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Notation for categories

e Ab = Z-Mod - category of abelian groups and group homomorphisms between them,
o Algy - category of algebras over a field F and algebra homomorphisms,

e BG - category with a single object ® and Hompg(e,e) = G for a group G,

e Cat - category of small categories and functors between them,

e CAlgy - category of commutative algebras over F and algebra homomorphisms,

e cHaus - category of compact Hausdorff spaces and continuous maps between them,
e CRing - category of commutative rings and ring homomorphisms,

e Field - category of fields and field homomorphisms,

e Grpd - category of groupoids and functors between them,

o G-Set = Set?C - category of (left) G-sets and G-equivariant maps for a group G,

e Int - category of integral domains and injective ring homomorphisms between them,
e Kan - full subcategory of SSet with Kan complexes as objects,

e O(X) for a topological space X - poset category with open subsets U C X as objects and
the partial ordering relation <=C,

e R-Mod - category of modules over a ring R and R-linear maps,

e Rel - category of sets and relations,

e Repp(G) = F[G]-Mod = VectE¢- category of representations of G over F and intertwiners,
e Set - category of sets and maps,

e SSet = Set™” -category of simplicial sets and simplicial maps,

e sSet = Set™in; -category of semisimplicial sets and semisimplicial maps,

e Top - category of topological spaces and continuous maps,

e Top™ - category of pointed topological spaces and basepoint preserving continuous maps,
e Ring - category of unital rings and unital ring homomorphisms,

e Vecty = F-Mod - category of vector spaces over a field F and F-linear maps

e C7 =Fun(J,C) - category of functors F' : 7 — C and natural transformations,

e A - simplex category

e A, - subcategory of A with the same objects and injective monotonic maps as morphisms



1 Background on categories

In this section we summarise the required background on categories, functors and natural
transformations. We also recall important constructions with categories such as (co)products,
adjoints and the Yoneda Lemma.

1.1 Categories, functors and natural transformations

The concept of a category encodes many examples of mathematical structures and structure
preserving maps between them, but it goes beyond them and replaces structure preserving maps
by the more abstract notion of a morphism. The crucial features are that morphisms have a
fixed source and target, can be composed and can be identity morphisms. This generalises the
notions of domain and codomain of structure preserving maps, of their composition and of the
structure preserving identity maps.

Definition 1.1.1: A category C consists of:

e a class ObC of objects,
e for each pair of objects X,Y € ObC a class Hom¢(X,Y) of morphisms,

e for each triple of objects X,Y, Z a composition map
o: Home(Y, Z) x Home(X,Y) — Home (X, Z),

such that the following axioms are satisfied:
(C1) The classes Home (X, Y) of morphisms are pairwise disjoint,

(C2) The composition is associative: fo(goh) = (fog)oh for all morphisms h € Home(W, X),
g € Home(X,Y), f € Home(Y, Z),

(C3) For every object X there is a morphism 1x € Home(X, X), the identity morphism
on X, with Iyo f= fand golx =g for all f € Hom¢(W, X), g € Home(X,Y).

Instead of f € Home(X,Y'), we also write f : X — Y. The object X is called the source of f,
and the object Y the target of f. A morphism f: X — X is called an endomorphism.

A morphism f : X — Y is called an isomorphism, if there is a morphism ¢g : ¥ — X with
go f=1x and fog = 1y. In this case, we call the objects X and Y isomorphic.

Often, one requires that the morphisms between fixed objects form not only a class, but a set.
This is the case in essentially all familiar categories from algebra and topology. Nevertheless,
it is sometimes necessary to relax this condition. In contrast, requiring that the objects of a
category form a set is very restrictive and excludes many familiar and important categories.

Definition 1.1.2: A category C is called

e locally small, if Home(X,Y) is a set for all objects X, Y € ObC,
e small, if it is locally small and ObC is a set.



The following examples of categories are all locally small, but none of them is small.

Example 1.1.3:

1.

The category Set: objects are sets, morphisms are maps. The composition is the composi-
tion of maps, and identity morphisms are identity maps. Isomorphisms are bijective maps.

. The category Top of topological spaces: objects are topological spaces, morphisms are

continuous maps, isomorphisms are homeomorphisms.

. The category Top™ of pointed topological spaces: Objects are pairs (X,z) of a

topological space X and a point x € X, morphisms f : (X,z) — (Y,y) are continuous
maps f: X — Y with f(z) =y.

. The category Top(2) of pairs of topological spaces: Objects are pairs (X, A) of

a topological space X and a subspace A C X, morphisms f : (X,A) — (Y, B) are
continuous maps f : X — Y with f(A) C B. Isomorphisms are homeomorphisms
f:X =Y with f(A) = B.

Many examples of categories we will use in the following are categories of algebraic struc-
tures. This includes the following:

e the category Vecty of vector spaces over a field F:

objects: vector spaces over IF, morphisms: F-linear maps,
e the category Vect{;m of finite dimensional vector spaces over a field F:
objects: finite-dimensional vector spaces over IF, morphisms: F-linear maps,

e the category Grp of groups:
objects: groups, morphisms: group homomorphisms,

e the category Ab of abelian groups:
objects: abelian groups, morphisms: group homomorphisms,

e the category Ring of unital rings:
objects: unital rings, morphisms: unital ring homomorphisms,

e the category Field of fields:
objects: fields, morphisms: field homomorphisms,

e the category Algy of algebras over a field F:
objects: algebras over I, morphisms: algebra homomorphisms,

e the categories R-Mod and Mod-R of left and right modules over a ring R:
objects: R-left or right modules, morphisms: R-left or right module homomorphisms.

e the category R-Mod-S of (R, S)-bimodules:
objects: (R, S)-bimodules, morphisms: (R, S)-bimodule homomorphisms.

In all of the categories in Example the morphisms are maps. A category for which this is
the case is called a concrete category. A category that is not concrete is the category of sets
and relations in Exercise [1] Further examples of non-concrete categories arise from some of the
basic categorical concepts and constructions in the next example.



Example 1.1.4:
1. A small category C in which all morphisms are isomorphisms is called a groupoid.

2. A category with a single object is a monoid and a groupoid with a single object a group.

Group elements are identified with endomorphisms of the object, and the composition of
morphisms is the group multiplication.

More generally, for any object X in a groupoid C, the set End¢(X) = Home (X, X) with
the composition o : Ende(X) X Ende(X) — Ende(X) is a group.

3. For every category C, there is an opposite category C°, which has the same objects as
C, whose morphisms are given by Homeor (X,Y) = Home(Y, X) and in which the order
of the composition is reversed.

4. The cartesian product of categories C, D is the category C x D with pairs (C, D) of ob-
jects in C and D as objects, with Homeyp((C, D), (C', D’)) = Home(C, C") x Homp(D, D')
and the composition of morphisms (h, k) o (f,g) = (ho f,kog).

5. A subcategory of a category C is a category D, such that Ob(D) C Ob(C) is a
subclass, Homp (D, D') C Home(D,D’) for all objects D, D" in D and the composi-
tion of morphisms of D coincides with their composition in C. A subcategory D of
C is called a full subcategory if Homp (D, D’) = Home (D, D’) for all objects D, D’ in D.

6. Quotient categories: Let C be a category with an equivalence relation ~xy on each
morphism set Home (X, Y') that is compatible with the composition of morphisms:
f~xy gand h ~yz k implies ho f ~x z kog.

Then one obtains a category C’, the quotient category of C, with the same objects as
C and equivalence classes of morphisms in C as morphisms.

The composition of morphisms in C’ is given by [h] o [f] = [h o f], and the identity mor-
phisms by [1x]. Isomorphisms in C’ are equivalence classes of morphisms f € Home(X,Y)
for which there exists a morphism g € Home (Y, X) with fog ~yy 1y and go f ~x x 1x.

The construction in the last example plays an important role in classification problems, in
particular in topology. Classifying the objects of a category C usually means classifying them
up to isomorphism - giving a list of objects in C such that every object in C is isomorphic to
exactly one object in this list.

This is possible in some contexts - for instance for the category Vectf;m of finite dimensional
vector spaces over [F. In this case the list contains the vector spaces F" with n € Ny. However, it
is often too difficult to solve this problem in full generality. In this case, it is sometimes simpler
to consider instead a quotient category C’ and to attempt a partial classification.

If two objects are isomorphic in C, they are by definition isomorphic in C’, as any isomorphism
f: X =Y with inverse g : Y — X yields [g] o [f] = [go f] = [1x] and [f] o [g] = [f o g] = [1y].
However, the converse does not hold - the category C’ yields a weaker classification than C.

To relate different categories, one must not only relate their objects but also their morphisms,
in a way that is compatible with source and target objects, the composition of morphisms and
the identity morphisms. This leads to the concept of a functor.



Definition 1.1.5: Let C, D be categories. A functor F': C — D consists of:
e an assignment of an object F'(C) in D to every object C in C,

e for each pair of objects C,C" in C, a map

Home(C, C") — Homp(F(C), F(C")), [+ F(f),

that is compatible with the composition of morphisms and with the identity morphisms

F(go f)=F(g9)o F(f)  Vf € Home(C,C"), g € Home(C', C")
F(lc) = 1F(C) VC € ObC.

e A functor F': C — C is called an endofunctor.

e A functor F : C°? — D is sometimes called a contravariant functor from C to D.

e The composite of two functors F': B — C, G : C — D is the functor GF' : B — D given

by the assignment B — GF(B) for all objects B in B and the maps

Homg(B, B') — Homp(GF(B),GF(B), [+ G(F(f)).

Example 1.1.6:

1.

For any category C, the identity functor ide : C — C that assigns each object and
morphism in C to itself is an endofunctor of C.

. The forgetful functor Vecty — Ab assigns to each vector space the underlying abelian

group and to each linear map the associated group homomorphism. There are analogous
forgetful functors Vectyg — Set, Ring — Set, Grp — Set, Top— Set that assign to each
vector space, ring, group, topological space the underlying set and to each morphism the
underlying map.

. Vector space duals define a functor * : Vectr — Vecty that assigns to

e a vector space V its dual V'*,
e a linear map f: V — W its adjoint f*: W* - V* a— «ao f.

. A group G defines a category BG with a single object, the delooping of G, with

elements of G as morphisms, and with the multiplication of G as the composition.

e Functors F' : BG — Set correspond to G-sets X = F'(e) with the group action
>:GxX =X g>ax=F(g9)(x).

e Functors F' : BG — Vecty correspond to representations of G over F, with the
representation space V = F(e) and p = F(g) : G — AutgV.

. Let ¢ : R — S a ring homomorphism. The restriction functor Res : S-Mod — R-Mod

e sends an S-module (M, >) to the R-module (M, >,) with the pulled back module
structure r >, m = ¢(r) > m.
e sends every S-linear map f: M — M’ to itself.

. Tensor products: Let R be a ring, M an R-right module and N an R-left module.

e The functor M®r— : R-Mod — Ab assigns to
- an R-left module N the abelian group M®grN,
- an R-linear map f : N — N’ the group homomorphism idy;®f : MQrN — MRQrN'.



e The functor —®zrN : R°’-Mod — Ab assigns to

an R-right module M the abelian group M ®gN,

- an R-linear map f : M — M’ the group homomorphism f®idy : MQrN — MrN'.
e The functor ®p : R°’-Mod x R-Mod — Ab assigns to

an R-right module M and an R-left module N the abelian group M®zN,

- an R°-linear map f : M — M’ and R-linear map g : N — N’ the group homomor-
phism f®g: M@rN — M'QrN’.

Note that for commutative rings R, any R-left module is an (R, R)-bimodule and these
functors can be defined to take values in R-Mod instead of Ab.

7. Hom-functors: Let C be a category and C' an object in C.

e The functor Hom(C, —) : C — Set assigns to
- an object C' the set Hom¢(C, C"),
a morphism f : " — C” the map Hom(C, f) : Hom¢(C, C") — Hom¢(C,C"), g — fog.

e The functor Hom(—, C') : C%? — Set assigns to
an object C’ the set Hom¢(C", C),
a morphism f : C" — C” the map Hom(f, C') : Hom¢(C”, C') — Home (C', C), g +— go f.

8. The path component functor 7, : Top — Set assigns to
e a topological space X the set mo(X) of its path components,
e a continuous map f: X — Y the map mo(f) : mo(X) — m(Y), P(x) — P(f(x)).

9. The fundamental group defines a functor 7; : Top* — Grp that assigns to
e a pointed topological space (x, X) its fundamental group m; (z, X),
e a morphism f : (z, X) — (y,Y) of pointed topological spaces the group homomor-
phism m(f) : mi (2, X) = m(y, Y), [v] = [f o ].

10. Abelisation: The abelisation functor F': Grp — Ab assigns to
e a group G the abelian group F(G) = G/|G, G], where [G, G| is the normal subgroup
generated by the set of all elements ghg='h~! for ¢, h € G,
e a group homomorphism f : G — H the induced group homomorphism F(f) :
G/G,G] = H/[H,H], g+ [G,G]— f(g) + [H, H].

There is another structure that relates functors. As a functor F' : C — D involves maps between
the sets Home (C, C”) and Homp(F(C'), F(C")), a structure that relates two functors F, G : C —
D must in particular relate the sets Homp (F(C), F(C")) and Homp(G(C), G(C")). The simplest
way to do this is to assign to each object C' in C a morphism 7n¢ : F(C) — G(C) in D. One
then requires compatibility with the images F'(f) and G(f) for all morphisms f: C'— C” in C.

Definition 1.1.7: A natural transformation n : F' = G between functors F,G : C — D
is an assignment of a morphism ¢ : F(C) — G(C) in D to every object C' in C such that the
following diagram commutes for all morphisms f: C' — C" in C

F(C)—=G(C)
F(f) G(f)
F(C") 2~ ().

A natural isomorphism is a natural transformation n : F' = G, for which all morphisms
nx : F(X) — G(X) are isomorphisms. Two functors that are related by a natural isomorphism
are called naturally isomorphic.
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Example 1.1.8:

1. For any functor F' : C — D the identity natural transformation idp : F' = F with
component morphisms (idp)x = 1px) : F(X) — F(X) is a natural isomorphism.

2. Consider the functors id : Vecty — Vectr and ** : Vecty — Vecty. Then there is a canon-
ical natural transformation can : id = =%, whose component morphisms 7y : V. — V**
assign to a vector v € V' the unique vector v** € V** with v**(a) = «(v) for all « € V*.
It is a natural isomorphism if and only if V' is finite-dimensional.

3. Consider the category CRing of commutative unital rings and unital ring homomorphisms
and the category Grp of groups and group homomorphisms.

Let F': CRing — Grp the functor that assigns to
e a commutative unital ring & the group GL,, (k) of invertible n x n-matrices in k,
e a unital ring homomorphism f : k — [ the group homomorphism

GLn(f) : GLa(k) = GLa(l), M = (mij)ij=1,..n > F(M) = (f(miz))ij=1,.n-

Let G : CRing — Grp be the functor that assigns to
e a commutative unital ring k the group G(k) = k* of units in k,
e a unital ring homomorphism f : £ — [ the induced group homomorphism

G(f) = f|k>< R = 1F.

The determinant defines a natural transformation det : F' — G with component mor-
phisms dety, : GL, (k) = k*, because the following diagram commutes for every unital
ring homomorphism f: k — [

det k

GL,, (k) = k>
GLn(f) lﬂkx

GL, (1) &8s 1,

4. Let G be a group and BG its delooping. Then functors F' : BG — Set are G-sets by

Example|1.1.6] 4. Natural transformations between them are G-equivariant maps.

A natural transformation n : F' = F’ has a single component 7, : F'(e) — F’(e). The
naturality condition states that 7,(g > z) = g >' ne(x) for all g € G, z € X.

Similarly, by Example [1.1.6] 4. functors F' : BG — Vectr are representations of G over
IF, and natural transformations between them are homomorphisms of representations.

Remark 1.1.9:

1. For any small category C and category D, the functors F' : C — D and natural transfor-
mations between them form a category, denoted Fun(C, D) or D¢, the functor category.

The composite of natural transformations n : ' = G and x : G = H is the natural trans-
formation kon : F' = H with component morphisms (kon)x = kxonx : F(X) - H(X)
and the identity morphisms are the identity natural transformations 1p =idp : F = F.
If C is a category that is not small, the functor category D¢ is defined analogously, but
no longer locally small.
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2. Natural transformations can be composed with functors.

If F,F' : C — D are functors and n : F' = F’ a natural transformation, then for any
functor G : B — C one obtains a natural transformation nG : FG = F'G with component
morphisms (nG)p = ) : FG(B) — F'G(B). Similarly, any functor £ : D — £ defines
a natural transformation En: EF = EF' with (En)c = E(nc) : EF(C) — EF'(C).

The notions of natural transformations and natural isomorphisms are particularly important
as they allow one to generalise the notion of an inverse map and of a bijection to functors. An
inverse of a functor F' : C — D is by definition a functor G : D — C with GF = id¢ and
FG =idp, and an isomorphism of categories is a functor F': C — D with an inverse.

However, it turns out that there are very few examples of functors with an inverse. A more
useful generalisation is obtained by weakening this requirement. Instead of requiring FG = idp
and GF' = id¢, one requires only that these functors are naturally isomorphic to the identity
functors. This leads to the concept of an equivalence of categories.

Definition 1.1.10: A functor F': C — D is called an equivalence of categories if there is
a functor G : D — C and natural isomorphisms k : GF' = id¢ and n : FG = idp. In this case,
the categories C and D are called equivalent.

Sometimes it is easier to use a more direct characterisation of an equivalences of categories
in terms of its behaviour on objects and morphisms. This is the categorical equivalent of the
statement that a map between sets is an isomorphism if and only if it is injective and surjective.
The proof of the following lemma makes use of the axiom of choice and can be found for instance
in [K], Chapter XI, Prop XI.1.5.

Lemma 1.1.11: A functor F': C — D is an equivalence of categories if and only if it is:
1. essentially surjective:

for every object D in D there is an object C' of C such that D is isomorphic to F/(C).

2. fully faithful:
all maps Home(C, C") — Homp(F(C), F(C")), f +— F(f) are bijections.

Example 1.1.12:

1. The category VectFm of finite-dimensional vector spaces over F is equivalent to the
category C, whose objects are non-negative integers n € Ny, whose morphisms f : n — m
are m X n-matrices with entries in I and with the matrix multiplication as composition.

2. The category Set/™ of finite sets is equivalent to the category Ord/™, whose objects are
finite ordinal numbers [n] = {0,1,...,n — 1} for all n € Ny and whose morphisms
f :[m] — [n] are maps f : {0,1,...,m — 1} — {0,1,...,n — 1} with the composition of
maps as the composition of morphisms.

1.2 Universal properties and adjoint functors

Many concepts and constructions from algebra or topology can be generalised straightforwardly
to categories. This works, whenever it is possible to characterise them in terms of universal
properties involving only the morphisms in the category.
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These universal properties are associated with adjoint functors, pairs of functors F': C — D
and GG : D — C that define natural bijections between morphism spaces in the two categories
Hom¢(C,G(D)) = Homp(F(C), D). These natural bijections encode the universal properties.

In particular, there are concepts of a categorical product and coproduct that generalise cartesian
products and disjoint unions of sets and products and sums of topological spaces. We treat
products and coproducts as an example that illustrates the use of universal properties. Many
more examples of universal properties are given in the following chapters.

Definition 1.2.1: Let C be a category and (C});cr a family of objects in C.

1. A product of the family (C;);e; is an object Il;c;C; in C together with a family of
morphisms m; : II;c;C; — C;, such that for all families of morphisms f; : W — C; there
is a unique morphism f : W — II;c;C; such that the diagram

3!
W-- iHjeIC’j (1)
fi l“
Ci

commutes for all ¢ € I. This is called the universal property of the product.

2. A coproduct of the family (C;);e; is an object II;c;C; in C with a family (¢;);e; of
morphisms ¢; : C; — I;¢;C;, such that for every family (f;);e; of morphisms f; : C; = Y
there is a unique morphism f : II;c;C; — Y such that the diagram

3!
Y <Lne,0; (2)
fi ]Li
Ci

commutes for all 7 € I. This is called the universal property of the coproduct.

Remark 1.2.2: Products or coproducts do not necessarily exist for a given family of objects
(Ci)ier in a category C, but if they exist, they are unique up to unique isomorphism:

If (ILerCy, (mi)ier) and (I, C;, (7))ier) are two products for a family of objects (C;)ier in C,
then there is a unique morphism 7' : I, C; — Il;¢;C; with m; o’ = 7 for all 7 € I, and this
morphism is an isomorphism.

By the universal property of the product Il;c;C; applied to the family f; := = : II},C; — Cj,
there is a unique morphism 7’ : II}.;C; — Il;¢;C; such that m; o’ = 7] for all ¢ € I . Similarly,
the universal property of II;_;C; implies that for the family of morphisms m; : ILic;C; — C;
there is a unique morphism 7 : IL;c;C; — Il ;C; with 7} o m = m; for all ¢ € I. It follows
that 7’ o m : IL;c;C; — Iie;C; is a morphism with m;omon’ = wlonm = m; for all ¢ € [.
As the identity morphism on II;c;C; is another morphism with this property, the uniqueness
implies 7’ o = 1y, ;. By the same argument one obtains 7 o 7' = 1p;_ ¢, and hence 7 is an
isomorphism with inverse 7.
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Example 1.2.3:

1. The cartesian product of sets is a product in Set, and the disjoint union of sets is
a coproduct in Set. The product of topological spaces is a product in Top and the
topological sum is a coproduct in Top. In Set and Top, products and coproducts exist
for all families of objects.

2. The direct sum of vector spaces is a coproduct and the direct product of vector spaces
a product in Vecty. More generally, direct sums and products of R-left (right) modules
over a unital ring R are coproducts and products in R-Mod (Mod-R). Again, products
and coproducts exist for all families of objects in R-Mod (Mod-R).

3. The wedge sum is a coproduct in the category Top® of pointed topological spaces. It
exists for all families of pointed topological spaces.

4. The direct product of groups is a product in Grp and the free product of groups is a
coproduct in Grp. They exist for all families of groups.

In particular, we can consider categorical products and coproducts over empty index sets /. By
definition, a categorical product for an empty family of objects is an object T" = Il such that
for every object C' in C there is a unique morphism to : C' — T'. Similarly, a coproduct over
an empty index set [ is an object I := Il in C such that for every object C' in C, there is a
unique morphism ¢¢ : I — C. Such objects are called terminal and initial objects in C. Initial
and terminal objects need not exist in every category C, but if they exist they are unique up
to unique isomorphism by the universal property of the products and coproducts.

An object that is both, terminal and initial, is called a zero object or null object. If it exists,
it is unique up to unique isomorphism. It also gives rise to a distinguished morphism, the zero
morphism 0 = icr ot : C — C', between any two objects C, C” in C.

Definition 1.2.4: Let C be a category. An object X in a category C is called:
1. A final or terminal object in C is an object T" in C such that for every object C' in C
there is a unique morphism to : C' — T

2. A cofinal or initial object in C is an object I in C such that for every object C' in C
there is a unique morphism ic : I — C,

3. A null object or zero object in C is an object 0 in C that is both final and initial: for
every object C' in C there are a unique morphisms t¢ : C' — 0 and i : 0 — C.

4. If C has a zero object, then the morphism 0 = i¢rotc : C — 0 — (' is called the trivial
morphism or zero morphism from C to C".
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Example 1.2.5:

1.

The empty set is an initial object in Set and the empty topological space an initial object
in Top. Any set with one element is a final object in Set and any one point space a final
object in Top. The categories Set and Top do not have null objects.

. The null vector space {0} is a null object in the category Vectr. More generally, for any

ring R, the trivial R-module {0} is a null object in R-Mod (Mod-R).

. The trivial group G = {e} is a null object in Grp and in Ab.

. The ring Z is an initial object in the category Ring, since for every unital ring R, there

is exactly one ring homomorphism f : Z — R, namely the one determined by f(0) = Og
and f(1) = 1g. The zero ring R = {0} with 0 = 1 is a final object in Ring, but not an
initial one. The category Ring has no zero object.

. The category Field does not have initial or final objects. As any ring homomorphism

f: F — K between fields is injective, an initial object in Field would be a subfield of all
other fields, and every field would be a subfield of a final field. Either of them would imply
that each field has the same characteristic as an initial or final field, a contradiction.

Universal properties of algebraic constructions such as products and coproducts, freely gener-
ated modules or abelisation of groups, are encoded in adjoint functors. These are pairs of func-
tors F' : C — D and G : D — C that yield natural bijections Hom¢(C, G(D)) = Homp(F(C), D)
between the morphism spaces in the two categories. These bijections state the universal prop-
erties of the constructions.

Definition 1.2.6: A functor F' : C — D is called left adjoint to a functor G : D — C
and G right adjoint to F, F' 4 G, if the functors Hom(F(—),—) : C®” x D — Set and
Hom(—,G(—)) : C? x D — Set are naturally isomorphic.

In other words, there is a family of bijections ¢cp : Home(C,G(D)) — Homp(F(C), D),
indexed by objects C'in C and D in D, such that the diagram

Hom(f,G(g))

HOHIC(O, G(D)) h—G(g)ohof

l(ﬁc,D

Homp(F(C), D)

mc(l(f’, G(D)) (3)
dct,pr

Hon N o (F(CY), D).

h—gohoF(f)

commutes for all morphisms f:C" - C inCand g: D — D’ in D.

Example 1.2.7:

1.

Forgetful functors and freely generated modules:
For a ring R, the forgetful functor G : R-Mod — Set is right adjoint to the functor
F : Set =+ R-Mod that assigns to

e a set A the free R-module F(A) = (A)r generated by A,
e amap f: A— B the R-linear map F(f): (A)r — (B)r with F(f)ota =1tpo f.
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Proof:

For every map f: A — M from a set A into an R-module M, there is a unique R-linear
map (f)r: (A)r — M with (f)gr o ta = f for the inclusion ¢4 : A — (A)g, a — a. This
defines bijections

¢aum : Homse (A, G(M)) — Homp-wmoa(F(A), M),  f = (f)r
For all maps f: A" — A, h: A — M and R-linear maps g : M — M’ we have

go(hroF(f)otn =go(h)goraof=gohof=(gohoflrora.
This implies (goho fyr =go (h)ro F(f). O

. Discrete and indiscrete topology:
The forgetful functor F' : Top — Set is left adjoint to the indiscrete topology functor
I : Set — Top that assigns to

e a set X the topological space (X, O;,4) with the indiscrete topology,

e amap f: X — Y the continuous map [ : (X, Osa) = (Y, Ojna).

