — Kan(X) — X is the iden-
tity. Then, it is straightforward to check that Kan(X)— X has the correct lifting
property. However, 7 is not unique (it depends on the choice of fillings in the Kan
condition). Hence when generalized to a differential category, 7 is not a continu-
ous morphism in general. This forces us to use another proof. Here, we provide a
proof for Lie 2-groupoids W.

THEOREM 3.6. If W is a Lie 2-groupoid, then t(Kan(W)) is a Lie 2-groupoid
which is Morita equivalent to W.

Proof. In general, there is no direct map from 73(Kan(W)) to W because there
is no (unique) multiplication map Wj xw, W; — W;. Hence, we must construct a
middle step.

A more natural way to describe this construction is to use the corresponding
stacky groupoid G = W, where G is presented by the Lie groupoid G| = G, with
Go=W; and G, the set of bi-gons in W>, and the multiplication G xw, G — G is
presented by the bimodule E,, = W,. The bimodules of various compositions of
multiplication from various copies of G to G are presented by various fibre prod-
ucts of Wy’s. For example, the bimodule W) x4, w4, W2, with the moment maps
Ji to Wy xw, Wi xw, Wi and J, to Wy, presents the multiplication

mo (mxid):(Gxw,G) xw,G§—G.

To simplify the notation, we denote a k-fold fibre product by [1** when no confu-
sion can arise. We let Zo= W, and let Z; the disjoint union of the bibundles W;k
presenting different compositions of multiplication,

Zi=WiuWau(Wou W2 u w2 uw, 3. ..

This construction is explained by the following picture:

= = = = =

} }
i, | B\
N

That is, we fill out horns in Kan(W); by replacing W*" with sz("_l). The pro-
jections Z; — Kan(W); and Z; — W; are simply the disjoint union of the left and
right moment maps, respectively. These projections are both surjective submersions.

Z1:
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To show that tp(Kan(W)) is Morita equivalent to W, we only have to show that
the pull-back 2-groupoids on Z are the same, that is,

Kan(W)a/~2 Xhom(@A[2], Kan(w)) hom(OA[2], Z) = Wa Xpom@oaf2), w) hom(OA[2], Z).
(21)

If the map p: M — N is surjective and admits local sections at any point in N, then
the pull-back groupoid G| xy N = Go xu N is free and proper if and only if the
original groupoid G| = Gy is so. Since this is the case, the isomorphism Equation
(21) automatically implies that Kan(W)/~, is representable. By Proposition 2.4,
T (Kan(W)) is a Lie 2-groupoid.

We denote the two pull-backs by the maps Z; — W and Z; — Kan(W); to Z;
by W|z and Kan(W)|z, respectively, we construct morphisms

i (Kan(W)lz)2— (Wlz)2,  t:(Wlz)2— (Kan(W)|z)2,

and we prove that w ot =1id and tom ~id up to terms in (Kan(W)|z)3. Then,
the above isomorphism follows naturally. Observe that usually Kan(W) is not a
Lie 2-groupoid, but the pull-back construction described in Sect. 3.1 is valid also
when X is a local Kan manifold. We form (X|z), =hom(sk;(A[n]) — Aln], Z —
X), where sk; denotes taking the 1-dimensional skeleton. By [14, Lemma 2.4 ], the
(X|z)n are manifolds. Then it is easy to check that tp(Kan(W)|z) =1 (Kan(W))|z.

We first construct ¢. Let S be a simplicial polygon with three marked points,
namely a simplicial set constructed inductively

Al2]1=S)—> S1—=> S>> 8-,

by push-out, S;y1=3S; Ua[i) A[2], and the three marked points are the vertices of
So. With these three marked points, the S;’s can be viewed as generalized triangles
with their three sides a concatenation of line segments. In this sense, we also have
the three face maps d*.