The forgetful functor F' : Top — Set is right adjoint to the discrete topology functor
D : Set — Top that assigns

e to a set X the topological space (X, Ogs.) with the discrete topology,

e toamap f: X — Y the continuous map f : (X, Ogsc) = (Y, Ouise)-

The bijections between the Hom-Sets are

Qw,0),x : Hompep (W, O), (X, Oina)) = Homge (W, X),  f= f
(I)X,(W,O) : HomSet(X7 W) — HomTop((Xy Odisc)a (W7 O))) f = f

The statement that these are bijections expresses the fact that any map f: W — X from
a topological space (W, O) into a set X becomes continuous when X is equipped with the
indiscrete topology and any map f : X — W becomes continuous when X is equipped
with the discrete topology. The naturality condition in follows directly.

. Forgetful functors without left or right adjoints:
The forgetful functor V' : Field — Set has no right or left adjoint. If it had a left adjoint
F: Set — Field or a right adjoint G : Set — Field there would be bijections

Py x : Homge (0, K) — Hompiea (F(0), F). Pp g0y : Hompiea(F, G({z})) — Homge (F, {z})

for any field F. This would imply that F'(()) is an initial object in Field, a subfield of any
other field F, and that G({x}) is a terminal object in Field, a field containing any field F
as a subfield. This would require char F = char F(()) = char G({z}) for all fields F.

. Inclusion functor and abelisation: The inclusion functor G : Ab — Grp is right
adjoint to the abelisation functor F': Grp — Ab from Example [1.1.6] 10. (Exercise [3)).

. Products, coproducts and diagonal functors:
e Let C be a category and I a set such that products and coproducts in C exist for all
families of objects indexed by I.

e Let C; be the category with families (C});e; of objects in C as objects and families
(fi : C; = C);er of morphisms in C as morphisms, with componentwise composition.
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e Let A : C — C; be the diagonal functor that assigns to an object C' and a morphism
f:C — C"in C the constant families (C');e; and (f)es-

e Let II; : C; — C be the product functor that assigns to a family (C;);e; the product
HZ»E]C’Z- and to a famlly (fi)ie] : (Ci)ie[ — (Cz/)’LEI the morphism Hie[fi : HieIC’i — HIE[C{
with 7} o (ILier fi) = fi o m; induced by the universal property of the product.

e Let IT; : C; — C be the coproduct functor that assigns to a family (C;);c; the coproduct
Hz’GICi and to a famlly (fi)ie] : (Ci>i€1' — (C{)Zej the HlOI‘phiSHl Hie[fi : HieICi — Hi€[C£
with (I;er f;) o t; = ¢ o f; induced by the universal property of the coproduct.

Then I1; : C; — C is right adjoint to A and II; : C; — C is left adjoint to A. The bijections
between the Hom-sets are given by

Qe 0)ier : Home (C, i Cy) — Home, ((Cier, IicrCs),  f = (mio fier
D, o - Home(ig Gy, ©) — Home, ((Ciier, (Clier), [ (f o ti)ier-

The universal property of the (co)product implies that they are bijections, and a short
computation shows that they satisfy the naturality condition in ({3)).

. Tensor products and Hom-functors:
e For any R-right module M, the functor M®g— : R-Mod — Ab is left adjoint to the
functor Hom(M, —) : Ab — R-Mod.

e For any R-left module N the functor — @z N : R°?-Mod — Ab is left adjoint to the
functor Hom(N, —) : Ab — R°?-Mod.

Proof:
We prove the claim for R-right modules M. For an abelian group A and R-left module L
we equip Hompp (M, A) with the R-module structure (r > ¢)(m) = ¢(m < r) and define

QbL,A : HOHIR_MOd(L, HOHlAb(M, A)) — HOHlAb(M KRR L, A)
¥ L — Homap (M, A), 1 — 1y = X M®gL — A, m®L— Y (m).
The map x : MRgL — A, m®l — ;(m) is well defined, since the R-linearity of the
map 1 : L — Homuy (M, A) implies that x' : M x L — A, (m,l) — ¢;(m) is R-bilinear:
X'(m,r>1) = Ye(m) = (r>)(m) = hi(m<ar) =x'(m<rl) forallr e Ryl € L
and m € M. By the universal property of the tensor product, it induces a unique group
homomorphism y : M @z L — A with x(m®l) = x'(m,[). The inverse of ¢, 4 is given by

QSZ}A : Homap(M ®gr L, A)  — Hompg nmoq(L, Homap (M, A))
X: M®pL — A, — 1 L — Hompy(M, A), I — i with ¢y(m) = x(m ®1).
As we have ¢, (m) = x(m® (r>1)) = x((m<r)®@1) = (m <r), the map 1), is indeed

R-linear, and a short computation shows that the diagram commutes for all R-linear
maps [ : L' — L and all group homomorphisms g : A — A’. O

. Restriction, induction and coinduction:
Let ¢ : R — S be a ring homomorphism and Res : S-Mod — R-Mod the restriction
functor from Example [1.1.6] 5. that sends

e an S-module (M, >g) to the R-module (M, >g) with r >pm = ¢(r) >gm,
e cvery S-linear map f : M — M’ to itself.
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The induction functor Ind = S ®z — : R-Mod — S-Mod is left adjoint to Res. It sends
- an R-module M to the S-module Ind(M) = S ®r M with s> (s'®@m) = (ss')@m,

- an R-linear map f: M — M’ to the S-linear map Ind(f) = ids ® f.

The coinduction functor Coind = Homg(S, —) : R-Mod — S-Mod is right adjoint to
Res. It sends

- an R-module M to the S-module Hompg(S, M) with (s> f)(s') = f(s" - s),

- an R-linear map f: M — M’ to Homg(S, f) :g— fog.

Proof:

To see that Ind is left adjoint to Res, note that the (.S, R)-bimodule structure on S given
by s> s =s-s and s <r = s ¢(r) defines an S-left-module structure on the abelian
group S®rM given by s> (s'@m) = (s - s")®@m. For all R-modules M and S-modules N
the group homomorphisms

dun : Homp(M,Res(N)) — Homg(Ind(M), N), dun(f)(s@m) =s> f(m)
Yun - Homg(Ind(M), N) — Homp(M, Res(N)), Yun(g)(m) = g(lom).

are mutually inverse and hence bijections. To prove that the diagram commutes, we
compute for all R-linear maps f: M' — M, h: M — N and S-linear maps g : N — N’

go dmn(h) o (ids@f)(s @m') = go dun(h)(s@f(m')) = g(s>ho f(m'))
= s> (goho f(m)) = ¢ n(goho f)(s@m).
To show that Coind is right adjoint to Res we consider the ring S with the R-left module

structure r > s := ¢(r) - s and the abelian group Hompg(S, M) with the S-left module
structure (s> f)(s') = f(s' - s) and note that the maps

¢m,n - Homp(Res(N), M) — Homg(N, Hompg(S, M)), omun(f)(s) = f(s>n)
Yy N - Homg(N, Hompg(S, M)) — Hompg(Res(N), M), Yun(g)(n) =g(n)(1).

are mutually inverse and hence bijections. A short computation shows that ¢, y makes
the diagram commute. O

. Induction, coinduction and forgetful functor:

For every ring S, the induction functor Ind = S®z— : Ab — S-Mod is left adjoint and
the coinduction functor Coind = Homg(S,—) : Ab — S-Mod is right adjoint to the
forgetful functor Res : S-Mod — Ab.

This is Example [1.2.7] 7. for R = Z, where Res : S-Mod — Ab is the forgetful functor.

These examples show that adjoint functors arise in many contexts in algebra and topology and
are often related to certain canonical constructions such as forgetful functors, freely generated
modules or tensoring over a ring. Example 3. shows that a functor need not have left and
right adjoints. However, it seems plausible that if they exist, left or right adjoint functors should
be unique, at least up to natural isomorphisms. To address this, we work with an alternative
characterisation of left and right adjoints in terms of natural transformations.

Proposition 1.2.8: A functor F' : C — D is left adjoint to G : D — C if and only if there
are natural transformations ¢ : FG = idp and 7 : id¢ = GF, the unit and counit of the
adjunction, such that

(Ge) o (nG) = idg, (eF) o (Fn) = idp. (4)
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Proof:
1. Let F': C — D be left adjoint to G : D — C. Then there are bijections

¢G(D),D : Homc(G(D), G(D)) — HOHI'D(FG(D), D)
b vy - Homp(F(C), F(C)) — Home(C,GF(C)).

We define the natural transformations € : FF'G = idp and 7 : id¢ = GF' by specifying their
component morphisms:

ep = ¢a),p(law)) : FG(D) = D 1o = ¢g gy (1re) : C = GF(C).
The commuting diagram in Definition implies
¢cr.p(G(g) o ho f) =gogcp(h)o F(f)

for all morphisms h : C — G(D), f : C" — C and g : D — D'. Tt follows that for every
morphism k : D — D’ in D:

ED/ (@] FG(]{I) - qu(D’),D’(]-G(D/)) @) FG(]{:) qu(D),D(lG(D/) o] G(k)) - qu(D),D(G(k))
3
= ¢ap),p(G(k) o lapy) = ko dapy.p(lawm)) = ko ep.

This shows that the morphisms ep : FG(D) — D define a natural transformation € : FG — idp.
Diagram then implies for all objects C' in C

€p(C) © F(Uc). darey,re)(larc)) © (¢CF y(Lr)))
do.r(c (1GF (©) © bopcy(1F(©))) = Pcr©c) © Popc)(Lr) = 1r(c).

The proofs for 7 : ide = GF and of the identity G(ep) o ng(py = le(p) are analogous.

2. Let € : FG = idp and n : id¢ = GF be natural transformations that satisfy . Consider
for all objects C'in C und D in D the maps

¢c,p = Hom(1p(cy, €p) o F' : Home(C, G(D)) — Homp(F(C'), D), f+— epo F(f)
Ye,p = Hom(ne, 1gpy)) o G : Homp(F(C), D) — Home(C,G(D)), g+ G(g)onc.

Then we have for all morphisms f: C' — G(D) inC and g : F(C) — D in D
vep o ¢ep(f) = Glep) o GF(f) one ™ Glep) o naw) o fe D
b0 0 Yenlg) = ep o FGlg) o F(ne) ™ g0 exey o Flnc) & g
This shows that ¥cp = ¢g', and ¢op : Home(C,G(D)) — Homp(F(C), D) is a bijection.

To verify that the diagram in Definition commutes, consider morphisms f : ' — C,
h:C— G(D)inC and g: D — D’ in D and compute

dcrp(G(g)oho f)=ep o FG(g) o F(h)o F(f) = goepoF(h)o F(f) = go¢cp(h)o F(f).

O

Theorem 1.2.9: Left and right adjoint functors are unique up to natural isomorphisms.
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Proof:

Let F,F' : C — D be left adjoint to G : D — C. Then by Proposition there are natural
transformations € : FG = idp, n:ide = GF and € : F'G = idp, i : ide = GF" satisfying ().
Consider the natural transformations k = (eF’') o (Fn/): F = F', k' = (€F)o (F'n): F' = F
with component morphisms k¢ = €y 0 F(n) and ki, = 6%(0) o F'(nc). Then ke und kg, are
inverse to each other since

def K ) mnatr’

Kooko = epcyo F(np) ok = erc) o kgpicy © F' ()

def x’ nat e’

= ep(c) © Crare) © F (arc) © F'() "= €pey 0 F'Glercy) o F'(nar(c)) © F'(n))
[ @

= epicy © F'(Gler (o)) o naroy) © F'(ne) 8 €rcy © F'(ne) 8 Lrc)s

and an analogous computation yields s o ko = 1p(). This shows that x and &’ are natural
isomorphisms and that I is naturally isomorphic to . The proof for right adjoints is analogous.
O

1.3 Hom functors and the Yoneda lemma

Besides identity functors and constant functors, the Hom functors are the only functors that
arise directly from the definition of a category and are defined for all categories. They play a
special role, as they allow one to relate and translate claims for a category C to claims in Set.
They are also important in relation to adjoint functors.

Definition 1.3.1: Let C be a category. The Hom functors for an object C' € ObC there are
functors Hom(C, —) : C — Set and Hom(—, C) : C°? — Set that assign

e to an object the sets of morphisms Hom¢(C, D) and Home(D, C),
e to a morphism f: D — D’ the maps

Hom(C, f) : Home(C, D) — Home(C, D'),  Hom(f,C) : Home (D', C) — Home(D, C),
g—fog gr—golf.

Given a functor F' : C — Set or F' : C® — Set one might ask if this functor is naturally
isomorphic to a Hom functor for an object C' € ObC. If this is the case, then it singles out
an object in C with special properties. Obvious functors to consider are the forgetful functors
V : C — Set in concrete categories.

Definition 1.3.2: Let C be a category.
1. A functor F' : C — Set is called representable, , if there is an object C € Ob(C, a
representing object of F', and a natural isomorphism 7 : Hom(C, —) = F.

2. A functor F : C°? — Set is called representable, if there is an object C' € ObC(, a
representing object of F', and a natural isomorphism 7 : Hom(—,C) = F.
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Example 1.3.3:

1. The identity functor idse : Set — Set is representable with the singleton set {e} as
representing object.

Proof:
The maps 7y : Homge ({0}, X) — X, f +— f(e) for every set X define a natural isomor-
phism 7 : Hom({e}, —) — idge. As all maps g : X — X’ the satisfy the identities

gonx/(f)=g(f(e)) =nx/(go f) =nx(Hom({e},g)(f)) = nx o Hom({e}, g)(f),

one has the commuting diagram for a natural transformation

nx:f—f(e)

Homge ({0}, X) —— X
Hom({°}7f):ngogj 9
/ /
Homset({.}, X ) me(.)X .

O
2. The forgetful functor V' : Top — Set is representable with the singleton space {e} as
representing object.

Proof:

This follows, because continuous maps ¢ : {e} — X are in bijection with points = € X.
The maps nx : Homp,,({®},X) — X, f — f(e) then define a natural isomorphism
n: Hom({e}, —) = V. O

3. The forgetful functor V : R-Mod — Set is representable with the ring R as a left module
over itself as representing object.

Proof:

Any R-linear map f : R — M satisfies f(r) = f(r>1) = r> f(1) for all r € R and
hence is determined uniquely by f(1) € M. The maps 7y, : Homg(R, M) — M, f — f(1)
define a natural isomorphism 7 : Hompg yoq(R, —) — V, because one has for all R-linear
maps g : M — M’

nae o Hom(R, f)(g) = nu(f o g) = f(9(1)) = f(nu(9)) = [ onm(g),

and this yields the commuting diagram for a natural transformation

narfr=f(1)

HomR_Mod(R, M) —_— M
Hom(R,f):ngogl g
HOHlR_MOd(R, M/) —_— M’

i f (1) .

4. The forgetful functor V : Grp — Set is representable with representing object Z.

Proof:

This follows, because any group homomorphism f : Z — G is determined uniquely
by f(1). This yields a bijection between group homomorphisms f : Z — G and ele-
ments of G. The maps ng : Homg,,(Z,G) — G, f — f(1) define a natural isomorphism
n:Hom(Z,—) = V. O
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5. The forgetful functor V' : URing — Set is representable with the polynomial ring Z[x] as
representing object. (Exercise)

The definition of a representable functor F' : C — Set and the examples raise the question
about the uniqueness of the representing object C' and the associated natural isomorphism
n : Hom(C, —) = F. We will see that the former follows from the latter and investigate the
uniqueness of natural transformations 7 : Hom(C, —) = F. It is clear that any such natural
transformation has a special component morphism, namely the map n¢ : Home(C, C) — F(C),
and a distinguished morphism in its domain, the identity morphism 1o € Home(C, C). It turns
out that its image determines 1 completely, due to naturality.

Theorem 1.3.4: (Yoneda-Lemma) Let C be locally small.
Let F': C — Set be a functor and C' € ObC. Then natural transformations n : Hom(C, —) = F
form a set M p = Homgyc(Hom(C, —), F') and the Yoneda map is a bijection

Y : Mgp — F(C), n~ne(le)

Proof:
1. Injectivity of the Yoneda map:

A natural transformation 1 : Hom(C,—) = F defines maps ¢ : Home(C,C") — F(C") for
C" € ObC, such that the following diagram commutes for every morphism f : C" — C”
Home(C, C") £~ F(C")
g—fog F(f)
Home (C, C") X~ F(C").
Setting C' = C" and g = 1¢ € Home(C, C) yields

ne(f) = F(f)onc(le)  Vf € Home(C,C").

This shows that ne : Home(C, C") — F(C”) is uniquely determined by F' and n¢(1¢). Hence,
the Yoneda map Y : M p — F(C) is injective.

2. Surjectivity of the Yoneda map:
To show that the Yoneda map is surjective, we construct for every element ¢ € F'(C') a natural
transformation 7 : Hom(C, —) = F with 7¢(1¢) = ¢. We define the component morphisms

7 : Home(C, C") — F(C"), hw— F(h)(c),

which satisfy 7¢(1¢) = F(1¢)(c) = 1pc)(c) = idpey(c) = ¢. The morphisms 7¢ define a natural
transformation if and only if the following diagram commutes for all morphisms f: C" — C”

Ter:h—F(h)(c

Home(C, ¢7) 2220 poon
h»—>fohl lF(f)
Hom¢(C, C") F(cm).

To! kHF(k) (C)

This follows by a direct computation: F(f)(F(h)(c)) = (F(f) o F(h))(c) = F(f o h)(c) and
shows that the Yoneda map is surjective. O
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Corollary 1.3.5: Let C be a category.

1. The functors Hom(C, —), Hom(C’, —) : C — Set for C, C" € ObC are naturally isomorphic
if and only if the objects C' and C’ are isomorphic.

2. If F:C — Set is representable, its representing object is unique up to isomorphism.
3. Analogous claims hold for the functors Hom(—, C) : C%* — Set and F : C°? — Set.

Proof:
1. Every isomorphism € : C' — C’ defines bijections

np : Home(C, D) — Home(C', D), g — goe™ ! 7751 : Home(C', D) — Home(C, D), g — goe,

for all objects D in C. They form a natural isomorphism 7 : Hom(C, —) = Hom(C", —), because
the following diagram commutes for all morphisms f: D — D’
s goe—1

Home(C, D) "2 Home(C', D)

Hom(C,f):lngog Hom(C”,f):Lg»—)fog

Home (C, D') "% Home (C7, D).
Conversely, any natural isomorphism 7 : Hom(C, —) = Hom(C", —) defines an isomorphism
f=n5(1c): C— C" with inverse f~' =nc(1c) : €' — C, because the diagrams

—1

Home(C, C) —<~ Home(C", C) HomC(C’,C’)LHomC(C’, )
Hom(af):lngog Hom(C/,f):lngog anc(lc)ogl LanC(lC)Og
Home(C, ") —— Home(C”, C"). Hom¢(C", C') —= Home (C, C).
Yle;

commute by naturality of 7. Evaluating the diagram on the left on 1o € Home(C, C') and the
diagram on the right on 1¢» € Home(C”, C") yields

fonc(le) =ne(fole)=nc(f) =1l
ne(le) o f =mne(le) ong! (ler) = ne' (ne(le) o 1) = 16! (ne(le)) = lo
This shows that f: C'— C’ is an isomorphism with inverse f~! = nc(1¢) : ¢ — C.

2. If C,C" are both representing objects of F' : C — Set, there are natural isomorphisms
n : Hom(C,—) = F und 7’ : Hom(C’, —) = F’. Because they define a natural isomorphism
7't on: Hom(C, —) = Hom(C’, —), claim 1. implies C' = C". O

This Corollary and the Yoneda lemma are useful, because they translate claims about functors
and natural transformations into claims about morphism sets. They can be applied whenever
functors are characterised by claims about sets of morphisms. To illustrate this, we give an
alternative proof of the uniqueness of adjoints with the Yoneda lemma.

Corollary 1.3.6:
If a functor F': C — D has a left or right adjoint, it is unique up to natural isomorphisms.
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Proof:
Let F, F' : C — D left adjoint to G : D — C with bijections

P p : Home(C,G(D)) — Homp(F(C), D) ®f, p : Home(C, G(D)) — Homp(F'(C), D)
as in Definition for all C' € ObC and D € ObD. This yields bijections
) = o p 0 ¢k, : Homp(F(C), D) — Homp(F'(C), D).

Because the isomorphisms ¢¢ p and ¢, p satisfy the naturality conditions in Definition |1.2.6}
the following diagram commutes for all morphisms f: D — D" in D

)

®cip 0 p ,
Homyp(F(C), D) —= Hom¢(C, G(D)) — Homp(F'(C), D)
Hom(F(C)J):ngogl ) QHG(f)Ogl Hom(F’(C),f):ngogl
-t o,
Homp(F(C), D) —=2 Home(C, G(D')) —= Homp(F'(C), D').

\_/

"

This shows that for every C' € ObC the morphisms 77530) define a natural isomorphism

@ : Hom(F(C), =) = Hom(F'(C), =), 0% = ¢pp o b5l

By the proof of Corollary [1.3.5| the morphisms 7o = 'r]%c)c (1pey) : F'(C) = F(C) are isomor-
phisms, and the naturality condition from Definition @ implies that the following diagram
commutes for all morphisms f : C" — C

oS

1 ,

D o D
Homp (F(C), D) —> Home(C, G(D)) —= Homp (F'(C), D)
gHgoF(f)j gHgOfl gHgoF’(f)j
<I>7,1D @, D
Homp (F(C'), D) ——% Home (C', G(D)) ——= Homp (F'(C"), D).

\/

s
Setting D = F(C') and g = 1p(¢) yields with the naturality condition from Definition m

7e 0 F'(f) = nlgicy (Lrey 0 F(f)) = mlicy (F(f) © Lrien) = F(f) o nlgion (Lrien) = F(f) 0 e,

This shows that the isomorphisms 7¢ : F'(C') — F(C') form a natural isomorphism 7 : F' = F.
O

References:

e Chapters I, III and IV in Mac Lane, S. (2013) Categories for the working mathematician,
e Chapters 1 and 2 in Richter, B. (2020) From categories to homotopy theory,
e Chapters 1,2 and 4 in Riehl, E. (2017) Category theory in context.
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2 Limits and Colimits

2.1 (Co)limits: definitions and examples

Limits and colimits are ubiquitous in category theory. Limits are generalisations of categorical
products and pullbacks. The dual concept, colimits, generalises categorical coproducts and
pushouts. Limits and colimits associate to given categorical data - certain families of objects in
a category C and morphisms between them - a distinguished object, the limit or colimit, and a
family of distinguished morphisms with a universal property.

The given categorical data can be viewed as a functor F' : J — C from a category J that
encodes the combinatorics of the given objects and morphisms. Often, the category J is small
and rather trivial. It determines the shape of the diagram for the universal property. The functor
F : J — C is therefore called a diagram. Limits and colimits can then be viewed as optimal
approximations of the diagram F' : J — C by constant functors.

We start by considering constant functors F' : J — C and natural transformations between
them. Such functors and natural transformations are defined, respectively, by a choice of an
object and a morphism in C and define a functor from C to the functor category C.

Definition 2.1.1: Let J,C be categories. The embedding functor A : C — C7 sends

e C € ObC to the constant functor A(C) : J — C with A(C)(J) = C and A(C)(j) = 1¢
for all objects J and morphisms j in 7,

e fcHome(C,C") to the constant natural transformation A(f): A(C)= A(C") with
component morphisms A(f); = f:C — C’ for all J € ObJ.

The only sensible interpretation of an approximation of a functor F' : J — C by a constant
functor A(C) : J — C is a natural transformation between them. The constant functor A(C)
is either the source or the target of this natural transformation. In the first case, one calls
the natural transformation a cone over F', in the second a cocone or a cone under F. The
component morphisms of the natural transformation are called [egs.

The name cone originated in topology, where constructions involving topological cones give rise
to categorical cones. One can also justify it by viewing the images of objects and morphisms in
J under F' as a diagram in a plane. If the object C' is placed above the plane, the component
morphisms of the natural transformation correspond to downward arrows from C' to the vertices
in the plane and form a cone. Cocones are the dual concept and hence correspond to an object
C' below this plane with arrows pointing downwards towards C'.

Definition 2.1.2: Let C, J be categories. A diagram of shape 7 in C is a functor F' : 7 — C.

1. A cone over a diagram F' : J — C with apex C' € ObC is a natural transformation
A A(C) = F: a family of morphisms A\; : C' — F(J) indexed by ObJ such that
F(j) o Ay = Ay for all morphisms j:J — J" in J

C
2N
() FLT).

F(J)

F
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2. A cone morphism from A : A(C) = F to p: A(C') = F is a morphism f : C' — '

with o A(f)

=\

C
|s
AJ Cl )\J/
1234 Kyt
F(J) e F(J)

3. A cocone under a diagram F': J — C with nadir C' € ObC is a natural transformation
A F = A(C): a family of morphisms A\; : F(J) — C indexed by ObJ such that
Ayo F(j) = Ay for all morphisms j:J — J in J

4. A cocone morphism from A\ : F = A(C) to u: F = A(C") is a morphism f : C' — C’

with A(f)o A = p.

F(J F(J

N7

~—

We denote by (co)cone(F') the category of (co)cones for a diagram F' : J — C and (co)cone

morphisms between them.

We now define a limit of a functor F': J — C as a cone over F' that approximates F' as closely
as possible from above. Approximation by any other cone must give rise to a cone morphism
from that cone to the limit. Thus, we define a limit as a terminal object in the category cone(F).
Dually, a colimit of F'is a cocone that approximates F' as closely as possible from below and is
defined as an initial object in the category cocone(F).

Definition 2.1.3:

Let F': J — C be a diagram.

1. A limit of F' is a terminal object in the category cone(F'): a cone A : A(lim F') = F such
that for every cone p : A(C') = F there is a unique cone morphism f : C' — lim F.