There is a natural embedding W < Kan(W), but this embedding does not yield
amap W|z— Kan(W)|z. In fact, take an element (w, 0z) € (W|z)>» =U; hom(S;, W)
for a certain set of S;’s, then (w, 0z) ¢ (Kan(W)|z), since dw, the boundary of w,
is not mapped to 0z under the map 0»Z — 9»Kan(W). Here, Oy0=hom(0A[k], OJ).
To construct ¢, we need to inductively construct morphisms y; : hom(S;, W) —
Kan(W), such that they commute with the face maps d; for k=0,1, 2,

d
hom(S;, W) —=> hom(d*s;, W) (22)
\Lﬂi /
17}
Kan(W),
Then, ((w, 07) := (u; (w), 0z), where w € hom(S;, W).

Step 1. We first prove the case i = 1. We simplify the notation by setting K :=
Kan(W).
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hom(S1, W) =Wz xq, w,.ay W2 (23)
by Wi xw, Wi K>
W2 X wy.dy Wa Xwy sy wi K2
by WK
hom(A[3, k'], K)
Kan\(3,K)
hom(A[3], K)

dy

K>
But this map does not commute with the face map (see Equation (22)). To obtain

a map that commutes with the face maps, we only need to compose this map with
the following one,

K> — (K2 xw, (Wi xw, W) X Kyxwy Wi Wi Xw, Wi (24)

W1><W0W1‘—>K2i

hom(A[3,k"], K) = K>

good boundary
1 Wi Xw, Wa 1 /

0 2 0

Wi Xw, Wi

Step 2: Now suppose we have such a map hom(S;, W) — K, then we can con-
struct a map hom(S; 1, W) — K as follows,

hom(S; 1, W) =hom(S;, W) xw, W, _ o hom(0S; 11, W)=hom(0S;, W) xw, 0o W

By Lemma 3.7 J{
hom(S;, W) x4, k.4, K2 9 hom(0S;, W) x g, 02K
By hom(S;,W)—K; l
K %y, ky.d K =hom(S1, K) 0 hom(dS,, K)
Similarly as Step 1, replace W by K 5

K>
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1 1
; Lemma 3.7 Viewed
0‘ 2 0‘ 2

LEMMA 3.7. There is a natural morphism K1 xw, W2 — K.

CHENCHANG ZHU
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LU UUUHHIIIg

We leave the proof of this lemma involving the Kan condition for K to the
reader.

To construct 7, we first construct a local morphism f: Kan(W)— W inductively.

The first step is to construct fn1 by

Ww!=hom [ A[n], W 11
[T Alk, j1xhom(Alk,j1,W)

— W, Hhom(A[n], Alk]) x hom(A[k], W) —

— W,.

Alk] x hom(A[k, j1, W) | —

In the second step, we use the strict Kan condition hom(A[k, j], W) = W) when
k> 2, and we choose a local section hom(A[2, 1], W) — W, when k=2. The last

step follows from the composition hom(A[n], A[k]) x hom(A[k], W) — W,,, and
thus both spaces in the push-out have a natural map to W,.

Suppose that f#:W# — W is constructed. Then by definition of WAt! in Equa-
tion (6), fP*! is the composition of the following natural morphisms

WE+! =hom [ Afn], WP 11 Alk] x hom(A[k, j1. WF) | —
LI Alk, j1xhom(A[k, j1, W)

—hom [ A[n], W ]_[

LI Alk, j1xhom(A[k, j1,W)

Alk] x hom(A[k, j1, W) | =

| A
=W, = W,.
Then f is the colimit of the fF#.

More geometrically, if we view an element in Kan(W), as a set of adjacent small

triangles of W, f> consists in composing these small triangles into a big one in 0
W, with a choice of filling for each Wy xy, W, which is given by f!.

P N

element in 7
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Now, when we make a choice of fillings for a W; xw, W; on the boundary,
instead of choosing some filling given by f!, we choose the element 0z €
hom(0A[2], Z), then this element in W, is denoted by f>(x) o 0z.

Thus, f> induces a map

Kan(W)2Xnhom(@ar2], Kan(wy) hom(OA[2], Z) 5wy Xhom(da[2],w) hom(9A[2], Z). (25)

as (x,0z) > (f2(x)00z,07). In Lemma 3.8, we give a combinatorial proof that this
map does not depend on the choice of fillings. Hence, we obtain a well-defined
global map =.

Then it is not hard to see that w ot =id since 7 is exactly the procedure opposite
to .