¢
E;
Hy Y Mgt
lim F
% A
F(J) i F(J)
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2. A colimit of F is an initial object in the category cocone(F'): a cocone A : F' = A(colimF)

that yields for any cocone p : F' = A(C') a unique cocone morphism f : coimF — C.

£(5)

F(J) F(J')
k Ay
colimF
123 I Hgr
EY;
y
C

Remark 2.1.4:

1.

To emphasise the shape of the diagram we sometimes write lim ; F' and colim 7 F' instead
of lim F" and colimF'. This is the standard convention in the literature.

. To distinguish the objects lim F', colimF" from the (co)cones A : A(lim F) = F and

p o F = A(colimF), we often call the latter limit cone and colimit cone. In most
references the word (co)limit refers to both, the object and the natural transformation.

Remark 2.1.5:

1.

As terminal (initial) objects, (co)limits are unique up to unique isomorphisms.

IfA:A(C)= Fand u: A(C") = F are limits of F': J — C, then there is a unique cone
morphism f : C — C” and a unique cone morphism [’ : C" — C. The universal property
of the limit then implies fof’ = 1o and f'of = 1¢. An analogous claim holds for colimits.

. The existence of (co)limits is not guaranteed. It depends on the functor F': J — C.

Colimits of diagrams F' : J — C can be viewed as limits of the opposite diagram
F': J°° — C° and vice versa.

Every natural transformation p : F' = G a defines a natural transformation p’ : G' = F".
Thus, (initial) cocones for F': J — C are (terminal) cones for F' : J%? — C.

We will often use Remark [2.1.5] 3. when proving claims for limits and the dual claims for
colimits. Although we state both claims for completeness, it is sufficient to prove one of them.

We now consider examples of (co)limits. In most examples the categories J have a very simple
form and consist of few objects or morphisms. The resulting (co)limit cones then correspond
to familiar diagrams characterising the universal properties of certain constructions.

Example 2.1.6:

1.

constant functors:

A category J is called connected, if for any two objects .J, J' € ObJ there is a finite
sequence of objects J = Jy, Ji, ..., J, = J with Hom7(J;, Ji+1) UHom 7 (J;41, J;) # 0 for
each i = 0,...,n — 1. In a connected category, every constant functor A(C') : J — C has
limit and colimit cone ida(cy : A(C) = A(C) (Exercise [6).

. (co)products:

Let J be a small discrete category, a category with ObJ = J for a set J and only
identity morphisms. Then limits of functors F' : J — C are products Iljc;F(j) and
colimits coproducts IL;c; F (7).

27



e A functor F': J — C is simply a family of objects (C; € ObC) ;¢ indexed by J.

e Cones 7 : A(C) = F are families of morphisms (7; : C'— C})jes. A conen : A(C) = F
is terminal, if for any family of morphisms (f; : C" — C});es, there is a unique morphism
[:C"—= Cwithmjo f=f;forall j € J. Thus, lim F = Il;c;C; is a product.

e Cocones ¢ : F' = A(C) are families of morphisms (¢; : C; — C)jey, and a cocone is
initial, if for every family of morphisms (f; : C; — C");je; there is a unique morphism
f:C — C" with fou; = f; for all J € J. Thus, colimF = Il;c;C}; is a coproduct.

3. pullbacks and pushouts:
Let J be a category with three objects Jy, Ji, Jo and two non-identity morphisms

T s gy &0,
Then a limit of a functor F': J — C is a pullback or fibre product and a colimit of a
functor F' : J°° — C a pushout in C.

e Functors F': J — C are pairs of morphisms p; : C; — Cp and py : Cy — Cy in C.

A cone A : A(C) = F is a triple of morphisms A; : C — C; for j = 0,1,2 with
Ao = P1oA1 = pao )y or, equivalently, a pair A\; : C' — C1, Ay : C' — C5 with pjoA; = pyo,.
It is terminal, if for every pair of morphisms pu; : C' — Cy, pp : C' — s satisfying
P10 i1 = po O jio there is a unique morphism f : C' — C with A\jo f = p; and Ayo f = po.

/
C'—
NIEL
AN
N A
C —2> CQ
“1
>\1L po
Cl T C()

e Functors F': J°? — C are pairs of morphisms i, : Cy — C and iy : Cy — C5 in C.

A cocone A : F' = A(C) under F' is a pair of morphisms X\ : C; — C, Ay : Cy — C with
A1 041 = Ay 0ig. It is initial, if for every pair of morphisms uq : C7 — C', pg : Cy — C'
there is a unique morphism f : C' — C’ with f o \; = p;.

Cl <T Cg.
Example 2.1.7: Examples of (co)products are the following:

1. terminal and initial objects:
If J = ( in Example 2.1.6] 2. then the associated product in C is a terminal object,
an object T" € ObC such that for every object C' € ObC there is a unique morphism
tc : C' — T. The associated coproduct in C is an initial object, an object I € ObC such
that for every C' € ObC there is a unique morphism i : [ — C.
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2. (co)powers: If (C});c; in Example 2. is a constant family with C; = C for all
j € J, then the product IT;c;C is called a power of C' and denoted C” and the coproduct
Ic;C is called a copower of C' and denoted J - C. If C = Set, they coincide with
the set C'/ of functions from J to C' and with the product J x C, respectively (Exercise.

3. Set and Top: A product of a family (X;);c; of sets (topological spaces) is their usual
product IT;c;X; (with the product topology). Their coproduct is the disjoint union
UjesX; (with the sum topology).

4. R-Mod: The product of a family (1/;);e; of R-modules is their usual product, and their
coproduct is the direct sum @;c;M;. Finite products and coproducts are isomorphic,
and this holds more generally for any abelian category.

5. Grp: The product of a family (G;),c; of groups is their direct product x;c;G;. Their
coproduct is the free product x;c;G;. Elements of the free product are finite tuples
(91, - .., gk) of non-trivial elements of the groups G; such that neighbouring entries are in
different groups. The group multiplication is given by

(g15 - s gr—1) - (hay ... ) g =hi' €G;
(917---,9k)‘(h1>---ahl): (glv'--agk—lvgk'hlah27"'ahl) gk%hl_leGl
(91,5 gk, Py ooy ) else,

and the inclusion morphisms by ¢; : G; = W;e,Gj, g — (9).

6. Ring: The product of a family (x;),es of rings is their direct product. Their coproduct is
the free product of rings, constructed analogously to the one for groups. It is a quotient
of the tensor algebra of R @ S over Z by an ideal that encodes the relations of R, S.

Pullbacks and pushouts are ubiquitous in topology. Pushouts are quotient spaces of topological
sums and allow one to build up topological spaces from simpler components. Many of the spaces
investigated in topology and geometry are built in this way. Pullbacks are subspaces of product
spaces and also arise in many applications. Pullbacks and pushouts also exist for morphisms in
familiar algebraic categories such as Grp, Ring, R-Mod, Algy.

The Seifert-van Kampen theorem states that the functor II; : Top — Grpd that assigns to
a topological space X its fundamental groupoid II;(X) and to a continuous map f : X — Y
the induced functor between them, sends pushouts in Top to pushouts in Grpd.

Algebraic examples of pushouts arise, whenever an algebraic structure is presented in terms
of generators and relations.This includes presentations of groups, algebras and modules over
rings. Other important examples of pullbacks and pushouts are (co)kernel pairs. A kernel
pair is the pullback and a cokernel pair the pushout of two identical morphisms. Kernel
pairs detect monomorphisms and cokernel pairs epimorphisms, which generalise injective and
surjective maps to categories (cf. Exercise .

Example 2.1.8: (Pullbacks and pushouts in Top)

1. A pullback of a pair of continuous maps p; : X; — Xo, p2 : Xo — X is the set
Xy Xx, Xo = {(z1,22) € X7 X Xo | p1(z1) = p2(x2)} with the subspace topology induced
by the product topology and with the continuous maps A; : XX x, X2 = X, (21, x2) — ;.
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2. A pushout of a pair of continuous maps i; : Xg — X1, is : Xo — X, is the set
X1 +x, Xo = X1UX5/ ~ withE] i1(xo) ~ iz(xg) for all xy € Xy with the quotient topology
induced by the sum topology and with the maps \; : X; — X +x, Xo,  — [1;(x)].

3. wedge product: If X, = {2}, then the continuous maps i; : X, — X, are given by two
points z1 = i1(xg) € X1, T2 = is(xo) € Xs. The equivalence relation ~ identifies z; and
x9. In this case X;+x,X> is called the wedge product of X; and X, and denoted X;V Xs.

4. attaching topological spaces:
It Xy C X is a subspace and 7; : Xy — X its inclusion, one says that X; +x, Xs is ob-
tained by attaching the topological space X; to X5 with the attaching map 5. In this
case, the equivalence relation ~ identifies all points x; € X, with their images t5(z1) € Xo.

5. attaching n-cells:
If in 4. X; = II;D™ is a topological sum of closed n-discs D™ = {z € R" | ||z|| < 1} and
Xy = II;8™" ! C X, the disjoint union of their boundaries 0D™ = S !, one says that
X1 +x, Xo is obtained by attaching n-cells to Xs.

Example 2.1.9: (pullbacks and pushouts in other categories)

1. Set: Pullbacks and pushouts in Set are obtained from Example 1. and 2. by
forgetting the topology.

2. R-Mod: The pullback of a pair of R-linear maps p; : X; — Xy and ps : Xo — X is the
submodule X1 X Xo X2 = {(I’l,l’g) c X1 X X2 ’ pl(l’l) = pg(.l'Q)} C X1 X X2.

The pushout of a pair of R-linear maps 7; : Xg — X; and iy : Xy — X5 is the quotient
module X1 +X0 X2 = X1 D X2/<{Zl<l'0) — i2($0) | o € X0}>

3. Grp and Ring:
e Pullbacks in Grp and Ring are the same subsets as in Example [2.1.8] 1. with the
induced group or ring structure.

e Pushouts in Grp are factor groups C; % Co/N of the free product C; x Cy by the normal
subgroup N C C) x Cy generated by the set {1;(c)i2(c)™! | ¢ € Cp}. Pushouts in Ring are
given as quotients of the tensor algebra T'(C; @ C3) by a certain ideal.

Note that all pullbacks in Examples and are subsets of products and all pushouts
quotients of coproducts. We will see later in Theorem that this is not a coincidence. To
investigate this systematically, we need categorical concepts that generalise the subset U C X,
where two functions fi, fo : X — Y are equal, and the quotient set Y/ ~ obtained by identifying
their values. These are equalisers and coequalisers.

Example 2.1.10: (equalisers and coequalisers)
Let J be a category with two objects J, J; and two parallel non-identity morphisms
Ji
Js — Jt

J2

Functors F' : J — C correspond to a choice of parallel morphisms fi, fo : Cs — C} in C.

Here, we mean by ¢1(xg) ~ t2(z0) for all zg € Xy the smallest equivalence relation ~ on X := X;UX,
generated by the subset {(¢1(xo), t2(x0)) | 20 € Xo} C X x X. We use a similar notation in the following,.
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e A cone ¢ : A(C) = F corresponds to morphisms ¢, : C — Cs and ; : C — C; with
fiots = faous = 1. This is equivalent to a choice of a single morphism ¢ = ¢, : C' — C with
fiot= fyor A cone given by ¢ : C — C, is terminal, if for any morphism u : C' — C, with
f1op= fao0u, there is a unique morphism p' : C" — C with co ' = p.

e A cocone over F'is given by a morphism 7 : Cy — C with wo f; = mo f5. It is initial if for
any morphism p : Cy — C' with po f; = po fy, there is a unique p' : C — C’ with g/ o7 = p.

e Thus, a limit of a functor F': J — C is an equaliser of the morphisms fi, fo : Cs — Cy:
a morphism ¢ : eq(fi, fa) = Cs in C with f; ot = f; o and the following universal property:
for every p: C" — Cy with f1 ou = foop, there is a unique ' : C" — eq(f1, f2) with cop’ = p.

. f1
eq<f17 f2) - Cs e C(t
~ f2
A ~ NT
EL/VENEN
N C/
e A colimit of F': 7 — C is a coequaliser of the morphisms f1, fo : Cs — Cy:

a morphism 7 : C; — coeq(fi, f2) in C with mo f; = wo f; and the following universal property:
for every p : C;— C" with po fi = po fo, there is a unique p' : coeq(fi, fo) = C" with p/ om = p.

. i
coeq(fr, fo) =—Cy f: Cy

~N 2
3;1,’\ ~ ML
\C/
Example 2.1.11: (equalisers and coequalisers)

1. Let fi, fo : X — Y be morphisms in Set (Top):

e Their equaliser is eq(fi1, f2) = {x € X | fi(z) = fa(x)} C X (equipped with the
subspace topology) with the (continuous) inclusion ¢ : eq(f1, f2) — X.

e Their coequaliser is coeq(f1, fo) =Y/ ~ with fi(z) ~ fo(z) for all x € X (equipped
with the quotient topology) with the (continuous) surjection m : Y — coeq(f1, fo).
2. Let R be a ring and f1, fo : M — N morphisms in R-Mod:

e Their equaliser is the submodule eq(f1, f2) = ker(fi — f2) € M with the inclusion
L:eq(fr, f2) &> M.

e Their coequaliser is coeq( fi1, fa) = N/im(fi — f2) = coker(fi — f2) with the canonical
surjection m : N — coeq( f1, f2).

This covers Ab = Z-Mod, Vecty = F-Mod and Repp(G) = F[G]-Mod for a group G.

3. More generally, any two morphisms fi, fo : A — A’ in an abelian category A have
e kernels as equalisers ¢ : ker(f) — f2) — M,
e cokernels as coequalisers 7 : N — coker(f; — f2).

4. For two morphisms fi, fo : G — H in Grp:

e the equaliser is the subgroup eq(fi, f2) = {9 € G | fi(g9) = f2(9)} C G with the
inclusion ¢ : eq(f1, f2) = G,

e the coequaliser is the factor group H/N by the normal subgroup N generated by
the set {f1(g9)f2(9)"' | g € G} with the canonical surjection 7 : H — H/N.
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5. For two morphisms fi, fo : R — S in Ring
o the equaliser is eq(f1, fo) ={r€ R | fi(r)= f2(r)} with the inclusion ¢ :eq(fi, f2) = R,

e the coequaliser is the quotient S/I by the ideal I generated by {f1(r)— fo(r) | r € R}
with the canonical surjection 7 : S — S/I.

So far we showed that (co)limits generalise many familiar notions for sets, topological spaces,
vector spaces, groups or rings to categories and treat them in a common framework. However,
they seem to have little to do with usual notions of limits in calculus and topology. In fact, limits
of sequences in a topological space can be viewed as special cases of categorical limits. This
requires a category of filters on a topological space and hence more background in topology.
Exercise |15 shows that categorical (co)limits capture the notions of infimum and supremum.

We can also consider other examples of limits and colimits associated to sequences of objects
and morphisms in a category. The appropriate diagram category J for sequences indexed by
non-negative integers is the poset category (N, <).

Recall that a partially ordered set or poset is a set X together with a relation < that is

(i) reflevive: © < x for all z € X,
(ii) antisymmetric: x < y and y < x implies x = y,
(iii) transitive: © < y and y < z implies = < z.

The poset category for a poset (X, <) is a category C with ObC = X and morphism spaces
Home(x,y) that contain a single morphism if x < y and are empty otherwise.

Example 2.1.12: (sequential (co)limits)
Let J be the poset category for (Ny, <).

A functor F' : J — C corresponds to a family of objects (C;);en, and a family of morphisms
fij : C; = Cj for i < jsuch that f;; = 1¢, and fjro f;; = fir for all ¢ < j < k. This is equivalent
to specifying a family of morphisms (f; : C; — Cii1)ien, With no further relations. Thus:

e A functor F': J — C is a family of morphisms (f; : C; — Ciy1)ien,-
e A functor F : 7% — C is a family of morphisms (f; : Cii1 — C;)ien,-

A limit of a functor F': J° — C is called sequential limit or inverse limit and noted lim,_f,,.

It is a family of morphisms (\; : C' — C;);en, With fioX; 41 = A; for all i € Ny and the following
universal property: for any family of morphisms (u; : ¢ — C;)ien, With f; o i1 = p; for all
i € Ny there is a unique morphism f : C" — C with \; o f = p; for all i € Nj,.

A colimit of a functor F': J — C is called sequential colimit or direct limit, lim_, f,.
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It is a family of morphisms (\; : C; — C');en, With A\jyq10 f; = A; for all i € Ny and the following
universal property: for any family of morphisms (u; : C; — C);en, With p;q o fi = p; for all
i € Ny there is a unique morphism f : C' — C’ with f o \; = p; for all i € Ny.

fi—o fic1

fit1 fit1
Cifl Ci+2

i+1

Example 2.1.13: Let J be as in Example [2.1.12]

1.

Let C = Set, Top, Grp, Ring, R-Mod or any other category whose objects are sets and
such that all inclusion maps between objects define morphisms in C.

Then any sequence of objects Xg C X; C Xy C ... in C together with the inclusions
t; + X; — X1 defines a functor F' : J — C. Its sequential colimit (direct limit) is the
object X = U,en, X, together with the inclusions j; : X; = X, z — x and with the
topology, group structure, ring structure or module structure induced by these inclusions.

e For C = Top the topology on X is the weak topology on X, the final topology
induced by the inclusions j; for ¢ € Ny:
a subset U C X is open if and only if j; ' (U) = U N X is open in X; for all i € J.

e For C = Grp, Ring, R-Mod and z,2’ € X there is always a j € Ny with z,2" € X;.
The multiplication, addition and R-module structure is then given by the multi-
plication, addition and R-module structure in X;. The properties of the inclusions
ensure that this is consistent and independent of the choice of j.

. A CW-complex is the sequential colimit (direct limit) of a sequence of topological

spaces Xg C X; C Xy C ... such that Xy is equipped with the discrete topology and
X, is obtained from X,,_; by attaching n-cells for all n € N, cf. Example [2.1.8, 5. The
topological space X, is called the n-skeleton of X.

. The permutation groups S,, for n € N with the inclusion maps ¢, : S, — Spi1, 0 — 0’

with ¢’(n +1) =n+ 1 and o/(i) = o(i) for i € {1,...,n} define a functor S : J — Grp.
Its sequential colimit (direct limit) is the group Ss.

. The groups GL(n,F) with the inclusions ¢, : GL(n,F) — GL(n + 1,F), ¢ — ¢ with

¢ (ent1) = eny1 and ¢'(e;) = ¢(e;) for ¢ € {1,...,n} define a functor GL : J — Grp. Its
sequential colimit (direct limit) is the group GL(oo, F).

Let p € N be a prime and F : J° — CRing given by the ring homomorphisms
0=2/2L—z/pz <727 L .. fe  Z)p"T = YT, R R

The sequential limit (inverse limit) of F' is the ring Z, of p-adic integers
Zy = {(xn)ren, € Hien,Z/P"Z | fr(xrsr) = xp, VE € No}

with componentwise addition and multiplication. It is an integral domain, and its field of
fractions is the field of p-adic numbers.
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We now discuss a less elementary example that is more typical of the way (co)limits are used in
modern mathematics, namely sheaves. The idea is to describe structures on a topological space
X, for instance continuous functions on X or abelian groups associated to X, by defining them
locally, on open subsets U C X. Common sense dictates that the data assigned to open subsets
must restrict appropriately, whenever one subset is contained in another, and that the data
assigned to two subsets must agree on their intersection. The idea is that any local assignment
of structure satisfying these conditions should lead to a unique global assignment of data to X.
This idea can be formulated in terms of limits, namely equalisers and products.

Example 2.1.14: (sheaves)
Let X be a topological space and O(X) the poset category with open subsets U C X as objects
and the partial ordering <=C given by inclusions of subsets.

e A presheaf on X with values in a category C is a functor F': O(X)? — C.
e A morphism of presheaves from F to F’ is a natural transformation p : F = F”.

Thus a presheaf ' : O(X )% — C assigns to each open subset U C X an object F/(U) in C and to
each inclusion map tyy : U — V a morphism F(iyy) : F(V) — F(U) such that F(wyv) = 1rpw)
and F(LUV) e} F<LUW) = F(LUW) foralUcCV CcW.

An example is the presheaf F' : O(X) — Set that assigns to each subset U C X the set
C°(U,R) of continuous real functions on U and to an inclusion tyy : U — V the restriction
map F(wv) : C°(V,R) = C*(U,R), f — flu.

A presheaf ' : O(X) — C is called a sheaf if for all open subsets U C X and all open covers
(U;)ier of U, the pair (F(U),I) is an equaliser of the morphisms ¢, ¢ in the diagram

F(LZ:]')

FU;) F(U;NnU;)

F(u) W'T ]mj
¢

FP(U)— e F(U;) == 10, je F(U; N U)

v
F(e5) l j

F(U;) F(U;NU;)

F(d)
where
e the morphisms m; : IL;c;F(U;) — F(U;) and m;; : 1L je F'(U; N U;) — F(U; N Uj) are the
projection morphisms of the products,
° Léj :U;NU; — U; and ¢; : U; — U are the inclusion maps,
o [: F(U)— e F(U;) is the unique morphism with m; o I = F(¢;) for all i € I,
e ¢ and v are the unique morphisms with m;; 0 ¢ = F(sz) om; and m;; 01 = F(Lij) om; for

all 7,7 € I defined by the universal property of the product.

The condition on a sheaf guarantees that morphisms f; : C' — F(U;) that match on all inter-
sections U; N U; can be glued to a unique morphism f: C' — F(U):

A family (f;)ier of morphisms f; : C' — F(U;) matches on all intersections U; N Uj;, if it satisfies
F(Lﬁj) o fi = F(ij;) o f;j for all i,j € I. By the universal property of the product, each such
family defines a unique morphism f": C' — ;e F(U;) with m; 0 f' = f; for all i € 1.
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As the family of morphisms matches on the intersections, one has for all 7,j €
mjodof =F(l)omof =Fu,)of;=F@l)of;=F@l)omjof =mjorpof,

and the universal property of the product implies ¢ o f' = 1 o f’. By universal property of
the equaliser, there is a unique morphism f : C' — F(U) with [ o f = f’ or, equivalently,
miolof=f foralliel.

It is a good exercise to show that the presheaf F' : O(X)” — Set of continuous functions
discussed as an example above satisfies the sheaf condition and to determine the morphism
f:C — F(U) induced by a matching family of morphisms (f; : C' — F(U;));er in this case.
In contrast, the presheaf G : O(X)% — Set that assigns to a subset U C X the set G(U) of
bounded functions f : U — R is not necessarily a sheaf (Exercise .

We conclude this section with an alternative characterisation of (co)limits that relates their
existence to the representability of certain functors from C to Set. More specifically, for any
diagram F': J — C we obtain a functor cone(—, F') : C°? — Set that assigns

e to an object in C the set of all cones for I’ with apex C,
e to a morphism f : C' — C’ the induced map between these sets of cones.

A limit of F' is a representation of cone(—, F'). This encodes the universal property of limits
relating cone morphisms from a cone to the limit cone to morphisms from its apex to the limit.
An analogous characterisation exists for colimits. This perspective on limits and colimits allows
one to apply the Yoneda lemma to prove their uniqueness.

Proposition 2.1.15: Let J be small, C locally small and F': 7 — C a diagram.
1. Cones over F' define a functor cone(—, F') : C°? — Set that sends

e an object C in C to the set cone(C, F') of cones over F' with apex C,
e a morphism f : C' — C’ to the map cone(f, F) : cone(C’, F) — cone(C, F) that
sends a cone A : A(C') = F to the cone p = Ao A(f) : A(C) = F.

A limit of F' is a representing object of this functor: cone(—, F') = Home(—, lim F).

2. Cocones under F' define a functor cocone(F, —) : C — Set that sends

e an object C in C to the set cocone(F,C) of cocones under F' with nadir C,
e a morphism f : C' — C’ to the map cocone(F, f) : cocone(C, F') — cocone(C’, F)
that sends a cocone A : F' = A(C') to the cocone A(f)o X : F = A(C').

A colimit of F is a representing object of this functor: cocone(F, —) = Home(colimF, —).

Proof:
We prove the claim for limits. The claim for colimits follows with Remark [2.1.5] 3.

1. By definition, cone(f, F)(A) = A o A(f) is a natural transformation and hence a cone over
F. For f = 1¢ we have A o A(f) = A, which implies cone(l¢, F) = ideone(c,r). For morphisms
f:C—=C and f' : C" — C" and X € cone(C”, F') we have

cone(f'of, F)(A) = Mo A(f'of) = AoA(f")oA(f) = cone(f’, F)oA(f) = cone(f, F')ocone(f’, F)(\).

This shows that cone(—, F') : C°? — Set is a functor.

35



2. A representation of cone(—, F) : C® — Set consists of an object C' in C and a natural
isomorphism 7 : Home(—, C') = cone(—, F'). By the Yoneda lemma, such a natural isomorphism
is determined uniquely by the cone A\ := no(1l¢) : A(C) = F, and the naturality of 1 states
that the following diagram commutes for all morphisms f : C" — C

Hom¢(C", C) %cone((}”, F)
Th»—ﬂzof ]p,ﬁ—)pJof
Hom¢(C, C) n—i> cone(C, F).

Inserting the identity morphism 1o € Home(C, C) yields for every cone p € cone(C’, F') a
unique cone morphism f = 9z (u) : ¢' — C with Ayo f = py for all j € ObJ. This is precisely
the condition that A = nc(1¢) is a terminal cone over F. O

2.2 Existence of (co)limits

In this section, we derive criteria for the existence of limits and colimits of functors F': 7 — C
and relate them to other concepts from category theory. We will show that if J is small,
the existence of products and equalisers in C is sufficient for the existence of limits. Dually,
the existence of coproducts and coequalisers in C guarantees the existence of colimits for all
functors F' : J — C. In this case, limits and colimits organise into functors (co)lim : C7 — C
that are adjoints of the embedding functor A : C — C7 from Definition [2.1.1]

Functors F' : J — C from small categories J are often called small diagrams and the
associated (co)limits are called small colimits. In some cases, it is sufficient to restrict attention
to finite categories 7, small categories J with finitely many objects and morphisms. In this
case one speaks of finite diagrams and finite (co)limits.

Definition 2.2.1: A category C is called

e (co)complete, if every small diagram F': J — C has a (co)limit,
e finitely (co)complete, if every finite diagram F': J — C has a (co)limit.
e (finitely) bicomplete, if C is (finitely) complete and cocomplete,

It turns out that the existence of (co)products and (co)equalisers is sufficient for the existence
of all small (co)limits. The following theorem explains in particular why all pullbacks and
pushouts in Examples [2.1.8/ and [2.1.9| are given in terms of (co)products and (co)equalisers and
generalises the constructions in these examples.

Theorem 2.2.2:
A category C is (co)complete, if and only if it has all (co)products and (co)equalisers.

Proof:
We prove the claim for cocomplete categories. The claim for complete categories then follows

with Remark [2.1.5] 3.

As coproducts and coequalisers are colimits, cocompleteness implies the existence of all coprod-
ucts and coequalisers. Suppose now that C has all coproducts and coequalisers, let 7 be small
and F': J — C a diagram in C.
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As J is small, we have sets ObJ and MorJ = UJJ,EObJ Hom7(J,J') and can consider the
coproducts I jeons F'(J) and L yenorg F'(s(f)) with associated inclusion morphisms

Ly : F(I) — HJGOb]F(J) lg : F(S(g)) — HfEMor]F<S<f))'

Let ¢, ¢ : Hremorg F(s(f)) = Wycobs F(J) be the unique morphisms induced by the universal
property of the coproducts that satisfy for all morphisms f : s(f) — t(f) in J

poip=typy  Youiy=uyoF(f)

and define 7 : Icony F'(J) — C as the coequaliser of ¢ and .

F(s(f)) (5)

Lfl &
¢

Hfemorg F(s(f)) —=jecobg F(J) = C

Y
LfT ]Ltm

F(s(f)) ——= F(t(f)

The morphisms \; := 7oy : F(J) — C define a cocone A : ' = A(C), as we have for each
morphism j : J — J in J

ApoF(j)=mowpoF(j)=mopory=mogpory=moi; =Ny,
where we used the definition of A;, of ¥, that m coequalises ¢, and then the definition of ¢.

We show that the cocone A : F' = A(C) is an initial cocone. Via the universal property of
the coproduct, any cocone p : F' = A(C") defines a morphism g : jcons F'(J) — C' with
goty = py for all J € ObJ. This morphism satisfies for all morphisms f : J — J’

gogorg=goiy=p;=pyoF(f)=goryoF(f)=gotouy, (6)

where we used the definition of ¢, of g, that u is a cocone, then the definition of g and . By
the universal property of the coproduct, this implies g o ¢ = g o ?). By the universal property
of the coequaliser there is a unique morphism ¢’ : C' — C” with ¢’ o m = ¢g. This is a cocone
morphism, since the definitions of ¢’ and ¢ imply for all J € ObJ

golj=gomory=goiy=p,. O
The proof of Theorem also shows that that the existence of (co)equalisers and finite

(co)products is sufficient for the existence of all finite (co)limits. In this case, diagram is
still defined for a finite category J, and the rest of the proof proceeds analogously.

Corollary 2.2.3: A category C is finitely (co)complete if and only if it has all (co)equalisers
and all finite (co)products.

The crux in the proof of Theorem is diagram (f]), which looks complicated at first, but
this is mainly due to the notation. For concrete categories C, categories whose objects are sets,
it has a simple interpretation:
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It states that the colimit of F': J — C is obtained by taking the coproduct of all objects F'(.J)
for J € ObJ and then identifying for each morphism j : s(j) — ¢(j) each element of F(s(7))
with its image under the map F'(j) in the set F(£(j)).

This is precisely the construction used for the pushouts in Examples|2.1.8 and [2.1.9[and in the
coequalisers of Example [2.1.11} It is a useful exercise to check that the sequential (co)limits in
Example [2.1.13] are also a special case of this construction.

Example 2.2.4:

1. The following categories are bicomplete by Theorem and Examples[2.1.7] and 2.1.11

e Set, Top
e R-Mod for any ring R, in particular Vectr, Ab, F[G]-Mod.
e Grp, Ring.

2. Any abelian category is finitely bicomplete by Corollary because it has (co)equalisers
and finite (co)products by definition, see Example [2.1.11] 3.

3. The category Cat of small categories and functors between them and its full subcategory
Grpd of groupoids and functors between them are bicomplete:.

e The product of a family (C;),c; of small categories is the category C = I1,¢,C; with
ObC = Iljc;0bC; and Home ((Cj)jer, (C)jes) = e Home, (C, C7), together with
the projection functors m; : C — C;.

e The coproduct of a family (C;),e; of small categories is the category C = I,c;C;
with ObC = U;c;0bC; and Home(C,C’) = Home,(C,C") for C,C" € ObC; and
Home(C, C") = () otherwise, together with the inclusion functors ¢; : C; — C.

e The equaliser of two functors Fi,Fy : C — D between small categories is the
subcategory U C C with ObU = {C € ObC | F1(C) = F»(C)} and morphism sets
Homy, (C,C") = {f € Home(C,C") | Fi(f) = F»(f)}, with the inclusions ¢ : U — C.

e Coequalisers in Cat and Grpd exist, but are more difficult to describe. We will prove
their existence in Corollary in Section [5

Even if a category C is not complete or cocomplete, limits or colimits of functors may still
exist for all diagrams F': J — C of a fixed shape J. For instance, a category C may have all
coproducts, but not all coequalisers. In this case, it still makes sense to consider the (co)limits
of functors F' : J — C and to determine how they interact with natural transformations.

As cones over F': J — C are natural transformations A\ : A(C) = F, post-composing them
with natural transformation 7 : F' = F’ yields cones over F’. This induces a morphisms between
the limits of F and F’ and allows one to organise limits into a functor. There also is a dual
construction for colimits. It turns out that the resulting functors are right adjoint and left
adjoint to the embedding functor A : C — C7 from Definition . Conversely, if this functor
has a right or left adjoint, this defines limits or colimits of functors F': 7 — C.

Proposition 2.2.5: Let J be a small category and C a category.

1. If all limits of diagrams F : J — C exist, they define a right adjoint lim : CY — C to
A :C — C7.If A has a right adjoint, all limits of functors F': J — C exist.
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2. If all colimits of diagrams F': J — C exist, they define a left adjoint colim : C¥ — C to
A :C — C7.If A has a left adjoint, all colimits of functors F : J — C exist.

Proof:
We prove the claim for limits. The claim for colimits follows with Remark [2.1.5] 3.

1. Suppose that all functors F': J — C have limit cones A : A(lim F') = F.

(a) We define the functor lim : C7 — C:

It assigns to a functor F': 7 — C the object lim F'. A natural transformation 7 : F' = F” defines
a cone 7o Af' : A(lim F') = F’. Hence, there is a unique morphism lim 7 : lim F — lim F’ with

Mo A(lim7) =70 A (7)
by the universal property of lim F’. We assign to 7 this morphism lim 7 : lim /' — lim F’. To
show that this defines a functor, note that for 7 = idy one has A o A(limr) = A and hence
limidp = 1y, p. For any natural transformation 7' : F/ — F” we have from
Mo A(lim7) o A(lim7) =7 o M o A(lim7) =7 070 A = lim(r' o7) =lim7 o limT.
(b) We show that lim : C7 — C is right adjoint to A : C — C7: the maps

écr : Home(C,lim F') — Homes (A(C), F) (8)
g—= A oA(g): A(C) = F,.

for C' € ObC and functors F' : J — C are bijections by the universal property of the limit cone.
They are natural, as we have for all f: C" — C and natural transformations u : F' = F”

dor p(lim(p) o go f) = X o A(lim(p) 0 g o f) = A" o A(lim 2) 0 A(g) o A(f)
B 1000 A(g) 0 A(f) = o der(9) 0 A
2. Suppose that A : C — C7 has a right adjoint G : CY — C with unit 7 : ide = GA and counit
e : AG = ides satisfying (1) €A o An =ida and (ii) Ge o nG = idg.
We prove that for each functor F': J — C the component morphism er : A(G(F)) = F is a
limit cone. Let p : A(C') = F be a cone over F. Then f = G(u) one : C — G(F') satisfies
er 0 A(f) = er 0 AG() 0 Alne) "L pro eaiey 0 Ale) = o (eA o An)e 2 o (ida)e = .
If f" € Home(C, G(F)) is another morphism with ez o A(f") = u one has

J=G() 0 ne=Gler) 0 GA(S) 0 e "L Gler) 0 (e © ' =(Ge oG o ' Llgimy o /=1
O

2.3 (Co)limits in functor category and exchange of (co)limits

In this section, we investigate (co)limits in functor categories. As we will see in the following, this
has many applications. An important example are simplicial objects and simplicial morphisms,
which we will encounter in Section |5 and which form the foundation of homological algebra as
well as many modern developments in category theory. Another example is the category BG
for a finite group G, also called the delooping of GG. Functors F' : BG — C define objects in C
equipped with G-actions, such as G-sets and representations of G on vector spaces.
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Example 2.3.1: Let G be a group and C a category. The category BG has

e a single object e,
e the morphism set Hompg(e,8) = G with the group multiplication as composition and
the group unit as identity morphism.

The category CP% is called the category of G-objects and G-equivariant morphisms in C.
Examples are the following:

o Set?Y = G-Set has
— as objects G-sets: sets X equipped with a group action >x : G x X — X,
— as morphisms from (X, >x) to (Y, >y) G-equivariant maps:
maps f: X =Y with f(g>xz) =gy f(z) forallg e G, x € X.

e Top®“ has
— as objects topological spaces X equipped with a continuous action >y : G x X — X
of the discrete group G,
— as morphisms from (X, >x) to (Y, >y) continuous G-equivariant maps.

e Vectf” = Repy(G) = F[G]-Mod has
— as objects representations of G over F,
— as morphisms morphisms of representations.

To investigate (co)limits in functor categories we identify the functor category (C?)7 with the
functor category C7*P via the isomorphism of categories that assigns

e to a functor F': J x D — C the functor F’ : J — CP that sends
— J € ObJ to the functor F(J,—):D — C,
— j:J — J to the natural transformation F(j,—): F'(J,—) = F(J',—),

e to a natural transformation 7 : F = G the natural transformation 7 : F' = G’ with

component morphisms 7, = 7;_ : F'(J,—) = G(J,—).

This allows us to describe (co)limits of functors F' : J — CP in terms of (co)limits of the
associated functors F' : J x D — C. We can evaluate functors F' : J x D — C on objects
D € ObD and consider the (co)limits of the resulting functors F'(—, D) : J — C. It turns out
that if all of the latter have (co)limits, then they combine into a (co)limit of F': 7 — CP. One
says that (co)limits of functors F' : J — CP are computed pointwise or objectwise.

Proposition 2.3.2: (Limits and colimits in functor categories are pointwise.)

Let J be a small category and F : J — CP a diagram such that Fpp := F'(—, D) : J — C has
a (co)limit for all objects D € ObD. Then the (co)limit of F' is the functor

(co)limF : D —C D +—— (co)lim Fp
jd l(co)lim F(d)

D' +—— (co)lim Fp
In particular, if C is (co)complete or finitely (co)complete, so is CP.

Proof:
We prove the claim for limits. The claim for colimits follows with Remark [2.1.5] 3.
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1. For D € ObD denote by AP : A(lim Fp) = Fp the limit cone of the associated functor
Fp=F(—,D):J — C. These limit cones define a functor lim F' : D — C that assigns

e to D € ObD the object lim F(D) = lim Fp € ObC,
e to d € Homp(D, D') the unique morphism lim F'(d) : lim Fp — lim Fp, with

AP o A(lim F(d)) = Fyo AP (9)
from the universal property of the limit and F; = F(—,d) : Fp = Fp.

That lim F' is indeed a functor, follows by applying (9 to an identity morphism d = 1p and to
the composites d’ o d of morphisms d : D — D', d : D' — D".

2. The limit cones A” : A(lim Fp) = Fp define a cone A : A(lim F) = F over F' : J — CP
with legs (As)p = A%, because one has for all morphisms j: J — J' and d: D — D’

F(j,d) o N] = (F)yr 0 Fp(j) 0 A] = (Fa)yr o A = A/
where we first used the fact that AP is a cone and then @ We show that the cone ) is terminal.

For this, let p : A(G) = F with G : D — C be a cone over F. Then for all D € ObD, this
defines a cone P : A(G(D)) = Fp over Fp. As AP is a limit cone, there is a unique morphism
P G(D) — lim Fp with APoA(fP) = pP. The morphisms fP define a natural transformation
f: G =1lim F, because one has for all morphisms d: D — D'

AP o A(fP 0 G(d)) = AP o A(fP) o A(G(d)) = 1”0 A(G(d)) "2" Fyo uP
— Fyo AP o A(fP) B AP o A(lim F(d)) 0 A(FP) = AP’ o A(lim F(d) o 7).

As AP is a limit cone, this implies lim F(d) o f” = f” o G(d) for all morphisms d : D — D’ and
hence naturality of f. This shows that f : G = lim F is a morphism in C? with A o A(f) = p,
and hence A is a terminal cone. O

If the category D has a simple structure, we can think of functors G : D — C as objects in
C that are equipped with an action of the category D. This generalises the group actions on
categories for D = BG in Example [2.3.1] Proposition then states that the (co)limit of a
functor F' : J — CP is obtained by taking (co)limits in C and equipping them with the induced
D-action. This intuition becomes a precise statement for the category D = BG.

Example 2.3.3: Let G be a group.

1. Any (co)limit of a functor F' : J — G-Set is given as the (co)limit of the corresponding
functor F' : J — Set, equipped with the induced G-action.

2. Any (co)limit of a functor F' : J — Repgp(G) is the (co)limit of the corresponding functor
F' : J — Vecty, equipped with the induced representation of G.

As we can view a functor F : Z x J — C as a functor F : T — C7 or as a functor F' : J — C%,
we can take (co)limits with respect to both categories Z and J. We can also combine them,
for instance, take first a (co)limit of F' : Z — C7 and then a (co)limit of (co)lim,F : J — C
or first a (co)limit of ' : J — C* and then a (co)limit of (co)lim,F : Z — C. The question is
whether these procedures commute and yield isomorphic (co)limit cones. This depends on the
precise combination of limits and colimits. It is true if we either take limits or take colimits
with respect to both categories.
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Theorem 2.3.4: Let Z, 7 be small and F': Z x J — C be a functor.
1. If limz lims F' and lim 7 limz F exist, then there are canonical isomorphisms

Imlim F = limlim F = lim F.
T 7 J I IxJ

2. If colimzcolim 7 F' and colim scolimz F' exist, then there are canonical isomorphisms

colimzcolim 7 ' = colim ycolimz F' = colimzy 7 F.
Proof:
We prove the claim for limits. The claim for colimits follows with Remark[2.1.5] 3. As a limit of F
is a terminal object in the category cone(F), it is sufficient to show that cone(F’), cone(lim s F)
and cone(limz F') are isomorphic via functors that preserve the apexes of the cones.

We construct a functor N : cone(lim s F') — cone(F') with a strict inverse that preserves apexes
of cones and is the identity on the morphisms. For this, we denote by u : A(lims F) = F
the limit cone of the associated functor F : J — C% whose legs are natural transformations
py o limy F = F(—,J). with component morphisms (p;); : limy F(I) — F(I, J).

The functor N : cone(lims F') — cone(F') sends
e acone o : A(C) = limg F over lims F' to the cone N(o) = po A(o) : A(C) = F with
N(o)ry = (ns)roor, (10)

e a cone morphism f : C'— C’ from o to ¢’ to itself, as cone morphism from N (o) to N (o).

By definition N (o) is a natural transformation and hence a cone over F. It is also directly
apparent that any cone morphism from o to ¢’ defines a cone morphism from N(o) to N(o”).
The functoriality of N follows directly, as N is the identity on the morphisms.

The inverse N~! : cone(F) — cone(lim s F') sends

e acone 7: A(C) = F to the unique cone morphism N=1(7) : A(C) = lims F in C with
po A(N~Y(7)) = 7 or, equivalently,

(ws)ro N“HT)r = 71,4, (11)

e a cone morphism f : C' — C’ from 7 to 7’ to itself, viewed as a cone morphism from
N=Y1) to N71(7").

That N7'(7) : A(C) = lims F is a cone over lim s F' follows, as it is a morphism in C*. That
any cone morphism f : C'— C’ from 7 to 7’ is also a cone morphism from N~!(7) and N~!(7’)
follows from the definition of N~!(7). The functoriality of N~! is again clear.

It remains to show that N ! is the inverse of N. For any cone 7 : A(C') = F, one has

NN~ ™)1z o (ts)r o N7 (7)1 o TI1,]

for all J € ObJ, I € ObZ and hence N(N~1(7)) = 7. For a cone o : A(C) = limy F', one has
(1)1 o N (N@)r @ N(0)rs @ (uo)roar,

and the universal property of the limit y implies N~'(N(0)) = o. O
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If we take a colimit with respect to Z and a limit with respect to J for a functor F' : Zx J — C,
then exchanging these two operations is more subtle. It is clear that the result cannot correspond
to a limit or colimit with respect to Z x J, but it is not even guaranteed that the resulting
objects are isomorphic. One obtains a canonical morphism from the colimit of the limit to the
limit of the colimit, which need not be an isomorphism.

Lemma 2.3.5: For every functor F': Z x J — C for which these (co)limits exist, there is a

canonical morphism
g : colimlim /' — lim colim F
A J I

Proof:
We denote by
e )\ : A(limys F) = F the limit cone of the associated functor F : J — C%,
e i : F = A(colimzF) the colimit cone of the associated functor F: Z — C7,
e p: A(limy colimzF') = colimzF the limit cone of the functor colimzF' : J — C,

o :lims F = A(colimz lim s F) the colimit cone of the functor lims F' : Z — C,

The morphisms k7 ; = (ur)s o (Ay)r @ limgy F(I) @, F(I,J) s, colimz F'(J) are natural
in I and J and hence define cones k! : A(limy F(I)) = colimzF with legs x} = r; ;. By the
universal property of p, there are unique cone morphisms f; : lims F'(I) — lim s colimz F* with
poA(fr) = k! for I € ObZ. Because they are natural in I € ObZ, the cone morphisms f; define
a cocone f:lims F' = A(limg colimzF') over lims F' : Z — C. By the universal property of o,
there is a unique cocone morphism ¢ : colimz lim 7 F' — lim 7 colimz F' with A(g) oo = f. O

Example 2.3.6:
fZ=J=0thenZ xJ =0andC*=C7 =C*7 =" contains a single functor that is the

empty map on the objects and morphisms. Hence, limits and colimits correspond to terminal
and initial objects in C by Example

Thus, colimzlimy F' is an initial and lim s colimzF' a terminal object in C. The morphism
g : colimz lim 7 F' — lim 7 colimz F' the unique morphism from the initial to the terminal object.
This is an isomorphism if and only if C has a zero object.

This example shows that the morphism in Lemma need not be an isomorphism, not
even for C = Set or C = Top. Sufficient conditions on Z and J that guarantee that it is an
isomorphism for any functor F' : Z x J — Set are that Z is finite and J is filtered, see for
instance [Rh, Theorem 3.8.9] and |[Rc, Theorem 3.5.6].

2.4 Transformations of (co)limits under functors

In this section, we investigate how (co)limits behave under functors and derive sufficient criteria
to guarantee that a functor sends (co)limits to (co)limits. As cones over or under a diagram
F : J — C are natural transformations, applying a functor F' : C — D to them yields cones
over or under the image GF' : J — D of this diagram. There are now several ways to logically
relate the statements that either the original cone or its image is a (co)limit.
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Definition 2.4.1: Let G : C — D be a functor and I a family of diagrams in C.

1. preserves (co)limits for /, if for any diagram F € [ and (co)limit cone A of F', the
image G\ is a (co)limit cone of GF.

2. reflects (co)limits for I, if any (co)cone A for F' € I, whose image G\ is a (co)limit
cone of GF, is a (co)limit cone of F.

3. creates (co)limits for [, if it reflects them and for any F' € I whose image GF has a
(co)limit, it has a (co)limit cone of the form G with a (co)limit cone A of F'.

Remark 2.4.2: (Exercise)

1. The condition that G reflects limits 3. is necessary to ensure that creation of (co)limits
implies reflection of (co)limits. Show with an example that the second condition in
3. alone does not guarantee this.

2. If G : C — D creates (co)limits for a family I of diagrams in C and their images in D
have (co)limits, then the diagrams in I have (co)limits, and G preserves them.

Families of diagrams that are of special interest in Definition [2.4.1] are the families of all small
diagrams and of all finite diagrams. Whenever one deals with abelian categories, for instance
in homological algebra or in representation theory, the statement that a functor preserves all
finite limits or colimits has important consequences. The following definition is often stated
only for abelian categories, but makes sense in more generality.

Definition 2.4.3: A functor G : C — D is called left exact, if it preserves all finite limits,
and right exact, if it preserves all finite colimits in C.

Example 2.4.4:

1. Any fully faithful functor G : C — D reflects all (co)limits in D.
2. Any equivalence of categories G : C — D preserves and creates all (co)limits in C or D.

3. A functor F' : A — B between abelian categories is left (right) exact, if and only if it
preserves finite direct sums and (co)kernels. This follows from the proof of Theorem [2.2.2

Corollary and Example 2.1.11} 3.

It turns out that there are many functors that are right or left exact or even preserve all
(co)limits, not just the rather obvious functors in Example . The first important example
are Hom functors. Covariant and contravariant Hom functors, respectively, send all limits or
colimits that exist in a given category C to limits in Set.

Proposition 2.4.5: Let C be a category and C' € ObC.
1. The functor Hom(C, —) : C — Set preserves all limits that exist in C.
2. The functor Hom(—, C) : C°? — Set sends all colimits that exist in C to limits in Set.

Proof:

We prove the claim for limits. The claim for colimits follows with Remark [2.1.5] 3. if one takes
into account that that Home(—, C') = Homeor (C, —) : C? — Set.
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Let F : J — C be a diagram in C with a limit cone A : A(lim F') = F and C' € ObC. We
show that the natural transformation Hom(C, \) : A(Hom(C,lim F')) = Hom(C, F'(—)) with
components Hom(C, A); : Home(C,lim F) — Home(C, F(J)), f — Ajo f is a limit cone of
Home(C, F(—)) : J — Set.

e A cone p over Home(C, F'(—)) with apex X is a collection of maps p; : X — Home(C, F(J))
that satisfy F'(j)opy(x) = py(x) for all z € X and morphisms j : J — J’. This corresponds to
a collection of cones p” : A(C') = F, indexed by X, with components p% = p;(z) : C — F(J).

e Cone morphisms from a cone p to Hom(C, A) are maps f : X — Home(C, lim F') satisfying
ps(x) = Ajo f(x) for all x € X and J € Oby. This amounts to a collection of morphisms
f* = f(x) : C — lim F indexed by X with p% = A\; o f* and hence to a collection of cone
morphisms f* from p* to Aj.

By the universal property of A, for each x € X there is a unique cone morphism f* : C' — lim F’
with p% = Aj o f*. This defines a unique cone morphism f : X — Hom¢(C\lim F), z — f*
from p to Hom(C, \) and shows that Hom(C, \) is a limit of Hom(C, F'(—)). O

In fact, the proof of Proposition shows more than the just the claim. Combining it with
Proposition by which (co)limits in functor categories are computed objectwise, we find
that any limit cone A : A(lim F) = F in C yields a limit cone of the diagram in Set®” that
sends J € ObJ to the functor Hom(—, F'(J)) : C°? — Set and a morphism j : J — J' to the
natural transformation Hom(—, F'(j)) : Hom(—, F'(J)) = Hom(—, F(J)).

We can state this more succinctly in terms of the co- and contravariant Yoneda embedding

y:C— Set®  C'+—=Hom(—,C) y:C” = Set® '+ Hom(C,~) (12)
cl jHom(—,C) Lc THom(C,—)
C' ——Hom(—, ") C’'——Hom(C’, —).

The Yoneda embeddings are fully faithful by the Yoneda Lemma and hence reflect all (co)limits
by Example[2.4.4] 1. Combining the proof of Proposition with Proposition then shows

that the Yoneda embeddings preserve and reflect limits.
Corollary 2.4.6:

1. The covariant Yoneda embedding vy : C — Set®” preserves and reflects limits.

2. The contravariant Yoneda embedding y : C% — Set® preserves and reflects limits.

Another important class of functors that preserve either limits or colimits are right and left
adjoints. Preserving both, limits and colimits, is a much stronger condition, satisfied by all
functors that have a left and a right adjoint. Roughly speaking, the data of an adjunction
allows one to transport cones and cone morphisms between the two categories. This can be
used to show that the image of a (co)limit cone remains terminal (initial).

Theorem 2.4.7: Right adjoint functors preserve limits and left adjoint functors colimits.

Proof:
Let L : C — D be left adjoint to R : D — C with unit n : idp = RL and counit € : LR = id¢
satisfying (i) eL o Ln = idy, and (ii) Re o nR = idg.
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We prove the claim for limits. The claim for colimits follows with Remark [2.1.5] 3.

Suppose A : A(lim G) = G is a limit of G : J — D. Then RA : A(R(lim G)) = RG is a cone
over RG. We show that it is terminal. Let u : A(C') = RG be another cone over RG. Then
eGoLy : A(L(C)) = G is a cone over G and hence there is a unique morphism g : L(C) — lim G
with A o A(g) = €G o Lu. The morphism f = R(g) one : C — R(lim G) satisfies

(
RX\o A(f) = R\o AR(g) o Alne) ™= ReG o RLyo A(ne) ™" ReG onRG o i & 1.

If f': C — R(lim @) is another morphism with RX o A(f’) = p, then one has
Ao A(g) = G o L= eG o LRA o A(L(f')) "2 X o A(esma © L(f")).
As ¢ is unique by the universal property of the limit, this implies g = €, o L(f’) and
f=R(g) onc = R(eima) © RL(f") o ne "&" R(€ime) © Nrgima) © f' Dy O
Example 2.4.8:

1. The forgetful functor V : Top — Set is left adjoint to the indiscrete topology functor
R : Set — Top and right adjoint to the discrete topology functor L : Set — Top that
assign to a set X the indiscrete and discrete topology on X (cf. Example [1.2.7} 2).