The procedure to form m and ¢ consists in using Kan!(3,j) to compose [for
example Equation (23)], hence tox and id differ by terms in Kan(W)s. O

LEMMA 3.8. The map w does not depend on the choice of sections in the construc-

tion of f.

Proof. We denote an element n € Kan(W), by a bicolored tree

A A A A

AN SN N SN
SN SN ONS ALASSSS

Ceo0 0 O oe

o
o o

So e

A point is black if it represents a weird triangle, i.e., a triangle that comes from the
first copy of X xx, X1 which serves as an artificial filling; otherwise, it is white.
For the other two copies of X xx, X1, they are degenerated and cannot be glued
directly to nondegenerate triangle in W,. Since degenerated elements play the role
of identities in the composition 7, we shall ignore them here. We now prove the
lemma by induction on the number of generations and the number of points in
the youngest generation. It is obvious for the initial case.

We take three sibling points in the youngest generation. If all of them are white,
then we use Kan(3, j) without a choice and we obtain an element n’ € Kan(W),
which has fewer generations or fewer points in the youngest generation. The result
follows in this case.

If one of the three siblings is black, then there is precisely one black one in these
three siblings, which we denote by x. Since hom(0A[2], Z) will give the fillings for
the weird triangles on the border of 75, to show the independence, we only have to
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deal with the inner triangles. Then some ancestor of x must have a black descen-
dant y, because a weird triangle must lie on the side of another triangle (which is
the parent of y).

The simplest situation in this case is when the other black descendant is a (true)
cousin (namely their direct ancestors are siblings)

I R (26)

We choose a triangle no34, and we are given triangles 0914, 7134, 17123, 1234, 1024-
The procedure is to compose 7934, Mo14, N134 first to obtain g3 by Kan(3,3);
then to compose ng34, 1024, N234 to obtain ngr3 by Kan(3, 3); finally, to compose
1013, 1023, and 123 to obtain 11y by Kan(3,3). These can be viewed as multi-
plications for 2-groupoid [14, Section 2.3]. By the associativity of such multipli-
cations (or equivalently by Kan(3, j)! and Kan(4, j)!), we can obtain the same
no12 by another order of composition, namely we use Kan(3,2) first to obtain 14
then Kan(3,3). Since the second way of composing does not depend on the choice
of o34, our final result ny;» does not depend on the choice either. Hence, by the
induction hypothesis, we will obtain an element f>(x)odz which is independent of
the choices made.

We might meet more complicated situations, namely when the other black
descendant y is a more remote cousin, but we can reduce them to the simple sit-
uation above:

1 1
:U', / — é% OC
0 2 0 2
y/ f”

We choose a triangle & € W, corresponding to x in the youngest generation.
Then we use Kan(3, j) to compose to obtain &’ and &” corresponding to x’ and y’
respectively. As shown in the picture, the true cousins x’, y’ are ancestors of x and
y respectively. We do the same for the other branch, and obtain ¢. In this proce-
dure, we might have to make other choices of fillings for other black points. But
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it does not matter, since we want to show the independence of the final result on
the choice of &.

We recover the situation of Equation (26). We choose a filling 1334. By
Kan(4, j)! the final result does not depend on the order of composition. Then
by Kan(3,2), we first obtain ny4; by the induction hypothesis, we obtain ng4
independently of the choice of & because ngp4 contains fewer descendants than
no12; finally, by Kan(3,3) we obtain 792, which is independent of the choice of
filling &. O

LEMMA 3.9. If both X and Y are Lie n-groupoids, then a hypercover of local Kan
simplicial manifolds X =Y is automatically a hypercover of Lie n-groupoids.