Hence, V preserves all limits and colimits, the indiscrete topology limits and the discrete
topology colimits. In particular:

e the indiscrete topology on a product set Il;c;X; is the product topology for the
indiscrete topologies on the sets X;,

e the indiscrete topology on a subset U C X coincides with the subspace topology
induced by the indiscrete topology on X,

e the discrete topology on a disjoint union U;c;X; is the sum topology of the discrete
topologies on X;,

e the quotient topology on a quotient of a discrete topological space is the discrete
topology on the quotient.

2. By Example [1.2.7 1. the forgetful functor V' : R-Mod — Set is right adjoint to the free
generation functor ( )g : Set — R-Mod, that assigns
e to a set X the free R-module (X)p generated by X,
e to amap f: X — X' the unique R-linear map (f) : (X)gr — (X')g, z — f(x),
Hence, V preserves limits and ( ) g colimits. In particular, one has (XUY) g = (X)g®(Y ) g.
3. The forgetful functor V' : Grp — Set is right adjoint to the free generation functor
* : Set — Grp that assigns
e to a set X the free group F(X) = xxZ generated by X,

e toamap f: X — X’ the unique group homomorphism F(f) : xxZ — xx:Z with
F(f)oty =ty forall z € X.

Hence, V' preserves limits and * colimits.

4. The forgetful functor V' : H-Set — Set for a group H is left adjoint to the functor
G = Homg (H, —) : Set — H-Set, that assigns

e to a set X the set of maps f: H — X with (h> f)(k) = f(kh),
e to amap g: X — X’ the H-linear map

Homge (H, f) : Homge (H, X) — Homge (H, X'), f+>gof.

Hence, V preserves colimits and G limits.
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5. By Example[1.2.7] 6. for any R-right module M, the functor F' := M®gr— : R-Mod — Ab
is left adjoint to G := Homay, (M, —) : Ab — R-Mod. Thus, F' is right and G left exact.

The unit and counit of the adjunction are given by ny : N — Homan(M, M&rN),
n > f, with f,(m) =m®n and €4 : M@rHomuzp (M, A) = A, mQf — f(m).

6. Left (right) adjoint functors are right (left) exact. In particular, this holds for left (right)
adjoint functors between abelian categories.

The following example is important in representation theory, where one often considers the
inclusion homomorphism ¢ : F[U] — F[H] for the group algebra of a subgroup U C H. This
inclusion homomorphism allows one to restrict any representation of H to a representation
of the subgroup U. Constructing a representation of H out of a representation of U is less
obvious. It can be achieved by considering induced and coinduced representations. We consider
this example in more generality, with rings instead of the group algebras F[U] and F[H] and a
general ring homomorphism instead of the inclusion.

Example 2.4.9: (induction and coinduction, cf. Example 7)

A ring homomorphism ¢ : R — S induces a functor Res, : S-Mod — R-Mod that assigns
e to an S-module (M, >) the R-module (M, >,) with 7 >4 m = ¢(r) > m,
e to an S-linear map f : (M,>) — (M',1>') the R-linear map f : (M,1>4) — (M', >}).

It is right adjoint to the induction functor Indy = S®r— : R-Mod — S-Mod that assigns

e to an R-module M the S-module S®pM with s > (f®@m) = ss’®@m and the R-right
module structure on S given by s <7 = s¢(r),

e to an R-linear map f: M — M’ the S-linear map ids®f : SQgM — SR M’.
and left adjoint to the coinduction functor Coinds = Hompg(S, —) : R-Mod — S-Mod that

e sends an R-module M to the S-module of R-linear maps f : S — M with (s> f)(t) = f(ts)
and the R-module structure on S is given by r > s = ¢(r)s,

e an R-linear map f: M — M’ to the S-linear map
Homg(S, f) : Homg(S, M) — Hompg(S, M'), g+ fog.

Hence Res, preserves limits and colimits and is left and right exact. The functor Ind, preserves
colimits and is right exact, the functor Coindyg preserves limits and is left exact.

Inspired by Example [2.4.9] one might ask under which conditions it is possible to compute
limits and colimits in a subcategory & C C from limits and colimits in C. It is clear that one
should at least require that the subcategory U C C is a full subcategory to have control over
its morphisms. However, even in this case it is in general not guaranteed that (co)limit cones
in C define (co)limit cones in . It holds, if the inclusion functor ¢ : i — C has a left adjoint.

Definition 2.4.10: A reflective subcategory is a full subcategory U of C such that the
inclusion functor ¢ : U — C has a left adjoint L : C — U, the reflector or localisation.
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Example 2.4.11:

1. The category Ab is a reflective subcategory of Grp.

The reflector is the abelisation functor L : Grp — Ab that sends
e a group G to its abelisation L(G) = G/|G,G]
e cach group homomorphism f : G — G’ to the induced group homomorphism

L(f):G/|G,G] = G'/|[G,G.

2. The category CAlgy of commutative algebras over F and algebra homomorphisms between
them is a reflective subcategory of Alg.

The reflector L : Algy — CAlgy sends
e an [F-algebra A to its symmetrisation S(A) = A/[A, A], its quotient by the two-sided
ideal generated the commutators [a,b] = ab — ba for all a,b € A,

e an algebra homomorphism f : A — A’ to the induced algebra homomorphism
L(f) : AJ[A, A] > AJ[A", AT,

3. The category Field is a reflective subcategory of the category Int of integral domains and
injective ring homomorphisms between them.

The reflector L : Int — Field assigns

e to each integral domain [ its field of fractions Q(I),
e to each injective ring homomorphism f : I — I’ the induced field homomorphism

L(f) - QU) — Q(I").

4. The category cHaus of compact Hausdorff spaces and continuous maps between them is
a reflective subcategory of Top.

The reflector L : Top — cHaus assigns
e to a topological space X its Stone-Cech compactification X,
e to each continuous map f: X — X’ the induced map f: X — X'.

We now show that reflective subcategories are well-behaved with respect to (co)limits. Whenever
a diagram in U has a (co)limit as a diagram in C, then it has a (co)limit as a diagram in ¢, and
this (co)limit is obtained by applying the reflector and the counit of the adjunction. Hence, the
(co)limit of a diagram of abelian groups in Ab coincides with its (co)limit in Grp. Analogous
statements hold for commutative algebras and algebras, for fields and integral domains and for
compact Hausdorff spaces and topological spaces.

Proposition 2.4.12: Let U be a reflective subcategory of C with inclusion functor ¢ : U — C
and left adjoint L : C — U. Then:

1. The counit of the adjunction is a natural isomorphism € : Lt = idy,.

2. U has all colimits that exist in C:
if F:J — U is a diagram and (F : J — C has a colimit A : «F' = A(C), then
LXoe 'F: F = A(L(C)) is a colimit of F'.

3. The inclusion functor ¢ : U < C creates all limits that exist in C:
if F:J — U is a diagram and ¢F' : J — C has a limit A : A(C') = F, then the cone
po=€eF o LA: A(L(C)) = F is a limit of F' and tp a limit of ¢t F.

In particular, if C is (co)complete, so is U.
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Proof:
Denote by n : id¢ = ¢L and € : Lt = idy the unit and counit of the adjunction with (i)
teomn =1id, and (ii) eL o Ly = id,.

1. As U is a full subcategory, the embedding functor ¢ is full and faithful and induces iso-
morphisms Homy, (U, U’) = Home (U, U’) for all U,U" € ObU. Thus, for each U € ObU, the
morphism 7y : U — L(U) is in Y. This implies

(i)

€y ©Nu g 1y n o ey "=C erw) © L(nu) = 1wy

This shows that all component morphisms of € are isomorphisms, and € : Lt = idy, is a natural
isomorphism. In particular, this implies that L is full.

2. Let F : J — U be a diagram such that (F' : J — C has a colimit A : ¢«F" = A(C). Then
L)\ : LuF = A(L(C)) is a colimit of L.F, since left adjoint preserve colimits by Theorem
. Pre-composing with the natural isomorphism e 'F : F = LiF then yields a colimit
LXoe 'F: F = A(L(C)) of F.

3. Suppose F' : J — U is a diagram and A : A(C') = +F a limit cone of ¢F'. Then the natural
transformation p:=€eF o LA : A(L(C)) = F is a cone over F. We show that it is a limit cone.

(a) We construct a cone isomorphism from tp to A:
As v A(L(C)) = oF is a cone over (F, there is a unique morphism ¢ : L(C) — C' in C with
Ao A(¢) = tpu. We show that ¢ is an isomorphism:

e As we have (o A(ne) = teF otLAo A(ne) = teF onuF o A = X by naturality of  and by (i),
it follows that A o A(¢ one) = A, and the universal property of A implies ¢ o e = 1¢.

e Because ¢ and L are full, there is a morphism f : C — C in C with ¢L(f) = n¢ o ¢, and
this implies 7 = nc o lo = nec o ¢ one = tL(f) one = ne o f by naturality of 7. This
yields f = gonco f = pone = 1lc. Hence, ¢ : L(C) — C is an isomorphism with inverse
ne : C'— L(C) and a cone isomorphism from cu to A. It follows that ¢ is a limit of ¢F.

(b) If p: A(U) = F is a cone over F, then tp: A(U) = F is a cone over ¢F', and hence there
is a unique morphism ¢ : U — C with A o A(2)) = 1p. This implies by naturality of e~

poA(Lpoey')=eFoL(AoA))oAleg') =eFoLipoAleg') =eFoe 'Fop=p.

Suppose now that o,7 : U — L(C) are morphisms in U with po A(c) = po A(r). As
Ao A(¢) = tp by (a), this implies Ao A(¢poog) = Ao A(¢ o7) and by the universal property of
A then poo = ¢orT. As ¢ is an isomorphism, this yields 7 = 0. Hence, p: A(L(C)) = F'is a
limit cone of F, such that cp : A(L(C)) = ¢F is a limit cone of ¢F. O

Proposition allows one to draw conclusions about the (co)completeness of reflective sub-
categories without explicitly computing their equalisers, coequalisers, products and coproducts.
An important example is the category Cat of small categories and functors between them and
its full subcategory Grpd of groupoids. Coequalisers in these categories are difficult to describe,
as quotients need to be taken in a coherent way for both, objects and morphisms.

Remark 2.4.13: We will show in Section |5 Corollary that Cat is a reflective subcate-
gory of a functor category Set® for a small category C. Propositions [2.3.2| and [2.4.12| then imply
that Cat is bicomplete.
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3 Kan extensions

3.1 Kan extensions: definitions and examples

In the last section we approximated functors by constant functors, which lead to the concepts
of limits and colimits as their closest categorical approximations from above and below. This
allowed us to recover familiar concepts from calculus and topology such as infima, suprema
and limits of sequences but also included many more advanced constructions from algebra and
topology, such as pullbacks and pushouts, CW complexes and direct and inverse limits.

In this section, we extend functors, that is, change their domain from one category to another.
Extending a function f : C' — E usually means finding another function f’ : D — E with
C C D and f'|¢ = f or, equivalently, f' ot = f for the inclusion map ¢ : C' — D. The second
condition generalises to arbitrary maps k : C'— D. We can define an extension of f along k as
a function ' : D — FE with f'ok = f.

If we replace the maps f : C' — E and k : C' — D by functors FF : C - £ and K : C — D,
imposing that there is a functor F’: D — £ with F'K = F or even F'K = F is too restrictive
and destroys interesting examples. Instead, we should require either that there is a natural
transformation n : F' = F'K or that there is a natural transformation ¢ : F'K = F. Just
as in the case of cocones and cones, we can view the pairs (F’,n) and (F’,¢) as categorical
approximations of the functor F' from below and above, respectively.

Just as in the definition of (co)limits we then require that these approximations are as close
as possible in a categorical sense. In case of an approximation (F,7n) from below, as close as
possible means that for any other approximation (G, ), consisting of a functor G : D — £ and
a natural transformation v : F' = GK, there is a unique natural transformation o : F' = G
that relates n and . In case of an approximation (F’ €) from above, it means that for any other
approximation (G, ), by functor G : D — £ and a natural transformation 6 : GK = F, there
is a unique natural transformation 8 : G = F”’ that relates € and ¢.

This yields the concept of a left and right Kan extension, with left corresponding to approxima-
tions from below and right corresponding to approximations from above. As we will see in the
following, Kan extensions are a very fundamental concept of category theory that encompasses,
among others, all limits and colimits, adjunctions and the Yoneda lemma. As stated by Saun-
ders MacLane: “The notion of Kan extensions subsumes all the other fundamental concepts of
category theory” or, more briefly: All concepts are Kan extensions.

Definition 3.1.1: Let F:C — &£ and K : C — D be functors.
1. A left Kan extension of F' along K is a functor Lang F' : D — £ together with a natural
transformation 7 : F' = (Lang F') K that has the following universal property:

For every pair (G,~) of a functor G : D — £ and a natural transformation v : F = GK,
there is a unique natural transformation « : Lang F' = G such that v = (aK) o 7.

C F £ c—L s¢
7 LangF , 7 4
/
/
x lin//LanKF xun// UO&/G
D D-
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2. A right Kan extension of F' along K is a functor RangF : D — & together with a
natural transformation e : (Rang F') K = F that has the following universal property:

For every pair (G, d) of a functor G : D — £ and a natural transformation 6 : GK = F,
there is a unique natural transformation 5 : G = Rang F such that 6 = e o (5K).

C £ £ c—Lr ¢

/4 RanKF// A

x\ ﬂe//RanKF Ne // ﬂﬁ/;
D D-

Remark 3.1.2:

1. As they are defined by universal properties, left and right Kan extensions are unique up
to unique isomorphisms: if (Lang F, n) and (Lan F, 7') are left Kan extensions of F along
K, there are unique natural transformations « : Lang F' = Lan} F with (aK)on = n/
and o : Lan F' = Lang F with (o/K) on' =7, and o is the inverse of a.

2. Right (left) Kan extensions are left (right) Kan extensions in opposite categories.

Every functor F' : C — D corresponds to a unique functor F’ : C? — D and every
natural transformation p : F' = G to a natural transformation y' : G’ = F’. Thus, a left
(right) Kan extension of F': C — & along K : C — D defines a right (left) Kan extension
of F': C? — £° along K' : CP? — DP.

It should be noted that Kan extensions are categorical extensions and do not generalise ex-
tensions of functions in a naive sense. Many claims that one would expect to hold naively are
false in general. Even if K : C — D is fully faithful, for instance a categorical inclusion of a full
subcategory, the natural transformations of a left or right Kan extension need not be natural
isomorphisms. We will derive a sufficient condition for this to hold in Corollary The
next example shows that a Kan extension of a constant functor along a constant functor is not
necessarily given by a constant functor.

Example 3.1.3: (Hom-functors are Kan extensions)
Let o be the category with a single object and morphism and * : @ — Set the functor that
sends the object to the singleton set {e}.

Then a left Kan extension of * along A(C') : @ — C is given by Hom(C, —) : C — Set and the
map 7 : {#} — Hom¢(C,C), ¢ — 1¢

o Set

7
s
A(& Un/ /Hom(C,f):LanA<C)*

C

A natural transformation v : x = GA(C) for a functor G : C — Set corresponds to a map
v : {e} = G(C) and hence to the choice of an element x = (o) € G(C).

By the Yoneda lemma a natural transformation « : Hom(C, —) = G is given by ac/(f) =
G(f) o ac(1¢) for all morphisms f : C'— C” and hence determined by ac(1¢).

The condition v = (aA(C)) o n implies z = (o) = ac(n(e)) = ac(le). This shows that
Hom(C, —) has the universal property of the left Kan extension.
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Example 3.1.4: (Limits and Colimits are Kan extensions)
Let J, C be categories and 7" : J — e the terminal functor. A left (right) Kan extension of a
functor F': J — C along T is a colimit (limit) of F:

F F
J C J C
4 4
% %
€
R Ui 7 Lantp F=colimF R ﬂ/ 7 RanpF=lim F
[ ] [ ]

Proof:

1. A pair (G, ) of a functor G : @« — C and a natural transformation v : F' = GT is a cocone
v: F = A(G(e)) over F. Thus (LangF,n) is a cocone n : F' = A(C) with nadir C' = Lany F'(e).
A natural transformation « : Lany F' = G with (a1")on = 7 is a cocone morphism. The universal
property of the left Kan extension states that (LanyF,7n) is an initial cocone, a colimit of F.

2. A pair (G,6) of a functor G : ¢ — C and a natural transformation 6 : GT' = F' is a cone
v : A(G(e)) = F over F. Thus (RanrF|e) is a cone € : A(C') = F with apex C' = RanpF. A
natural transformation 5 : G = RanrF with € o (8T) = § is a cone morphism. The universal
property of the right Kan extension states that € is a terminal cone, a limit of F. O

Other interesting examples of Kan extensions that could be expected to be trivial at first
sight are Kan extensions involving identity functors. The left and right Kan extension of a
functor F' along an identity functor is indeed trivial. It is given by F and the identity natural
transformation on F'. In contrast, extensions of identity functors arise from adjunctions.

Example 3.1.5: (Adjunctions are Kan extensions)
Let F' : C — D be left adjoint to G : D — C with unit n : id¢ = GF and counit € : F'G = idp.
Then (G, n) is a left Kan extension of id¢ along F' and (F, €) a right Kan extension of idp along G.

ide idp

C C D D

% 7
7/ /
€
F M/ Lanpide=G G ﬂ// Rangidp=F

D C

Proof:
1. For a pair (H,~) of a functor H : D — C and a natural transformation 7 : ide¢ = HF the
unique natural transformation « : G = H with (aF)on=ris a = HeonG.

The defining relations for the adjunction (i) Ge o nG = idg and (ii) €F o F'p = idp imply for
all natural transformations a: G = H with (a«F) on =~ and D € ObD

nat o

H(ep) o va(p) = H(ep) © arap) o new) = ap o G(ep) © nap) D ap.

That o« = He o v(G indeed satisfies the condition follows, because for all C' € ObC

nat

(aF)cone = H(erc)) ©vare) o ne = H(er)) o HF (ne) o ve = H(eF o Fp)c oy Y.
This shows that (G, 7) has the universal property of the left Kan extension.

2. For a pair (H,9) of a functor H : C — D and a natural transformation 6 : HG = id¢ the
unique natural transformation g : H = F with e o (6G) = § is f = §F o Hn. This follows
analogously to 1. and shows that (F€) is a right Kan extension. O
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The preceding examples show that even Kan extensions along functors or of functors that seem
rather trivial give rise to important categorical concepts. However, the main goal is not to
rediscover known concepts, but to apply Kan extensions to other mathematical problems.

A fairly typical example of the latter are induced and coinduced representations. They answer
the question how to canonically extend a representation of a subgroup C' C D to a represen-
tation of the full group D, which is not obvious, if attempted naively. The notion of a Kan
extension not only allows one to solve this problem, but also to generalise its solution to sets
or other objects with group actions instead of representations (cf. Example .

Example 3.1.6: (Induced and coinduced representations are Kan extensions)
Let £ = Vecty, C, D groups and C = BC, D = BD the associated categories with a single
object e and group elements as morphisms. Then:

functors F': C — & are representations I’ : C' — Autp(Vp) on Vi = F(e),

functors G : D — & are representations G : D — Autp(Vy) on Vg = G(e),

functors K : C — D are group homomorphisms K : C — D,

natural transformations u : F' = F': C — Vecty are morphisms of C-representations,
natural transformations v : G = G’ : D — Vecty are morphisms of D-representations.

1. The left Kan extension of a functor F': C — Vecty along K : C — D is given by the induced
representation from Example (Exercise [23)):

e the functor Lang F' : D — Vecty with
— Lang F(e) = F[D]®g|c|Vp for the right F[C]-action d < ¢ = dK(c) on F[D],
— Lang F(d)(d'®@v) = (dd")®v,

e the morphism of representations 7 : Vp — F[D]®gc Vi, v — 1Qu.

C

Vecty
1

F
7
bn -
x P LanKF:indgF

D

2. The right Kan extension of F' : C — Vecty along K : C — D is given by the coinduced
representation from Example (Exercise 23)):

e the functor Rang F' : D — Vecty with
— Rang F(e) = Hompyc)(F[D], V) for the F[C]-action ¢ > d = K(c)d on F[D],
— (Rang F(d) f)(d) = f(d'd),

e the morphism of representations e : Homgjo)(F[D], Vp) = Vp, f — f(1).

C

Vecty

F
P 7
fre -
K P 4 RanKF:coindgF

D
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Induced and coinduced representations were already considered in Example for general
rings and ring homomorphisms. The (co)induced representations from Example are a
special case of Example 2.4.9| with group algebras R = F[C] and S = F[D] as rings and a ring
homomorphism ¢ : R — S induced by a group homomorphism K : C' — D. In this case, the
categories R-Mod and S-Mod from Example are functor categories Vect2® and VectR?”.

Example [2.4.9] shows that the induced and coinduced representations define functors
Indg, Coindg : VectE” — Vectf? that are left and right adjoint to the restriction functor
Resg : Vectf? b_ Vect]f;3 ¢ The latter is simply pre-composition with the group homomorphism
K or, equivalently, with the functor K : BC' — BD.

One might ask if this pattern generalises to other functors K : C — D and categories &:

e Do the left and right Kan extensions Lang F,RangF : D — &£ of functors F' : C — &
organise into functors Lang, Rang : £¢ — £P?

e If yes, are the functors Lang, Rang : £ — £P part of an adjunction?
The natural candidate for an adjoint is the pre-composition functor K* : £ — £° that

e sends a functor F': D — £ to the functor FK : C — &,
e a natural transformation p : F' = F’ to the natural transformation uK : FK = F'K.

This generalises the group homomorphism K : C — D from Examples [2.4.9| and [3.1.6, The
following proposition shows that the answer to these questions is indeed positive, whenever the
left and right Kan extensions along K exist for all functors F' : C — £. Thus, the pattern from
Examples [2.4.9 and [3.1.6] holds more generally.

If one ignores largeness issues and does not require that the resulting functor categories are
locally small, one can investigate this for arbitrary categories and functors, as we do in the
following. If one wants to work with locally small functor categories, one must restrict attention
to functors K : C — D between small categories C and D.

Proposition 3.1.7: Let £ be a category and K : C — D a functor.
1. If the left Kan extension LangF : D — & exists for all functors F' : C — &, it defines a
left adjoint Lang : £¢ — P to K* : EP — £C that sends
e a functor F': C — & to its left Kan extension Lang F' : D — & along K,

e a natural transformation p : FF = F’ between functors F, F’ : C — £ to the unique
natural transformation Langu : Lang F' = Lang F’ with (Langp)K on=1n'o p.

2. If the right Kan extension Lang F' : D — & exists for all functors F' : C — £, it defines a
right adjoint Rang : £ — EP to K* : EP — £C that sends

e a functor F': C — & to its right Kan extension Rang F' : D — £ along K,

e a natural transformation p : F' = F’ between functors F, F’ : C — £ to the unique
natural transformation Rangu : Rang F' = Rang F’ with € o (Rangpu)K = po€'.

Proof:
By Remark [3.1.2] 2. it is sufficient to prove the claim for left Kan extensions.

1. The natural transformation Langu : Lang F' = Lang F” is defined uniquely by the universal
property of the Kan extension Lang F', by setting G = Lang F’ and v = n'op : F = (Lang F')K
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in Definition To see that Lang is a functor, note that for ' = F’ and p = idr we have

noidp = 7 = idpagrK on and hence Langidrp = idpan,r. For natural transformations
w: F=F and i : F' = F' we obtain

(Langp' o Langp) K on = (Langp') K o (Langp) K on = (Langp') K on o p=n" o (1’ o ),
=  Lang(u' o) = Langp' o Langp.
2. We show that Lang is left adjoint to K*.

The unit n : idge = K*Lang of the adjunction has as component morphisms the natural
transformations ng : F' = (Lang F')K in Definition of the left Kan extension. The counit
¢ : Lang K* = idgp has as component morphism ey : Lang(HK) = H the unique natural
transformation with (e K) o nyx = idyk that is defined by the universal property of the left
Kan extension for G = H : D — &£ and v = idyx : HK = HK. It remains to verify the
defining identities of the adjunction

K e onK™ = id g~ eLang o Langn = idpan -

The component morphism of the first identity for a functor H : D — £ is precisely the defining
identity for ey. To verify the second identity, we compute

* nat

(ELaHKOLaHKU)FKOUF = (ELanKFK)OK LaHK(nF)OnF =" (ELanKFK>O77(LanKF)KO77F = nr,
where we used the defining identity for €pa,,r in the last step. This shows that the natural
transformation « := (eLang o Langn)p : Lang F' = LangF' is a natural transformation with
aK onp = np for the pair G = LangF : D — £ and v =np : F = GK. As idpap, r is another
one, the universal property of Lang I implies (eLang o Langn)r = lpan,r- O

This proposition is useful in two ways. If a left or right adjoint to the pre-composition functor
K* is known, it gives a candidate for the left or right Kan extension along K : C — D for any
functor F': C — &. Conversely, if the left or right Kan extensions of all functors ' : C — & are
known, we can infer that the pre-composition functor K* has a left or right adjoint and compute
it explicitly. It also motivates the words left and right for left and right Kan extensions: left
Kan extensions define left and right Kan extensions right adjoints to pre-composition functor.

3.2 Formulas for Kan extensions

In this section, we derive sufficient criteria for the existence of left and right Kan extensions
and formulas that describe them in terms of colimits and limits. The central ingredient is the
comma category, which can be viewed as a generalisation of action groupoids for group actions.
It exists in two versions, one for left, one for right Kan extensions. There are also more general
versions of comma categories that involve additional functors, but we will not consider them.

Definition 3.2.1: Let K : C — D be a functor.

1. The comma category K | D has
e as objects pairs (C,d) with C' € ObC and d € Homp (K (C), D),
e as morphisms from (C,d) to (C’,d") morphisms ¢ : C' — C’ with d' o K(c) = d.

K(c)

K(C) K(C)

N

D
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2. The comma category D | K has
e as objects pairs (C, d) with C' € ObC and d € Homp (D, K(C)),
e as morphisms from (C,d) to (C’,d") morphisms ¢ : C' — C” with d' = K(c) o d.

K

S K(C)
d %
D

3. The projection functors P” : K | D — C and Pp : D | K — C are given by

K(C)

PP (C,d)——C Pp: (Cid)——C
o Fo
", d)——=C" ", d)—— '

Remark 3.2.2: The comma categories for a functor K : C — D have the following properties:

e Every morphism d : D — D’ in D defines a functor d* : K | D — K | D’ with
d*(C,d) = (C,dod) and PP'd* = PP,

e Every morphism d : D — D’ in D defines a functor d, : D' | K — D | K with
d*(C, d/) = (C, d o d) and PD d* = PD/.

e The morphisms 72, = d : K(C) — D form a cone 77 : KP” = A(D) under KP”
with 77'd* = A(d) o 7P for all morphisms d : D — D’ in D.

e The morphisms T(%yd) =d: D — K(C) form a cone 7P : A(D) = K Pp over K Pp with
7Pd, = 7P o A(d) for all morphisms d : D — D’ in D.

Although the comma categories seem complicated at first, we can view them as generalisations
of action groupoids. Recall that the action groupoid or transformation groupoid for a left
action > : G x X — X of a group GG on a set X is the category with

e clements x € X as objects,
e group elements g € G with g > x = 2’ as morphisms from z to z’.

Action groupoids arise as special cases of comma categories for functors K : BG — C. The
simplest cases are the ones where C = Set or C = Set?" for another group H. In the first case,
the functor K corresponds to a G-set, in the second to a group homomorphisms K : G — H.

Example 3.2.3: Let G be a group and K : BG — Set a functor with K (e) = X.

1. The comma category K | D for a set D has
e maps f: X — D as objects,
e morphism spaces Homg p(f, f) ={9 € G| f o K(g9) = f}.

This is the action groupoid for the G-action

>’ : G x Homge (X, D) — Homge (X, D), g f=foK(g).
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2. The comma category D | K for a set D has
e maps f: D — X as objects,
e morphism spaces Homp x(f, f') ={9 € G| f = K(g)o f}.
This is the action groupoid for the G-action
>": G x Homge (D, X) — Homge (D, X), g>" f=K(g)o f.

The functors PP and Pp send every object of K | D and D | K to e and every morphism to
the corresponding element of G.

Example 3.2.4:
Let K : BC' — BD be the functor defined by a group homomorphism K : C' — D.

1. The comma categories K | ep and ep | K have object sets D and morphisms
Hompg e, (d,d) ={c€ C|d =dK(c)"'}  Hom,, x(d,d)={ceC|d = K(c)d}.
They are the action groupoids for the left actions
Dr:CxD—=D, c>rpd=dK(c)™ >p:CxD—D, c>pd=K(c)d.

2. The functors P*: K | ep — BG and P, : ep | K — BG send each element d € D to the
object ec and each morphism ¢ : d — d' to the corresponding element of C.

In the general case, the comma categories are more complicated, as they keep track of the objects
as well as the morphisms in C. Nevertheless, we can think of them as a sort of generalised action
categories, where morphisms in C act on morphisms with a fixed source or target in D.

The comma categories and their projection functors allow one to construct left and right Kan
extensions of functors F': C — £ along functors K : C — D.

Theorem 3.2.5: Let I':C — £ and K : C — D be functors.

1. If the functor FPP : K | D — £ has a colimit for every D € ObD, then F has a left
Kan extension given by Lang F'(D) = colim(FPP) on the objects.

2. If the functor F'Pp: D | K — &£ has a limit for every D € ObD, then F has a right Kan
extension given by Rang F'(D) = lim(F Pp) on the objects.

Proof:

By Remark [3.1.2] 2. it is sufficient to prove the claim for left Kan extensions. We denote by
AP FPP = A(colim(F PP)) the colimit cone for D € ObD.

1. We define the functor Lang F' : D — &:

We set Lang F(D) = colim(FPP) on the objects of D. As PP'd* = PP for all morphisms
d: D — D’ by Remark [3.2.2] the natural transformation \?'d* : FPP = A(colim(FPP")) is a
cocone under F'PP. The universal property of the colimit yields a unique morphism

Lang F(d) : colim(FPP) — colim(FPP") with A(LangF(d))o AP =AP'd*. (13
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We show that this defines a functor Lang F'. Note first that 1}, = idgp and (d' o d)* = d™ o d*
for all morphisms d : D — D" and d' : D" — D”. This implies Lang F'(1p) = lyan, r(p) and
AP (d o d) = NP"d*d* = (A(Lang F(d')) o A”)d* = A(Lang F(d')) o APd*
A(Lang F(d)) o A(Lang F(d)) 0 A” = A(Lang F(d') o Lang F(d)) o A?,
which yields Lang F'(d' o d) = Lang F(d') o Lang F'(d).

2. We define the natural transformation 7 : F' = (Lang F') K with component morphisms

ne = /\fgi)((c)) . F(C) — colim(FPK(©), (14)

The naturality of n follows, because each morphism ¢ € Homg(C,C") defines a morphism
c: (C,K(c)) = (C', 1gcn) in K L D and AX(©) is a cocone:

defn y K(C") cocone \K(C')  _ \K(C") (VK .
ner o Fe) =" Neny o © FO) "= N ki) = Moot = X E© ) e

K(C def

= A(LanKF(K(c)))oA(C{l;(C)) " A(Lang (F)K(c)) o nc.

3. We show that (Lang F,n) has the universal property of the left Kan extension:

For this, let v : F = GK a natural transformation for a functor G : D — £. We construct a
natural transformation « : Lang F' = G with (aK) on =~ from the cocones

pu? =GP oyPP . FPP = A(G(D)), (15)

where 7P 1 KPP = A(D) is the cocone from Remark [3.2.2, As u” is a cone under F'PP| the
universal property of the colimit yields a unique morphism

ap : colim(FPP) — G(D) with A(ap)o AP = puP. (16)

That the morphisms ap define a natural transformation o : LangF = G follows from the
universal property of \”, as we have for all morphisms d : D — D’ in D

A(ap o Lang F(d)) o AP A(apr) o AP q uP'd (GTD/ o 7PD/)d* 522 D' g o v PP
"EIA(G(d) 0 GrP oy PP B A(G(d)) 0 4P & A(G(d)) 0 Alap) 0 AP = A(G(d) 0 ap) 0 AP.
It satisfies (aK') o n =, since we have for all objects C' € ObC

(14) K(C ) kK« (15)
(aK)cone = ag@e)one = k) © )\(C(,lf)qc)) G M(C(JI)((C)) B G(1k(c)) ° Yo = e

To show the uniqueness of «, suppose ' : Lang F' = G is another natural transformation with
(o«/ K) o = 7. We then have for all objects (C,d) of K | D

(15) (14) K(C
il @ (G701 PP) 00 B2 Gld) 0 70 = Gld) 0 a0 10 D Gld) 0 ey 0 NET )
nat o’ (13)
Y o o Lang F(d) o Afgg}i(c>) a’p © A

and hence A(a) o AP = P = A(ap) o AP. The universal property of AP implies o/ = . O

This theorem reduces Kan extensions to the computation of (co)limits in those cases where the
relevant (co)limits exist. In particular, their existence is guaranteed for all functors F': C — &
and K : C — D, if C is small, D locally small and £ (co)complete. In this case, they define
adjoints to the pre-composition functor K* : £ — £¢ by Proposition m
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Corollary 3.2.6: Let K : C — D with C small, D locally small and £ (co)complete.
Then the right (left) Kan extensions along K exist for all functors F' : C — &, are given by
Theorem and define a right adjoint Rang : £€— &P (left adjoint Lang : £ — EP) to K*.

Proof:

If C is small and D locally small, the comma categories K | D and D | K are small for all
functors K : C — D. As & is (co)complete, the (co)limit of the functors FPP : K | D — £ and
FPp:D | K — & exist for any functor F' : C — D, define the left (right) Kan extensions by
Theorem and a left (right) adjoint to K* by Proposition [3.1.7] O

The benefits of the formula in Theorem [3.2.5| go beyond the concrete expressions for their values
on objects. Via Corollary it gives sufficient criteria for the existence of Kan extensions
that involve mainly the existence of (co)limits in the category £. This allows one to define
mathematical structures as Kan extensions of certain functors in many situations, also in those
cases, where they are difficult to compute explicitly.

The challenges in determining the left or right Kan extensions with the formula in Theorem
depend on the complexity of the relevant comma categories. Generally, it is often sufficient
to compute the Kan extensions on the objects. The associated natural transformations are then
given by the limit cones, and the action of the functors on morphisms is often obvious from the
context. The simplest cases involve categories BG for a group G and yield familiar constructions.

Example 3.2.7:
Let G be a group and K : BG — Set?“” be the covariant Yoneda embedding from . Then
the left Kan extension of a G-set X : BG — Set along K sends a GP-set Y : BG? — Set to

LanKX(Y) =Y Xa X

Proof:
The functor K defines the G?-set G = K (o) = Hom(e, ®) with the right multiplication. The
comma category K | Y for a GP-set Y has

e as objects GP-equivariant maps f : G — Y, or, equivalently, elements y € Y,
e morphism sets Homg |y (y,y') = {9 € G|y < g =y}.

The functor XPY : Y | K — Set is given by
XPY . yeEY —X
lg lX(g):a:»—)ng
y<gleV—X

A cocone 7 : XPY = A(Z) is a collection of maps 7, : X — Z with 7,(g > ) = 7yq,(z) for
all g € G,y € Y and € X. This is equivalent to a map f. : Y x¢ X — Z, (y,z) — 71,(x).
Thus, the initial cocone is A : X P = A(Y x¢ X) with A, : X =Y xg X, 2+ (y,z) and the
unique cone morphism from A to 7 is f,. Thus, Lang X (Y) = colim(XPY) =Y xg X. O

Example 3.2.8: Let G be a group and K : BG — (Set®) the contravariant Yoneda
embedding from (|12)). The right Kan extension of a G-set X : BG — Set along K sends a G-set
Y : BG — Set to the set of G-equivariant maps f:Y — X

RanKX(Y) = HOmSetBG (K X)
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Proof:

The category (Set?“)? has as objects G-sets and as morphisms from a G-set X to a G-set Y’
G-equivariant maps f : Y — X. The functor K defines the G-set G = Hom(e, o) with the left
multiplication. The comma category Y | K for a G-set Y has

e as objects G-equivariant maps f : G — Y, or, equivalently, elements y € Y,
e morphism sets Homy x(y,y') ={g € G|y =g > y}.

The functor X Py : Y | K — Set is given by
XPY . yeEY ——=X
lg jX(g);ngm
gyeY ——X

A cone 7 : A(Z) = X Py is a collection of maps 7, : Z — X with g > 7,(2) = T45,(2) for all
g€ G, yeY and z € Z. This corresponds to a map f, : Z — Homg,sc(Y, X), 2z +— 7(2) with
7(2) 1Y = X, y = 7,(2). Thus, the terminal cone is A : A(Homg,sc (Y, X)) = X Py with legs
Ay Homgys6(X,Y) = X, h — h(y), and the unique cone morphism from 7 to A is f. 0

Example 3.2.9: Let K : BC — BD the functor for a group homomorphism K : C' — D and
F : BC — Vecty with F(e) = V. Then the (co)limit formulas from Theorem yield the

(co)induced representations

LanKF(o) = F[D]@]F[C]V RanKF(o) = HOIH]F[C] (F[D], V)

Proof:
By Example the functors FP*: K | ep — Vecty and FP® : ep | K — Vecty send

e cach object, given by an element d € D, to FP*(d) =V,
e a morphism c¢:d — d to F(c) € Autp(V).

e A cocone i : FP* = A(W) is a collection of linear maps jiq : V- — W with pg0 F(c) = ptax (e
for all c € C, d € D. Every such cocone induces a unique linear map

¢ : F[D|@pic)V — W,  d®v = pa(v),

where F[D] has the F[C]-right module structure d << ¢ = dK(c). This is a cocone morphism
from the cocone A with legs A\q : V' — F[D|®gi)V, v = 1p&v to p.

e A cone p: A(W) = FP, is a collection of linear maps jig : W — V with F(c) o pta = jtx(c)a
for all c € C, d € D. Every such cone induces a linear map

¢ : W — Homgye)(F[D], V),w — f, with f,(d) = pa(w),
where the F[C]-module structure on F[D] is given by ¢ > d = K(c)d and f, is e F[C]-linear.
This is a cone morphism from p to the cone A with legs Ay : f — f(d). O

Another insight is that Theorem and Corollary can be used to prove the Yoneda
lemma. The basic idea is to consider the right Kan extension of a functor F' : C — Set along
the identity functor ide. This is of course given by Rang F' = F and € = idp : F' = F. On the
other hand, we can use the comma category C' | id¢ and the limit formula to compute it.
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Corollary 3.2.10: (Yoneda Lemma)
Let C be small. Then for any functor F': C — Set and object C' € Ob(C, natural transformations
7 : Hom(C, —) = F are in bijection with elements of F(C):

Nat(Hom(C, —), F) = F(C).

Proof:
As C is small and Set locally small and complete, the right Kan extension of F' : C — Set along
the identity functor idc is given by Corollary and the limit formula from Theorem [3.2.5]

The category C' | id¢ has as objects morphisms d € Home(C, C”) for objects C" € ObC and as
morphisms from d to d" € Hom¢(C, C”) morphisms ¢ € Hom¢(C’, C”) with d' = co d.

A cone p1: A(X) = FPc has legs g : X — F(C") for d € Home(C, C") with F(c) o pig = fheod
for all ¢ € Hom¢(C', C”). It defines a map y' : X — Nat(Hom(C, —), F') that assigns to z € X
the natural transformation p* : Hom(C, —) = F with components pg, : Home(C,C") — F(C"),
d — pg(x). The naturality of p” is precisely the cone property of u

2 0 Hom(C, 0)(d) = Heoa(w) = F(c) o pralw) = F(c) o it (d).
The map p’ is the unique cone morphism from g to the terminal cone

A A(Nat(Hom(C, —), F)) = FP¢x
Aq : Nat(Hom(C, —), F) — F(C"), pr pc/(d) for d e Home(C,C").

The limit formula and the uniqueness of the Kan extension then yield the Yoneda lemma:

Rany, F(C) = Nat(Hom(C, —), F) = F(C). =

These examples show that Kan extensions given by the (co)limit formulas from Theorem m
have particularly nice properties. Almost all Kan extensions arising from familiar constructions
are of this type. Generally, Kan extensions that are not given by (co)limit formulas are ill-
behaved and mostly useless in practice. In particular, we will see in the next section that
they interact badly with Hom functors. As the Kan extensions given by (co)limit formulas
are computed object by object by taking for each object an appropriate (co)limit, these Kan
extensions are called objectwise or, more frequently, pointwise.

Definition 3.2.11: Let C be small and D and & locally small categories. A right (left) Kan
extension of F' : C — D along K : C — D is called pointwise, if it is given by the (co)limit
formula from Theorem [3.2.5]

A first indication that pointwise Kan extensions are the good Kan extensions is that they are
indeed extensions in a more naive sense under certain conditions. If a functor F' : C — & is
extended along a fully faithful functor K : C — D, the natural transformation that characterises
a pointwise Kan extension is a natural isomorphism.

Corollary 3.2.12:

1. If a left Kan extension (LangF,n) is pointwise and K : C — D fully faithful, then
n: F = (Lang F)K is a natural isomorphism.
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2. If a right Kan extension (RangF|¢) is pointwise and K : C — D fully faithful, then
¢ : (Rang F)K = F is a natural isomorphism.

Proof:
We prove the claim for left Kan extensions. The claim for right Kan extensions then follows

from Remark (3.1.2] 2.
If K is fully faithful, then the canonical functor H :ide | C — K | K(C) with P¢ = PKOH

H: (Cd)——(C",K(d))

<C//’ dl/) — (C//’ K(d//))

is an isomorphism of categories, since for all morphisms d' : ¢ — C, d’ : ¢ — C and
¢:C"— C" one has d = d”" oc if and only if K(d') = K(d") o K(c).

It follows that any cocone p : FPK() = A(D) defines a unique cocone ' : FP¢ = A(D)
with legs (e 4y = e i)y and vice versa. Thus, by Theorem W the left Kan extension is

determined by the colimit cone X : FPY = A(colim(F P%)).

The category ide | C has the terminal object (C,1¢), since for every pair (C’,d’), there is
exactly one morphism ¢ : (C",d") — (C,1,.), namely t = d' : C" — C. Hence, the colimit cone N’
has the legs N 4 = F/(d') : F(C") = F(C), see Exercise , and the left Kan extension is

Lang F(K(C)) = colim(FPX ) = colim(FPY) = F(C)
770:>\2071C):F(1C):1F(C)F(C)_)F(O) O

Another important motivation for pointwise Kan extensions are the special properties of point-
wise Kan extensions along the Yoneda embeddings . Any pointwise left Kan extension of
a functor F : C — & along the covariant Yoneda embedding v : C — Set®” yields a left adjoint
Lan,F : Set®” — & to the functor R = Homg(F(—),—) : & — Set®”. One one hand, this
can be used to determine this left Kan extension, if a left adjoint of R is known, by using the
uniqueness of adjoints. On the other hand, this adjunction is conceptually important. We will
see examples of both in Section 5} There is also an analogous statement for right Kan extensions
along the contravariant Yoneda embedding, which is less used in practice (Exercise).

Proposition 3.2.13: Let C be small. Then a pointwise left Kan extension F': C — £ along
the covariant Yoneda embedding v : C — Set®”

C r £
\ P 7
Yy bn V2 /LanyF
Set¢”

is left adjoint to the functor R = Homg(F(—), —) : £ — Set®” that assigns to

e an object E € Ob& the functor R(E) = Home(F(—), E) : C? — Set,

e a morphism e € Homg(F, E’) the natural transformation R(e) : R(E) = R(E') with
components R(e)c = Homg(F(C),e) : Homg(F(C), E) — Homg(F(C), E'), f+—eo f.

The natural transformation 7 : F' = Lan, F'y is a natural isomorphism.
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Proof:
That n : F' = Lan,F' is a natural isomorphism follows from Corollary [3.2.12, because the
Yoneda embedding is fully faithful.

We show that Lan, [ : Set®™ — £ is left adjoint to R : € — Set®” by constructing bijections
Homgcor (S, R(E)) = cocone(F P°| E) = Homg(Lan, F(S), E) (17)

that are natural in S and F for all functors S : C%? — Set and objects £ € Ob&. Here,
Sy | S — C is the projector for the comma category vy | S.

1. The second bijection in follows from the colimit formula in Theorem m The universal
property of the colimit states that there is a bijection

cocone(F P¥, E) = Homg (colim(F P*), E) = Homg (Lan, F(S), F)

that is natural in E. Its naturality in S follows from the fact that Lan,F" : Sett” — Eis a
functor and the functoriality of the colimit, see Proposition [2.2.5]

2. To construct the first bijection in in (17]), we consider the comma category y | S.

e Its objects are pairs (C,v) of C' € ObC and natural transformations v : Home¢(—, C) = S.

By the Yoneda lemma the latter are in bijection with elements of S(C). For each
s € S(C) the unique natural transformation v* : Home(—, C') = S with v (1¢) = s has
component morphisms are v, : Home(C',C) — S(C"), f+— S(f)(s).

e A morphism ¢ : (C,v) — (C',V') in y | S is a morphism ¢ : C — C” in C that satisfies
V' o Home(—, ¢) = v, or, equivalently,

ve(e) = S(e)(ver(1er)) = ve(le). (18)
The projector P¥ :y | S — C sends each object (C,v) to C and each morphism to itself.

3. We show that there are bijections Homg,cor (S, R(E)) & cocone(F P®, E) that are natural in
E € Ob& and S : C? — Set. For this, we consider the maps

¢s.p: Homgcor (S, R(E)) — cocone(F P’ E)
a:S = R(E) — 2\ FPY = A(E)
New) = aclvo(le)) s F(C) = E
Vs : cocone(FPS E) — Homgcor (S, R(E))
A: FPY = A(E) > B*: S = R(E)

B2 : S(C) = Homg (F(C), E), s = A

To show that A\* is indeed a cocone for each natural transformation « : S = R(FE), we compute
for a morphism c¢: (C,v) — (C',V/)iny | S

N0 F(e) “L ac (v (10))0 F(0) ™ 2 (R(E)(¢) 0 ae) (Vs (10) "% (e 0 S(e)) (Wi (1))
()

= ac(ve(le)) = o)

To show that 8* : S = R(FE) is a natural transformation for each cocone )\ FPS = A(E),
note that by each morphism ¢ : C' — C” in C defines a morphism c : (C, v3©E)) — (C' v
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iny | S forall & € S(C'), because one has v (c) = S(c)v* (1¢) = S(c)(s') = v2 9 (1¢). This
implies for all s € S(C")

B2 0 S(e)(s)=BA(S(e)(8) = Aicsn) =" Ny © F(e) =B (s') 0 Fe)=(R(E)(c) o B2 )(s).
A direct computation then shows that g g is the inverse of ¢g g:

(Vs 0 ¢s.p)(@)c(s) = Vsp(A*)c(s) = Afe,s = ac(vi(le)) = ac(s) VC € O0bC, s € S(C)
(¢s,6 0 Vs,E)(N)cw) = Vse(N)c(ve(le)) = Now) Y (C,v) € Ob(y | 9).

The naturality of ¢g g follows, because we have for each natural transformation 5 : 5" = S,
morphism e : E — E’ and (C,v) € Ob(y | S)

¢s & (Hom(—, R(e)) o a0 B)(c,) = (Hom(F(C),e) o ac o Bc)(ve(le)) = e o ac(Be(ve(lce)))
= A(e) o ac((Bov)o(le)) = (Ale) 0 ds,e(®))(c,pov)- _

The simplest example of the construction in Proposition |3.2.13| arises if we take for C = BG for
a group G. In this case, a functor F': C — Set is a G-set X = F'(e) and the left Kan extension
is Lan, F' = — x¢ X : Set?E” — Set by Example . By working with opposite categories, we
can also consider the right Kan extension along the contravariant Yoneda embedding and obtain
an analogous statement for right Kan extensions. By Example we then have Ran, [’ =
Homg,.5c(—, X) : (Set®9)P — Set Proposition then takes the following form.

Example 3.2.14: Let G be a group and X a G-set.

1. The functor Lan, X = — x¢g X : SetBY” — Set from Example m that sends

e a GP-set Y to the set YV xq X,
e a GP-equivariant map f : Y — Y’ to the induced map f xgid : Y xg X = V' xg X,

is left adjoint to the functor Homge (X, —) : Set — Set” G that sends

e aset Z to the G-set of maps f: X — Z with (f<g)(x) = f(gz) forz € X, g € G,
e amap f:Z — Z' to f, : Homge(X,Y) = Homge (X, Z'), g fog.

2. The functor Ran, X = Homg,sc(—, X) : (Set?“)? — Set from Example that sends
e a G-set Y to the set Hompg(Y, X) of G-equivariant maps f:Y — X,
e a G-equivariant map f: Y’ — Y to f*: Hompg(Y, X) — Hompg(Y’, X), g — go f,
is right adjoint to the functor Homge(—, X) : Set — (Set?%)?? that sends

e aset Z to the G-set of maps f: Z — X with (g>> f)(z) = g> f(2) forg € G, z € Z,
e amap f: 7 — Zto f*: Homge(Z, X) — Homget (2, X), g — go f.

3.3 Preservation of Kan extensions

It remains to consider the interaction of Kan extensions with functors. Given a left or right Kan
extension (LangF,n) or (RangF,€) of a functor F': C — & along K : C — D and a functor
H : & — F, we can consider the pairs (HLangF, Hn) or (HRangF, He). If they are left or
right Kan extensions of HF' : C — F along K : C — D, we say that the Kan extensions are
preserved by H.
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Definition 3.3.1: Let FF : C — £ and K : C — D be functors. A functor H : £ — F
preserves a left Kan extension (Lang F,n) or right Kan extension (Rang F €), respectively, if
(HLang F, Hn) or (HRang F, He) is a left or right Kan extension of HF along K:

C L we by = ¢c—H—F
/1 /1
x M// Lang F >\ UH;” Lang (HF)
D D
C Fwe by = ¢c—H—7F
7 /1
x ﬂ//RanKF >\ ﬂ[—ie/ Rang (HF)
D D

As right (left) adjoint functors preserve (co)limits by Theorem [2.4.7] it is plausible that they
preserve pointwise right (left) Kan extensions, which are given by (co)limit formulas. One could
also expect them to preserve Kan extensions in more generality, as the functors in the adjunction
and its unit and counit can be used to transport natural transformations between the categories
& and F, as in the Proof of Theorem [2.4.7] This intuition is correct.

Proposition 3.3.2: Left (right) adjoints preserve left (right) Kan extensions.

Proof:

We prove the claim for left Kan extensions. The one for right Kan extensions follows with
Remark 3.1.2] 2. because L : & — F left adjoint to R : F — £ with unit 5 : ide = RL and
counit € : LR = idx implies that L' : £ — F° is right adjoint to R’ : F°? — £° with unit
¢ 1 idrer = L'R' and counit ' : R'L’ = idgop.

Let (Lang F,n) be a left Kan extension of F': C — & along K : C — D and L : £ — F left
adjoint to R : F — & with unit ¢ : ide = RL and counit v : LR = idz of the adjunction
satisfying (i) Rv o (R =idg and (ii) vL o Lt = id,.

We show that (LLang F, Ln) is a left Kan extension of LF : C — F along K : C — D:
For this, let G : D — F be a functor and v : LF = GK a natural transformation. Then
Ryo.'F : F = RLF = RGK is a natural transformation with RG : D — &, and by the

universal property of (LangF,n) there is a unique natural transformation § : Lang F = RG
with BK on = Ryo(F. Then a« = vG o LB : LLang F = LRG = G satisfies

aKoLn:yGKoLﬁKoLn:VGKOLR,YOLLFna:tVVOVLFOLLF(i:i)%

Suppose that o : LLang F' = G is another natural transformation with o/ K o Ln = . Then
the natural transformation Ro/ o tLang F' : Lang F' = RLLang ' = RG satisfies

(Ro/ o lLang F)K o = R&'K o lLang FK on"™%' Ra’K o RLyo tF = Ry o .F,
and the universal property of (Lang F,n) implies Ra/ o (Lang F' = 3. This yields
a=vGoLB=vGoLRa o LiLangF "L ovLLang F o LiLang F W

and shows that (LLang F, Ln) has the universal property of the left Kan extension. O
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Example 3.3.3:

1. The forgetful functor V' : Top — Set has a left and a right adjoint by Example [2.4.8]
1. and hence preserves left and right Kan extensions.