Proof. Since X is a Lie n-groupoid, there are composed morphisms hom(A[n +
d; d;
L1 X) = Xt 5 Xy — Y, and hom(Aln+ 1, j1, X) 2 X i1 —> X, > hom(9A[n],
X). These maps yield a map, hom(A[n + 1, j], X) & hom(dA[n] — A[n], X — Y).
With this map, we rewrite

hom(0A[n+1]— Aln+1], X - Y)=hom(A[n+1, Jj1, X) Xhom(dA[n]— A[n],X—Y) Xy
Since X — Y as local Kan simplicial manifolds, the following map
Xy+1=hom(A[n+1, j1, X) = hom(A[n 41, j1, X) Xhom(@A[n]— Aln],X—Y) Xn

is a surjective submersion. This implies that X, — hom(0A[n] — A[n], X = Y) is
injective. However, X,, — hom(dA[n] — A[n], X — Y) is a surjective submersion
by the condition of hypercovers. Hence, X,, =hom(9A[n] — A[n], X — Y), which
shows that X — Y as Lie n-groupoids. a

This lemma implies

COROLLARY 3.10. Two Lie n-groupoids X and Y are Morita equivalent as local
Kan simplicial manifolds if and only if they are Morita equivalent as Lie n-groupoids.

THEOREM 3.11. If ¢: X = Y is a hypercover of local Kan simplicial manifolds,
and if Kan(X)y/ ~» is representable, then both tr(Kan(X)) and to(Kan(Y)) are Lie
2-groupoids and the induced map tr(Kan(X)) — to(Kan(Y)) is a hypercover of Lie
2-groupoids.

Proof. We first show that if ¢: K — K’ is a hypercover of Kan simplicial sets
(i.e., if the map in Equation (20) is only assumed to be surjective), then the natu-
ral map

,(K)y > hom(0A[n] — Aln]. 7, (K) — 1,(K')). 7)
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is an isomorphism. Observe that the right-hand side is simply hom(0A[n], K)
X hom(9A[n]. k") hom(A[n], 7,(K")). Thus, we have a commutative diagram

K, hom(0A[n]— Aln], K — K')
| i
o (K)n L hom(@A[n] — Alnl, ta(K) — t(K"),

where — denotes surjective maps. Then f must be surjective because the fact
that f og is surjective implies that f is surjective. Take (8x,,[v,]) € hom(OA[n],
K) Xnhom(a[n].x’) hom(A[n], 7,(K")). If both [x,],[x,] € 7,(K), are mapped to
(8xp, [yn]), that is the boundary Ox, = Ox], = éx, € hom(9A[n], K) and ¢,(x) =

Y™~ Y0~ Yy =¢u(xn), then y, and y, differ by an element y,1 €K _ . Since

K,i1—~hom(OA[n+1]1— Aln+1], K — K'),

is surjective, there exists x,+] such that ¢,41(x,41) =yn+1 and x,, x), differ by x,4.
This proves that [x,]=[x,]€1,(K),. Hence, f is also injective.

If the map p: M — N is surjective and admits local sections at any point in N,
then the pull-back groupoid G| xy N = Gy xyu N is free and proper if and only
if the original groupoid G| = Gg is so. Since this is the case, the isomorphism
Equation (27), when applied to n =2 and K = Kan(X), K’ = Kan(Y), implies
that Kan(Y)/ ~, is representable. Hence, t(Kan(X)) and tw(Kan(Y)) are Lie
2-groupoids by Proposition 2.4.

Now, we only need to verify that the morphism

(Kan(X)), — hom(0A[m] — Alm], o(Kan(X)) — 12(Kan(Y)))

is a surjective submersion for m =0, 1. For m =0, the result is implied by the fact
that Xo— Yy is a surjective submersion. For m =1, by induction, we need to show
that the natural map

X S hom(A[1]1— A[1], X! — YA+, (28)
is a surjective submersion supposing that the same is true for 8. We have
X =xP Uhom(A2,11, X#), ¥ =v/ Uhom(AL2, 11, Y#).

The right hand side of Equation (28) decomposes into two terms 7, I/ according

to the decomposition of Ylﬂ +1,

I =hom(IA[1], XP) xpomanariy.ys) hom(A[1], YF),
11 =hom(OA[1], X#) Xpomeariy.ys) hom(A[2, 1], Y7).
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By the induction hypothesis, X ’13 — [ is a surjective submersion. Furthermore, by
[14, Lemma 2.5] (in the case S=T = A[2, 1], and T' =0A[l]),

hom(A[2, 1], XP)— I1

is a surjective submersion. Thus, Equation (28) is a surjective submersion. a
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