2. The forgetful functors V' : R-Mod — Set and V : Grp — Set preserve right Kan-
extensions, as they have left adjoints by Example 2.4.8] 2. and 3.

3. The forgetful functor V' : H-Set — Set for a group H preserves left Kan extensions, as it
has a right adjoint by Example 2.4.8] 4.

4. The functor M@gr— : R-Mod — Ab for an R-right module M preserves left Kan
extensions and the functor Homa,(M,—) : Ab — R-Mod for an R-right module M
preserves right Kan extensions by Example [2.4.8] 6.

5. By Example 2.4.9] for a ring homomorphism ¢ : R — S the associated induction
functor Ind, : R-Mod — S-Mod preserves left Kan extensions, the coinduction functor
Coindg : R-Mod — S-Mod preserves right Kan extensions and the restriction functor
Resy : S-Mod — R-Mod preserves left and right Kan extensions.

6. The inclusion ¢ : U — C for a reflective subcategory U C C preserves right Kan extensions
and its reflector L : C — U left Kan extensions, see Example for concrete examples.

The examples involving forgetful functors V' : & — Set seem somewhat trivial, but they often
allow one to guess a Kan extension of a functor F' : C — &£ from the corresponding Kan
extension of V' F' : C — Set. The latter can often be promoted to a Kan extension with values
in £ by equipping it with additional structure. It is tempting to employ a similar strategy for
Kan extension in other categories by applying a Hom functor instead of a forgetful functor.

This raises the question which Kan extensions are preserved by Hom-functors. As every left
Kan extension of F' : C — & along K : C — Set corresponds to a right Kan extension of
F' . C% — &% along K' : C? — £° by Remark B.1.2] 2, it is sufficient to consider this
question for right Kan extensions. The relevant Hom-functors are then covariant Hom-functors
Hom(E, —) : &€ — Set. They preserve precisely the pointwise right Kan extensions.

Theorem 3.3.4: Let FF:C — € and K : C — D be functors.

1. A right Kan extension (Rang F) €) is pointwise if and only if it is preserved by all functors
Hom(E,—): & — Set

Hom(FE,—) Hom(E,-)F

C r - & Set = C > Set
7/ _ -
>\ TTE/ ” Rang I’ W(E’)/E - /RanK(Hom(E,—)F)
D D~

2. A left Kan extension (LangF,n) is pointwise if and only if the associated right Kan
extension from Remark is preserved by all functors Hom(—, F) : £ — Set

Hom(—,E) Hom(—,E)F’

cor - gor Set = ¢ Set
7 =
, Ve H —,E _ Pg
k ﬂ77/ /RanK/F/ Nm( /)"7/ ~ Rang/(Hom(—,E)F")
D D
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Proof:
We prove the claim for right Kan extensions. The proof for left Kan extensions follows with
Remark [3.1.2 2. | as Homgor(E, —) = Homg(—, E) : £ — Set.

1. If the right Kan extension (RangF,€) is pointwise, then by Theorem it is given by
the limit cone A” : A(lim(FPp)) = FPp. By Proposition its image Hom(E, —)AP is
a limit cone of Hom(F, —)FPp and by Theorem it defines the right Kan extension of
Hom(E,—)F along K.

2. Suppose now that (Rang F, €) is a right Kan extension of F along K such that for all E € Ob&
the pair (Hom(F, —)Rang F, Hom(E, —)e¢) is a right Kan extension of Hom(FE, —)F along K.

To prove that (Rang F €) is pointwise, we have to show that Rang F'(D) is a limit of the functor
FPp:D | K — & or, equivalently, that the set cone(E, F'Pp) of cones over F'Pp with apex E
is in bijection with the set Homg (E, Rang F/(D)). For this, note first that

Homg(E, Rang F(D)) = Homg,»(Hom(D, —), Hom(E, Rang F'(—)))
= Homgc(Hom(D, K(—)), Hom(E, F(—))),

where we used in the first step the Yoneda Lemma, stating that natural transformations
Hom(D,—) = Hom(E,RangF(—)) are in bijection with elements of Homg(F, Rang F(D)),
and in the second step the universal property of the right Kan extension Hom(FE, —)Rang F,
stating that natural transformations ¢ : Hom(D,—)K = Hom(FE, —)F are in bijection with
natural transformations § : Hom(D, —) = Hom(E, —)Rang F.

It remains to show that natural transformations ¢ : Hom(D, K(—)) = Hom(E, F/(—)) are in
bijection with cones over F'Pp with apex E.

The former are collections of maps ¢¢ : Homp(D, K(C)) — Homg(E, F(C)), d — ¢c(d) for
C' € ObC with ¢cr (K (c) o d) = F(c) o ¢ (d) for all morphisms ¢: C' — C" and d: D — K(C).
The latter are collections of morphisms A\¢q) : £ — F(C') indexed by pair of objects C' € ObC
and morphisms d : D — K(C) with A¢ k(c)oa) = F(€) 0 X\(¢,q) for for all morphisms ¢ : C' — C”
and d : D — K(C). The bijection is thus given by

cone(E, FPp) — Homg,c (Hom(D, K(—)), Hom(E, F'(—)))

)\(C,d) B — F(C) — gbc cd >\(C,d)- -

Thus, we can characterise pointwise Kan extensions not only as the Kan extensions given by
(co)limit formulas, but also as the Kan extensions that can be related to Kan extensions in
Set by applying Hom-functors. As a good interaction with functors is essential for categorical
concepts, these are the only Kan extensions that are relevant in practice. By Corollary
this includes in particular all Kan extensions of functors F' : C — £ from small categories C
into bicomplete categories £ along functors K : C — D into a locally small category D.

References:

e Chapter X in Mac Lane, S. (2013) Categories for the working mathematician,
e Chapter 4 in Richter, B. (2020) From categories to homotopy theory,

e Chapter 6 in Riehl, E. (2017) Category theory in context,

e Chapter 1 in Riehl, E. (2014) Categorical homotopy theory.
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4 Ends and Coends

4.1 Ends and coends: definition and properties

In this section, we introduce ends and their dual concept, coends. They are mathematical tools
that allow rather simple and intuitive computations with limits and colimits and gives rise to
a more efficient and intuitive formula for Kan extensions. Ends and coends are in principle
nothing new and arise as special cases of limits and colimits. Nevertheless, they are useful and
important, in roughly the same way as tensor products over rings.

Recall that the tensor product of an R-module N and an R-right module M is, by definition,
a quotient of the free abelian group generated by the set M x N by the subgroup that enforces
the R-bilinearity: M®@rN = (M x N)z/U where U is the subgroup generated by the elements

e (m+m',n)— (m,n)— (m' n),
e (mn+n')—(m,n)—(m,n'),
o (m<r,n)—(m,r>n)

for all m,m’ € M, n,n’” € N and r € R. Thus, the tensor product over R is nothing but a
coequaliser (quotient) of a coproduct (direct sum, free module), and in principle quotients and
direct sums are sufficient to describe it. Nevertheless, it would be very cumbersome to describe
tensor products in this way. Rather, one characterises them by a universal property (arising
from the ones of quotients and direct sums) and works directly with tensor products.

(Co)ends describe categorical generalisations of this construction and are defined in a similar
way as (co)limits. Limits are taken of functors F' : C — & and defined as terminal cones,
natural transformations from a constant functor to I and colimits as initial cocones, natural
transformations from F' to a constant functor. Ends and coends are taken only for functors
F : C? x C — &£ and associated to wedges and cowedges, dinatural transformations from a
constant functor to F' or from F to a constant functor.

A dinatural transformation between functors F, G : C? x C — &£ can be viewed as a weakening
of the concept of a natural transformation. While a natural transformation v : F' = G is defined
by component morphisms ve e 1 F(C,C") — G(C,C") for all C,C” € ObC and required to be
natural in both arguments, the components of a dinatural transformation are defined only on
the diagonal, for C' = C” and the naturality condition is weakened accordingly. The prefix di
thus stands for defined only on the diagonal.

Definition 4.1.1: Let ;G : C? x C — & be functors. A dinatural transformation
7 : F=G is a collection of morphisms 7¢ : F(C,C) — G(C,C) such that the following di-
agram commutes for all morphisms f: C — '

Fe, o)™ peo, o)

LF(]‘C’vf) X
F(C', ") G(C,C)
& LG(lc,n
G(C'. OG0, C)
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Example 4.1.2:

1. Every natural transformation v : F' = G for F,G : C®? x C — & defines a dinatural
transformation v/ : F=G with components v}, = v¢,c : F(C,C) — G(C,C) (Exercise.

2. A functor F' : BG” x BG — Set for a group G corresponds to a set X = F\(e)
with a left G-action > defined by g > =z = F(1,,¢g)z and right G-action < defined by
r<g=1F(g,1s)zr withg> (z <h)=(9g>z)<hforall z€ X and g,h € G.

A natural transformation v : F' = F’is a map f : X — X’ that is equivariant with re-
spect to both actions: f(g>xz) = g> f(z) and f(z<g) = f(z)<gforallg € Gand z € X.

A dinatural transformation F=F"is amap f: X — X' with g> f(z<1g) = f(g>z)<g

for all g € G and x € X, or, equivalently, equivariant with respect to the conjugation

action > : G x X = X, (g,2) = g>a<gl.

Just as (co)cones for a functor F' are defined as a natural transformations between F and a
constant functor, (co)wedges for a functor F' : C? x C — &£ are defined as dinatural transforma-
tions between F' and a constant functor. There are also notions of (co)wedge morphisms and
categories of (co)wedges for the functor F. Just as limits and colimits are terminal cones and
initial cocones, ends and coends are defined as terminal wedges and and initial cowedges.

Definition 4.1.3: Let F': C? x C — £ be a functor.

1. A wedge over F is a dinatural transformation 7 : A(E)=>F from a constant functor.

2. A wedge morphism from 7 : A(E)=F to 7' : A(E')=F is a morphism e : £ — E’ in
E with 7, 0 e = 7¢ for all C' € ObC.

3. A cowedge under F is a dinatural transformation 7 : F=A(E) to a constant functor.

4. A cowedge morphism from 7 : F=A(E) to 7/ : FSA(E') is a morphism e : B — E
in £ with 75, = f o 7¢ for all C' € ObC.

(Co)wedges and (co)wedge morphisms over F' form a category (co)wedge(F').

Definition 4.1.4: Let F': C°? x C — £ be a functor.

1. Anend of F'is a terminal object in wedge(F): a wedge A : A( [, FI(C, C'))=F such that
for every wedge 7 : A(E)=F there is a unique wedge morphism ¢ : £ — Jeee F(C,C).

el

Act

F(C,C) 2 F (e, ¢
Acl LF(fﬁlc/)
oo Fle. o)
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2. A coend of F is an initial object in cowedge(F): a cowedge )\:F:'>A(fC€CF(C’, (') such
that for each cowedge 7: F=A(E) there is a unique cowedge morphism ¢: i “<p (C,C)—E.

F(lcl,f
B

o) Dper o
F(f,lc)j l)‘c/
ceC

)

TC N

Remark 4.1.5:

1. As terminal and initial objects, ends and coends are unique up to unique isomorphism.

2. A cowedge under a functor F' : C? x C — & is a wedge over the associated functor
F':C x C? — £°P. This implies that an end or coend of F': C°? x C — £ is a coend or
end of F':C x C? — E°P,

The integral notation for ends and coends will be justified in the next subsection. At the
moment, we just take it as a notation for the objects that characterise the end or coend.

The diagrams for the universal properties of (co)ends in Definition are more illuminating.
By comparing with the diagrams for pullbacks and pushouts in Example 2.1.6] 3. we see that
for each morphism f : C' — C’ the end is a pullback of F(1er, f) : F(C,C) — F(C,C") and
F(f,1¢) : F(C',C") — F(C,C") and the coend a pushout of F(1¢r, f) : F(C',C) — F(C',C")
and F(f,1¢) : F(C',C) — F(C,C). As pullbacks are equalisers of products and pushouts
coequalisers of coproduct, this also fits well with the intuition about tensor products at the
beginning of this section. What distinguishes (co)ends from usual pullbacks and pushouts is
that they are simultaneous pullbacks and pushouts for all morphisms in C.

Example 4.1.6:

1. group actions: Let G be a group and F' : BG? x BG — Set a set X = F(e) with
commuting left G-action > and right G-action <, as in Example 2.

A wedge over Fisamap 7: F — X with g>7(e) = 7(e) <gforalle € EF, g € G
or, equivalently, a map 7/ : E — X into the fixed point set X of the conjugation
action >’ : G x X — X, g’ 2 = g> o < g . Hence, the end of F is the inclusion
t: X% — X and the unique morphism ¢ : E — X with to¢ = 7 is the corestriction 7/ of 7.

A cowedge under F'is a map 7 : X — E with 7(¢g > ) = 7(x < g) or, equivalently,
T(g>'z) = xforallz € X, g € G. Hence, the end of F'is the orbit set O = {G>'x | z € G}
with the canonical surjection 7 : X — O. The map ¢ : O — E, G >’z — 7(x) is the
unique map with g om = 7.

2. tensor product of G-sets: As a special case of 1. consider F': BG? x BG — Set with
F(e) = X x Y for aright G-set X and left G-set Y.

A wedge over F'is amap 7: ' — X x Y with values in the fixed point set of the action
> GXX XY — X XY, g>/(z,y) = (x<1g™!, gi>vy), and the end its inclusion into X X Y.

A cowedge over F'isamap 7: X XY — E with 7(z < g,y) = 7(z,g > y) for all z € X,
y € Y and g € G. Any such map induces a unique map ¢’ : X XgV — E with ¢/ o = 7,
and hence the coendism: X xY = X xg Y.
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3. evaluation: Let k be a commutative ring, N a k-module and consider the functor
F = Homg(—, N)®g— : k-Mod” x k-Mod — k-Mod that assigns to

e a pair of k-modules (M7, Ms) the k-module Homy (M, N)®yM,,
e to a pair (fi, f2) of k-linear maps f; : M{ — M; and fy : My — M) the k-linear map
Homy(f1, N)®f2 : fem = (f o fi)®f2(m).

A cowedge of F' is a collection of k-linear maps 7, : Homy (M, N)®xM — FE satisfying
v (fog@m’) = Ty (f@g(m')) for all m’ € M’ and k-linear f : M — N and g : M’ — M.
The coend of F' is given by the maps Ay : Homyg (M, N)@M — N, fem — f(m),
and ¢ : N — E, n+— 7y(idy®n) is the unique map with ¢poA,, = 7, for all k-modules M.

4. natural transformations: Let C be small, ;G : C — & functors and consider the
functor H = Homg (F(—),G(—)) : C? x C — Set.

A wedge over H is a collection of maps 7¢ : E — Homg(F(C), G(C)), e — 7 indexed by
objects of C, with 7&, o F((f) = G(f) o7& for all morphisms f : C' — C’. This is a map
7' B — Nat(F,G), e — 7° that assigns to e € E a natural transformation 7¢: F = G.

The end of H is given by the maps A¢ : Nat(F,G) — Homg (F(C),G(C)), T — 7¢, and
the unique morphism ¢ : £ — Nat(F,G) with A\co¢p =70 is ¢ = 7',

We will now show that (co)wedges are special cases of (co)cones and consequently (co)ends are
special cases of (co)limits. For this, we introduce the twisted arrow category, which exists in
the literature with various notations.

Definition 4.1.7: Let C be a category.

1. The twisted arrow category C” has
e as objects triples (C1, ¢, Cy) of objects C,Cy € ObC and a morphism ¢ : C; — Cy,
e as morphisms from (C1, ¢, Cy) to (Cf, ¢, Cy) pairs (f1, fo) of morphisms f; : C7 — C
and fy : Cy — Cf) with fooco fi =¢

G, ——=Cy

N

Composition of morphisms and identity morphisms are given by the ones in C.

2. The twisted arrow functor x : C™ — C x C assigns to
e an object (C1, ¢, Cy) the pair (Cy, Cs),

e a morphism (fi, fy) @ (Ch,¢,Cy) — (C1,d,CY%) the corresponding morphism
(f1, f2) : (C1,C2) — (C1,C%) in CP x C.

To show that (co)ends are special cases of (co)limits, it is sufficient to show that (co)wedges are
special cases of (co)cones. By Remark [2.1.5] 3 and Remark [4.1.5] 2. it is sufficient to consider
cones, wedges and ends. For a functor H : C — D we denote by H' : C°? — D the associated
functor between the opposite categories and identify (C? x C)? = C x C°. In particular, the
twisted arrow functor defines functors x’: (C7)® — C x C? and x" : (C?7)? — C x C.
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Proposition 4.1.8: Let F' : C? x C — & be a functor. Then:
1. The category wedge(F’) is equivalent to cone(Fx).
2. The category cowedge(F') is equivalent to cocone(F'x").

In particular, an end of F'is a limit of F'y and a coend of F' a colimit of F'y”.

Proof:
We prove the first claim. The second claim follows from Remarks 3 and 4.1.5, 2.
We consider the functor ¢ : cone(F'x) — wedge(F’) that assigns to

e acone p: A(E) = Fy the wedge ¢(u) : A(E)=F with components ¢(u)c = f(c,10.0),
e a cone morphism e : £ — E’ from p to p to the wedge morphism e from ¢(u) to ¢(i').

and the functor ¢ : wedge(F') — cone(F'yx) that assigns to

o a wedge v : A(E)=F the cone 1(v) : A(E) = Fx with ¥(v)c, cco) = F(lcy, ) o vey,
e a wedge morphism e : F — E’ from v to v/ the cone morphism e from ¢(v) to (/).

To show that ¢ and 1 are defined, note that ¢ € Hom(C, Cy) defines two morphisms in C”
(101,0) . (Cla 101701) — (Clacv 02) (Cv 102) : <027102a02) — (Chca CQ)
That ¢(u) is a wedge for each cone p over Fx then follows from the cone property of p:

cone

F(lCn C) © ¢(M>C1 = F(lcuc) O U(Ci1c,,C1) = H(CieCa) = F(C> 102) O [(Ca,1¢4,C2)
= F(c,1c,) o ¢(1)ce

To show that ¢ (v) is a cone over F'y for each wedge v over F', we compute for ¢ € Home(C1, Cs),
¢ € Home(CY, CY), fi € Home(CY, Cy) and fo € Home(Cy, Ch) with ¢ = fooco f

func
F(f1, f2) o (V) (cyecn) = F(f1, f2) o F(loy,¢) ove, = F(fi, 1) o F(ley, faoc)ovg,
func wedge
1y, f0¢) o F(fi,1ey) o ve, "2 Pl foo¢) o Fllop, fi) o vey
func
= F(lgy, f20co fi) ovey = ¥(V)(0f paocofi.p) = V(W) cf.e.cp)

That every cone morphism e : F — E’ from p to p/ defines a wedge morphism from ¢(u) to
(') and every wedge morphism from v to v/ a cone morphism from ¥ (v) to (') follows
directly from the definitions. For all C' € ObC and ¢ € Hom¢(C4, Cs) one has

(i) oe= a0y 0€ = lciee) = O
V() (Crecsy o€ = F(ley, ¢) ovg oe = F(lg,, ¢) ove, = ¥(V)cy,ecn)-
As ¢ and v are the identity on the morphisms, it follows that they are functors. To show that

¢ and 1 form an equivalence of categories, we compute for all C' € ObC and ¢ € Hom¢(Cy, Cy)

cones i over F'xy and wedges v over F
cone

@Zj(qb(u))(cl,acz) = F(lCn C) © ¢(ﬂ’)C1 = F(]‘Cl7 C) O U(Ci1c,,C1) = H(CieCa)

oV ())e = (W) cico = F(le, 1o) ove = ve.
This shows that 1 = ¢~ ! and ¢, ¥ are equivalences of categories. As such, they send terminal
to terminal objects and initial ones to initial ones and identify limits of F'y with ends of F'. O

In particular, this characterisation of (co)ends as limits yields sufficient conditions for the

existence of (co)ends for all functors F' : C? x C — £. By applying Proposition we also
obtain a characterisation of (co)ends as functors.
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Corollary 4.1.9: If C is small and £ (co)complete, all (co)ends of functors F': C? x C — &£
exist and define functors [, : ECXC 5 € and fcaz D ECTXC €.

4.2 (Co)end calculus

After identifying (co)ends as special cases of (co)limits, we now show that they render certain
formulas with (co)limits more simple and intuitive. In fact, with the integral notation, many
identities for limits and colimits appear as categorical counterparts of well-known theorems in
calculus, such as Fubini’s or Lebesgue’s theorem. All of the following are direct consequences
of certain identities for (co)limits and the fact that (co)ends are (co)limits.

Corollary 4.2.1: Let C be small, £ (co)complete, F': C x C? — &£ a functor and G : &€ — F
a functor that preserves small (co)limits, also called a (co)continuous functor. Then:

G (/CGCF(O, 0)) ~ /CECGF(C’, ) G </CEFC(C, C)) o /CEC(;F(C, ).

Proof:

This follows directly from the fact that (co)ends of F' and GF are (co)limits of F'xy and GF,
respectively, by Proposition [4.1.8] that the twisted arrow categories C™ are small for all small
categories C and that G preserves small (co)limits. O

Corollary 4.2.2: (Fubini’s Theorem)
Let F': (C x D)? x (C x D) — & be a functor. Whenever all (co)ends are defined one has

/ / F(C,D,C, D) / / F(C,D,C,D) = / F(C,D,C, D)
ceC JDeD DeD JCeC (C,D)eCxD

CeC rDeD DeD pCeC (C,D)eCxD
/ / F(C,D,C,D):/ / F((J,D,(J,D):/ F(C,D,C,D).

Proof:
This follows, because (co)ends are (co)limits by Proposition [4.1.8] with Theorem and with
the canonical equivalence of categories (C x D)™ = C™ x D. 0

Corollary 4.2.3: (Lebesgue’s theorem)
Let F': Bx C? x C — & be a functor. Whenever the (co)ends and (co)limits exist

cec cec
lim | F(—,C,C) %/ lim F(—,C,C) colim/ F(—,C,0) 2/ colimF'(—,C,C).
B Jcec cec® B B

Proof:

This follows from Theorem and because (co)ends are (co)limits by Proposition[4.1.8f O

Further examples that translate claims about (co)limits into integration formulas for (co)ends
are given as exercises for this chapter, see Section [8.4 We now derive the last and most impor-
tant formula of this type, namely a formula for pointwise Kan extensions.

To translate the (co)limit formulas for Kan extensions from Theorem into integration
formulas for (co)ends we first require concrete descriptions of (co)ends in terms of (co)equalisers
and (co)products. This is the concrete counterpart of the abstract characterisation of (co)ends as

(co)limits in Proposition 4.1.8] It also generalises the concrete formulas for (co)ends in Example
and the observations about pullbacks and pushouts after Remark [4.1.5]
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Proposition 4.2.4: If C is small and & (co)complete, every functor F' : C? x C — £ has a
(co)end, and it is given by

/ F(C, C) = eq (HCEObCF(Ca C) % erMorcF(S(f), t(f))) s (19)
ceC v

ceC u’
[ FC.0) = coca (e (1), 51) 5 TceoneF(C,C) ).
where u, v,u’,v" are the morphisms induced by the universal property of the (co)product with

o mpou=F(lypy, f)om and 7y ov = F(f, 1) o mp),
o wour =10 F(f 1) and v' oty = vyp) o F(lyy), f)

and 7y, ¢, Ly, Lo are the projection and inclusion morphisms for the products and coproducts.

Proof:
It is sufficient to prove the claim for ends; the one for coends follows with Remarks 3 and
4.1.5) 2. We write ¢ : ' — geoneF(C, C) for the equaliser in ([19)

F(s(f), s(F)) ——0 p(s(f), t(f

y Twsm l

F—> HCGObCF(C C) HfGMorCF S ))

F(f):t() == Fs(f), t(f

E(fLes))
and show that the morphisms A\c = rcov: E — F(C,C) for C € ObC define the end of F.

To show that they define a wedge over F' we compute for all morphisms f : C' — C’
F(f,1e)oder = F(f,1g)) omeror=mpovor =2 mpouor=F(lg, f)omgor=F(lg, f) o Ac.

To show that the wedge A is terminal, note that any wedge 7 : A(E')=F induces a unique
morphism 7’ : E' — Tgecone F(C, C) with mcor’ = 7¢ for all C' € ObC by the universal property
of the product. The morphism 7/ satisfies for all morphisms f : C — C’

mrouoT =F(lg, f)omcom =F(lg, f)ote=F(f,1c) o ter=F(f, 1) omen o ' =mpov o7,

and the universal property of the product implies u o 7/ = v o 7/. By the universal property
of the equaliser, there is a unique morphism 7”7 : E/ — E with ¢ o 7”7 = 7/. This implies
Tc =7mcoT =7ncgotroT” = Ago71” for all C € ObC. Conversely, any morphism p : £/ — E
with 7 = Ag o p for all C' € ObC satisfies m¢ 0o 7/ = 7o 0 7¢ = w0 Lo p for all C' € ObC and
by the universal property of the product ¢ o p = 7’. By the universal property of the equaliser
this implies 77 = p and hence uniqueness of 7”. O

The formulas for ends and coends in Proposition allow one to organise the (co)limit
formulas for Kan extensions from Theorem [3.2.5( in a more efficient way. In principle, the rel-
evant (co)limits in Theorem can be computed in terms of (co)equalisers of (co)product
via formula and its dual, see the proof of Theorem . However, this is rather compli-
cated in practice. With formulas for the (co)ends, one can compute these (co)equalisers of
(co)products in terms of (co)ends and (co)powers.
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Definition 4.2.5: Let C be a category in which all (co)products exist.

1. The power functor M : Set” x C — C assigns to

e an object (X, C) the product CX = II,cxC,

e a morphism (f,¢) : (X,C) — (Y, D) the unique morphism ¢/ : C* — DY with
myocl = comy forall y € Y, where m, : C¥ — C and 7, : DY — D are the
projection morphisms of the product.

2. The copower functor L : Set x C — C assigns to

e an object (X, C) the coproduct X - C' = I,exC,

e a morphism (f,c) : (X,C) — (Y, D) the unique morphism fc: X -C — Y - C with
fecoty = tpzyoctoral z € X, where ¢, : C — X -Cand ¢, : D —Y -D are the
inclusion morphisms for the coproducts.

The benefit of the (co)end formula and the (co)power functors is that they allow one to
split (co)products in the limit formula ([5]) into two separate (co)products. One of them defines
the (co)power functor and the other is absorbed by the (co)end. This yields the following result.

Proposition 4.2.6: Let F:C — &£ and K : C — D functors.

1. A left Kan extension of F' along K is pointwise if and only if it is given by
cec
Lang F(D) = / Homp(K(C), D) U F(C)
2. A right Kan extension of F' along K is pointwise if and only if it is given by

Rang F(D) = /Cec Homp (D, K(C)) N F(C)

Proof:

We prove the claim for right Kan extensions. The claim for left Kan extensions follows with

Remark [2.1.5 3, Remark 2 and Remark [4.1.5] 2.

By Definition [3.2.11] a right Kan extension is pointwise if and only if it is given by the limit
formula Rang F(D) = im(F Pp), where F'Pp : D | K — £ is the functor that assigns to

e an object (C,d) with d € Homp(D, K(C)) the object F(C),
e a morphism f : (C,d) — (C',d'), given by f € Hom¢(C,C") with d' = K(f) o d, the
morphism F(f) : F(C) — F(C").
By the proof of Theorem the limit is given by the dual of formula (5]), as the equaliser of
the morphisms ¢, 1) defined by the diagram

FPp(t(f))

wt(f)T \
®

I conix) F'Pp(J) —F Hemor(pix)yFPp(t(f))

71'S(f)L lﬁf

FPp(s(f)) FPp(t(f)).

FPp(f)
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By Definition [3.2.1] of the comma category D | K the products in this formula become

Hyconpir)yFPp(J) = Heecovellactoms (0, k() F(C) = HeeconeHomp (D, K (C)) M F(C)
Hentor(pyx) F Pp(E(f)) = Hpemoreactomp (0, (s(r)) F (E(f))
= HfEMorCHom'D(D7 K(S(f))) Ml F(t(f))

Applying Formula to G = Homp(D, K(—)) N F(—) : C®* x C — & proves the claim. O

The formulas for Kan extensions in Proposition 4.2.6| are somewhat more intuitive than the
(co)limit formulas in Theorem and exhibit analogies with integration theory. The for-
mula for the right Kan extension resembles the formula [ f(z)du(z) for the integral of a
p-measurable function f : X — R with respect to a measure du on X. The functor F': C — &
replaces the function f : X — R and the set of morphisms Homp(D, K(C')) the measure du(x).
The two are combined via the power functor.

The functor K : C — D along which F' is extended thus defines a categorical weight assigned to
each object C' € ObC. This weight is given by set of morphisms f : D — K(C') and suppresses
the contributions of objects C' € ObC for which the corresponding object K(C') cannot be

reached by morphisms from D. The integral is dominated by the images F/(C') of those objects
C' € ObC for which there are many morphisms f: D — K(C).

We illustrate the formalism with a simple example that was already treated in Example [3.2.9
with the (co)limit formula from Theorem [3.2.5, namely induced and coinduced representations.

Example 4.2.7: A functor F' : BG? x BG — Vecty corresponds to a vector space V = F'(e)
with a left action > and right action < of the group G on V by linear automorphisms such
that g>v = F(le, g)v, v<tg = F(g,1s)v and (¢>v) Qh =g> (v<h) forall g,h € G,v eV,

1. The (co)power functors M : Set” x Vectyr — Vecty and LI : Set x Vectyg — Vecty are given by
XNV =1IIxV = Homp((X)p, V) XUV =I1xV = (X)r@FV,

with projection morphisms 7, : Homp((X)r, V) — V, f — f(x) and inclusion morphisms
ty V= (X)r®pV,  — 2®v for € X. The (co)end formulas yield

v (g—rg>v)

Ve [ Fles) = (v e Hom(F[Gm)

(g—v<ig)

ecBG gRU—gv
Vo = / F(e,e) = coeq (F[G]@FV = V)

gQu—v<lg

Thus, the end and coend are given by the linear maps

L VE={weV]igov=v<dgVge G} =7V, Vv
7.V o>Ve=V/{gbv—v<glveV,geG}), v v

These are precisely the inclusions for the invariants V¢ and the projection on the coinvariants

Vg of the representation >' : G x V =V, g>'v=g>v gl

2. Consider now the Kan extensions of a C-representation X : BC' — Vecty on X (o) = W
along the functor K : BC — BD induced by a group homomorphism K : C' — D.

7



In this case, we have Hompp(K (e),e) = Hompgp(e, K(e)) = D.

e The power functor Hompp(e, K(—)) M X (=) : BC x BC — Vecty in Proposition [4.2.6]
corresponds to the vector space V' = Homp(F[D], W) with C-left and C-right actions given by

(c> f)d)=cr f(d)  (f<e)d) = f(K(c)d)
for all c € C, d € D and F-linear maps f : F[D] — W. Thus, by step 1. we have
Rang X (e) = {f € Homp(F[D],W) | f(K(c)d) = c> f(d) Vc € C,d € D} = Homgc)(F[D], W).

e The copower functor Hompp(K(—),e) U X (=) : BC”? x BC — Vecty in Proposition [1.2.6]
corresponds to the vector space V = F[D]@rW with the C-left and right C-actions given by

ct> (dew) = do(c > w) (dow) <d=dK(c)@w
forallce C,d e D and w € W. Thus, by step 1. we have
Lang X (o) = F[D]@rW/spang{dK (c)@w — d®(c>w) | c € C,d € D,w € W} = F[D]®gc]W.

The formulas in Proposition together with Formula for the (co)ends thus yield a
concrete way of computing the left and right Kan extension via (co)products and (co)equalisers.

References:

e Chapters 1 and 2 in Loregian, F. (2015) Coend calculus. arXiv preprint arXiv:1501.02503,
e Chapters 1X.4,5,6, X.4 in Mac Lane, S.(2013) Categories for the working mathematician,
e Chapters 4.4 and 4.5 in Richter, B. (2020) From categories to homotopy theory.
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5 Simplicial objects

5.1 Simplexes and simplicial complexes

Simplexes and simplicial complexes are widely used in topology and geometry and come in
various flavours - affine, singular or combinatorial. They were originally used in topology and
geometry to build and investigate topological spaces. Their usefulness comes from the fact that
they are simple building blocks that exist in all dimensions and can be glued together in a
controlled way. The simplest variant are affine simplexes in Euclidean space.

Although they are geometric objects, they are mostly characterised by the combinatorics of
their vertices, as any affine linear map f : R® — R* is determined uniquely by its value on any
n + 1 points that are not contained in an affine plane of dimension < n.

Definition 5.1.1:
1. An affine m-simplex A C R" is the convex hull of m + 1 points vy, ..., v,, € R"
A = conv({vg, .., vm}) = {E A v |0 < N < 1,87\ =1}
It is called degenerate, if there is an affine plane P of dimension < m with A C P.

2. The k-simplexes conv({v;,, ..., v;, }) for subsets {ig, ..., i} C {0,...,m} with k+1 elements
are called the k-faces of A, the 0-faces are called vertices and the 1-faces edges.

3. An ordered m-simplex is an affine m-simplex with an ordering of its vertices. We write
[V0, +., U] for A = conv({vy, ..., U, }) with ordering vy < v; < ... < Upy,.

Affine n-simplexes can be glued together via affine linear maps that identify some of their
(n — 1)-faces. If one is only interested in the resulting polyhedra, it is sufficient to consider
affine simplexes of a particular simple form, the standard n-simplexes with the origin and the
elements eq,...,e, of the standard basis as vertices. By applying affine transformations, one
can relate any affine n-simplex to a standard simplex. In particular, we require affine linear
maps that embed standard simplexes into faces of higher-dimensional standard simplexes and
collapse them to lower-dimensional ones.

Definition 5.1.2: Let (e, ..., e,) be the standard basis of R™ and ¢y := 0 € R".
1. The standard n-simplex A™ C R" is the ordered n-simplex [e, ..., €,].

2. Forn € Nand i € {0,...,n} the ith face map f*: A""! — A" and degeneracy map
s A" — A™ are the affine linear maps given by

f?(ej)Z{ej e s?(eﬂz{ej J=

€jt1 J 21 ej—1 J>1

The name face map is due to the fact that the ith face map f* sends the simplex A" to the
(n — 1)-face [eg, ...€;—1, €it1, ..., €] in A™ opposite the vertex e;. In contrast, the ith degeneracy
map s sends the simplex A" to A" by collapsing the edge [e;, e;11] C A", We can also
interpret its image as a degenerate (n + 1)-simplex s?(A"™) = [eg, ..., € 1,6, €, €it1,-- -, Enl.
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The ordering of an affine m-simplex is pictured by drawing an arrow on each edge that
points from its vertex of lower order to its vertex of higher order. Note that the face maps
and degeneracies respect the ordering of vertices in the standard n-simplexes. They omit or
repeat vertices but do not change their ordering. Hence, the ordering of the vertices in the
(n — 1)-face f(A™') C A™ induced by the ordering of A"™! coincides with the one induced
by the ordering of A™ and analogously for lower-dimensional faces.

T3
° 1
A X2
1
1
X2
- —>—=0— 1 X1 1
1 1 X
AQ

0
Al A3

The standard n-simplexes for n = 0,1, 2, 3.

Instead of just glueing affine simplexes via affine linear maps, one can also distort them and use
continuous maps that are injective in the interior of the simplexes. This allows for a more flexible
construction of topological spaces with simplexes and leads to the concepts of (semi)simplicial
complexes. Many familiar spaces from topology have the structure of a semisimplicial complex.

Definition 5.1.3:

1. A (finite) A-complex or semisimplicial complex is a topological space X, together
with a (finite) family {7, }aer of continuous maps 7, : A" — X such that:

(S1) The maps Ta|Ana : A" —5 X are injective for all a € 1.
(S2) For every point = € X there is a unique o € I with z € 7,(Am).
(S3) For every o € [ and i € {0,...,n,} thereis a § € I with 7,0 f/'* =75 : A"~ — X
(S4) The topology on X is the final topology induced by the family {7, }aer:
A subset A C X is open if and only if 7, '(A) C A™ is open for all « € I.
2. A semisimplicial complex is called a simplicial complex if

(S5) For each a € I the images of the vertices of A" under 7, are all distinct:
To(€;) # To(ej) for all i # j € {0, ..., na}
(56) {7al€0), s Tal€n,)} = {78(€0), ..., T8(en,) } implies o = 3.

3. The n-skeleton of a (semi)simplicial complex (X, {7, acr) is the (semi)simplicial complex
sk, X = X\ (UpnysnTa(A")) with the family {7, }aern,<n-

Example 5.1.4:

1. A semisimplicial structure on the circle S is given by any continuous map o : [0, 1] — S*
with ¢(0) = o(1) = 1 and o] : (0,1) — S* injective and p : {0} — S',0 — 1. Its
1-skeleton is S' and its O-skeleton the point (1,0).
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2. The torus is the quotient 7' = [0,1]*?/ ~ with the equivalence relation (z,0) ~ (z,1)
and (0,z) ~ (1,z) for all x € [0, 1]. It has the structure of a semisimplicial complex with
two 2-simplexes, three 1-simplexes and one 0O-simplex. They are the composites of the
canonical surjection 7 : [0, 1] x [0, 1] — T with the affine linear maps

[\

p: [60a61762] — [60)62761 + 62]7 g [60761762] — [60761761 + 62]7 D [60] — [60]
a : C:

[607 61] — [607 61]7 b : [607 61] — [607 62]7 [607 el] — [607 €1 + 62].

Its 2-skeleton is T, its 1-skeleton is the union of the images of @', b, ¢, a bouquet with
three circles, and its O-skeleton is the image of p’, a point.

3. Real projective space RP? is the quotient RP? = [0,1] x [0,1]/ ~ with the equivalence
relation (z,1) ~ (1 —,0) and (0,z) ~ (1,1 — ) for all x € [0, 1]. It has a semisimplicial
structure with two 2-simplexes, three 1-simplexes and two 0 -simplexes which are obtained
by composing the canonical surjection 7 : [0,1] x [0, 1] — RP? with the affine simplexes

p: [eo, €1, 2] = [eo, €1 + e, €], o [eo, €1, 2] = [eo, €1 + €3, €1],
a:[eg,e1] = leo,e1], b:leo,e1] = [eo,e2], ¢ [en,e1] = [eo, €1 + €3],
p:leo) = leo], q:eo] = [ea]-

Its 2-skeleton is RP?, its 1-skeleton the union of the images of a’, ¥/, ¢, two points connected
by three different edges, and its O-skeleton contains two points, the images of p/, ¢'.

A given topological space may have many (semi)simplicial complex structures. The notion of a
simplicial complex is more restrictive than the one of a semisimplicial complex. However, every
semisimplicial complex can be transformed into a simplicial one by a subdivision procedure.
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Axiom (S5) forbids that the images of distinct vertices of an n-simplex coincide, and condition
(S6) forbids that the vertex sets of different simplexes coincide.

This allows one to describe a simplicial complex in a purely combinatorial way. Every k-face
in a simplicial complex is determined uniquely by its vertices. If one is interested only in the
resulting topological space, one can discard all the information about the continuous maps
0o @ A" — X and the standard simplexes and retain only the information how the simplexes
are contained in each other or glued together. This leads to combinatorial simplicial complexes.

Definition 5.1.5:

1. A combinatorial simplicial complex is a subset K C P(V) for some set V' such that
(i) M € K implies M # () and M finite,
(ii) 0 # M C N with N € K implies M € K.

2. A combinatorial simplicial complex is called ordered, if the set V' is ordered.

3. The n-skeleton of I is the combinatorial simplicial complex

sk, (K) = K\ {M € K | M| > n+1}.

Example 5.1.6:

.
Y
T T
X
q Y q
u
P q p. s t p

1. The first picture describes a simplicial complex structure and an associated combinatorial
simplicial complex K = {{p}, {¢}, {r},{p,a},{a, 7}, {p,r}} with V' = {p,q,r}.

2. The second picture describes a simplicial and combinatorial simplicial complex K for the
torus with vertex set V' = {p, q,r, s,t,u,v,w,x}. The elements of I are

e the 9 singleton sets containing elements of V,
e the 27 sets of pairs of distinct neighbouring vertices connected by a blue line,
e the 18 sets of neighbouring triples of vertices that form triangles.

5.2 The simplex category and (co)simplicial objects

The idea is now to organise all combinatorial information about the standard n-simplexes and
the face maps and degeneracies between them in a common framework. As we need to treat all
n-simplexes A" for n € Ny, this suitable framework is a category, whose objects correspond to
the n-simplexes. To account for the n 4+ 1 ordered vertices of the simplexes A", we choose as
objects the finite ordinals [n + 1] = {0,1,...,n} for n € Ny.
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The category must also encode as morphisms all maps between standard simplexes obtained by
composing face maps and degeneracies. As the face maps and degeneracies are monotonic, such
composites must be monotonic as well. Hence, we describe them as weakly monotonic maps
f : [m] — [n] between ordinals. The counterparts of the face maps are the face morphisms,
strictly monotonic maps 4% : [n] — [n + 1] that skip the number i € [n + 1]. The counterparts
of the degeneracies are the degeneracy morphisms, weakly monotonic maps ¢’ : [n + 1] — [n]
that send i,7+ 1 € [n+ 1] to ¢ € [n] and are injective on the other elements.

Definition 5.2.1:

1. The simplex category or simplicial category A has
e as objects the finite non-empty ordinal numbers [n| = {0,1,....n — 1} for n € N,
e as morphisms f : [m| — [n] weakly monotonic maps f : {0,...,m—1} — {0, ...,n—1},
with the composition of maps as composition and the identity as identity morphisms.

2. The ith face morphism &', : [n] — [n+1] for i € [n+1] and jth degeneracy morphism
ol : [n+1] = [n] for j € [n] are the morphisms

s (¥ 0sk< sy {F 0sks)
pu— 0‘ —
" E+1 i<k<n " k—1 j<k<n.

We now show that any monotonic map between finite ordinals is a composite of face and
degeneracy morphisms. If one imposes a fixed ordering of the latter, this composite even becomes
unique. We also describe relations between different face maps and degeneracies. This leads to
a characterisation of the simplex category in terms of generating morphisms and relations.

Proposition 5.2.2: (factorisation in the simplex category)

1. Every morphism f : [m] — [n] in A can be expressed uniquely as a composite

f=01,0...00% 00l 0. 00 (20)

m—1

n=m-—I1+k, ng’k<...<zl<n, 0<i<..<j<m-—1

2. The morphisms &’ : [n] — [n+ 1] and o7 : [n + 1] — [n] satisfy the relations

0 00l =5t od! for 1<y
olocgl,  =aoalt] for i<y
o 8,00} 1 <J
03,00, = 4 1y i€d{j,j+1} (21)
olool | > 7+ 1.

Proof:
Every monotonic map f : [m] — [n] is determined uniquely by the sets

Ms ={ir, vie} = [ \im(f) Mo = {j1,..ji} ={z € m —1] | f(z) = f(z + 1)}

withn—k=m—-LH0<i<..<ip<n 0<j;<..<ji<m-—1landim(f)={l,....lh—x}
with 0 < [} < ... < l,,_g, then f factorises uniquely as f = g o h with an injective monotonic
map ¢ : [m — 1] — [n] and a surjective monotonic map h : [m] — [m — ] given by g(r) = l,44
for r € [m — 1] and h(r) = r — s for j, <r < joi1, h(r) = r for r < gy, h(r) =r — 1 for r > ji.
This implies g = 6" ;0 ...06% , and h = 031 _,0...0 o' . The relations follow by a direct
computation from the deﬁnltlons. O
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Remark 5.2.3: As the relations allow one to transform any composite of the morphisms
6! and o7 into the form and the factorisation in is unique, all relations between the
morphisms 0}, and o7 are composites of the relations (21)). One says that A is generated as a
category or presented as a category by the morphisms ¢/ and o/ with the relations (21)).

The simplex category encodes the combinatorics of the standard n-simplexes and face maps
and degeneracies between them. More precisely, we can describe the latter as a functor from the
simplex category into the category Top that sends the object [n+ 1] to the standard n-simplex
A"™ and the face and degeneracy morphisms to the associated face and degeneracy maps from
Definition [5.1.2] This idea is not restricted to the category Top. We can consider analogous
functors into any category C.

Definition 5.2.4: Let C be a category.

1. A simplicial object in C is a functor S : A’ — C and a simplicial morphism from a
simplicial object S to simplicial object S’ a natural transformation A : S = S’.

2. A cosimplicial object in C is a functor S : A — C and a cosimplicial morphism from
a cosimplicial object S to cosimplicial object S’ a natural transformation A : .S = S’.

A (co)simplicial object in Set is also called a (co)simplicial set and a (co)simplicial morphism
in Set a (co)simplicial map. Simplicial sets and maps form the category SSet = Set™™.

More generally, simplicial objects and morphisms in C form the functor category C2” and
cosimplicial objects and morphisms in C the functor category C*. The nomenclature for Set
is used analogously for common categories in algebra and topology. For instance, a simplicial
object in Top is called a simplicial space, a simplicial object in Grp a simplicial group and a
simplicial object in R-Mod a simplicial module.

As the morphisms 6! : [n] — [n+ 1] and o7 : [n + 1] — [n] from Proposition [5.2.2] generate the
simplex category A subject to the relations , a (co)simplicial object is determined uniquely
by the images of the objects [n] for n € N and the images of the morphisms ¢’ and o7, which
must satisfy relations analogous or dual to .

Remark 5.2.5: Let C be a category.

1. A simplicial object C': A’ — C is given by

e a family (C},)nen, of objects C,, € ObC,
e families of morphisms d’, : C,, — C,,_; for n € Ny, 0 < i < n, the face maps,
e families of morphisms s¢ : C,, — Cp, 41 for n € Ny and 0 < i < n, the degeneracies

with C,, = C([n+1]), d, = C(d,) and s}, = C(0}, ), satisfying the simplicial relations

dod ,=d od  for i<}

sflﬂosf;:sf;llos; for <y
s odt i < j

dp1 08, =1 1e, i€{j,j+1} (22)
s/ odi! jHl<i<n+l.

2. A simplicial morphism p : C' = C" is a collection of maps p, : C,, — C! with

///nflod;:d;jo,un Nn+105;:5;ioluny n€N0>O§i§n-
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3. A cosimplicial object C': A — C is given by

e a family (C"),en, of objects C™ € ObC,
e families of morphisms d? : C"~! — C™ for n € Ny, 0 < ¢ < n, the face maps,
e families of morphisms s : C"*! — C" for n € Ny and 0 < i < n, the degeneracies,

with C" = C([n + 1]), dI = C(6}) and s = C(0},,4), satisfying relations dual to (22).
4. A cosimplicial morphism p : C' = C’ is a collection of maps p” : C™ — C'"™ with

plodl =d" o™ pmostt =sl"o n €Ny, 0<i<n.

The shift in indices between the ordinal [n + 1] and the sets S,, and C,, are unfortunate. It
arises, because we use the algebraist’s convention, in which the ordinal [n] has n elements. In
the topologist’s convention, the ordinal [n] has n+1 elements, just as the standard n-simplex has
n+ 1 vertices. Thus, [n+ 1] in our convention corresponds to [n] in the topologist’s convention.

Example 5.2.6:

1. The standard n-simplexes and the face maps and degeneracies between them from Defi-
nition define a cosimplicial object T': A — Top with

T, =A", T(5) = fl - A" — A" T(oh,q) = sP: A" — A"
It assigns to a monotonic map f : [n 4+ 1] — [m + 1] the unique affine linear map
T(f): A™ — A™ with T(f)(e;) = ey for all i € [m + 1].

2. Denote by [n]’ the poset category for the set [n] = {0,1,...,n—1} with the ordering <=<.
Then every monotonic map f : [m| — [n] defines a functor f : [m]’ — [n]’. This yields a
cosimplicial object C': A — Cat with

Co=[n+1 d'=0:Cry—>Cy =0 :Co1—Cp.

n

3. The identity functor ida : A — A defines a cosimplicial object in A.

Although these cosimplicial objects seem rather trivial, they give rise to important constructions
in topology and algebra. They allow one to associate a simplicial set to every object in the
categories Top, Cat and A via the nerve construction, by combining them with a Hom functor.

Example 5.2.7: (nerves)
Any cosimplicial object F': A — C in a category C yields a functor Home(F'(—), —) : C — SSet
that assigns to

e an object C the simplicial set Home(F(—),C) : A% — Set,
e a morphism ¢ : C' — C’ the simplicial map

Home(F(—),¢) : Home(F(—),C) = Home(F(—),C").
Such a functor is called a nerve of C. For the cosimplicial objects in Example this yields

1. For C = Top, F =T : A — Top the singular nerve Sing = Hom(7'(—), —) : Top — SSet
that assigns to
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e a topological space X the simplicial set S : A% — Set with S, = Homr,, (A", X),

: Hom(A™, X) — Hom(A™ !, X), o oo fl
: Hom(A™, X) — Hom(A" X), o+ cos?,

e a continuous map f : X — Y the simplicial map S¥ : S* = SY given by the maps
SI: Homryy(A™, X)) — Homre,(A™,Y), 0 — foo.

2. For C = Cat and FF = C' : A — Cat the simplicial nerve or categorical nerve
N = Homc,:(C(—), —) : Cat — SSet that sends

e a category C to the simplicial set S¢ : A% — Set with S¢ = Homg,([n + 1]',C),

e a functor G : C — D to the simplicial map S¢ : S¢ = SP with components
S¢ : Homeg([n + 1),C) — Homea([n + 1), D), H — GH.

3. For C = A and F' =ida : A — A, the functor A®*: A — SSet that sends
e the object [n+1] in A to the simplicial set A" = Homa(—, [n+ 1]) : A% — Set, the
standard n-simplex in SSet,
e a morphism « : [m+ 1] — [n+ 1] to the simplicial map Hom(—, ) : A™ = A" with
components Hom([k+1], &) : Hom([k+ 1], [m+1]) - Hom([k+1],[n+1]) T — aoT.

The simplicial set A" : A’ — Set play a special role in the category SSet. By the Yoneda
lemma simplicial maps « : A™ = S into a simplicial set S : A’ — Set are in bijection
with elements of .S,,.

Other important examples are the simplicial objects that underly the definition of Hochschild
homology and group homology, cf. Section In this case, the input data are an algebra and a
bimodule. If the algebra is a group algebra, one usually assumes that the left module structure
is trivial and works with a right module over the group algebra. One may also take the algebra
as a bimodule over itself with the left or right multiplication or the underlying field F as a
trivial module over the group algebra.

Example 5.2.8: Let A be an algebra over F and M an (A, A)-bimodule.
This defines a simplicial vector space S : A®? — Vecty with S,, = MRpA®™ for n € Ny and
face maps and degeneracies

(m<1a1)®a2®...®an 1=0
d Sy = Sni1, MRGR...Ra, — § MO ... ®(a;ai41)® ... Qa, 1<i<n-—1
(an >M)Ra1Q ... Qa1 i=n

st 1Sy = Suy1, MU ... Ra, = MR . .. ;R 1R 1S ... Qay,.

If A =TFI[G] for a group G and M is equipped with the trivial F[G]-left module structure, this
reduces to S, = M®pF[G*"] with face maps and degeneracies

(m<g1)®(g277gn) Z: 0
d;L:Sn_>S'rL—17 m®(glu7gn)'_> m®(gl7-"7(gigi+1)7"'®gn) 1<i<n—-1
m&(gu, -+ Gn-1) 1=n

Sfl : Sn — STZ+17 m®<gl7 s 7gn) = m®<gl7 <oy iy 1Gug’i+17 s 7971)
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Besides these structural examples that play a fundamental role in topology and homological
algebra, there are also concrete examples of simplicial objects, arising for instance from ordered
combinatorial simplicial complexes.

Example 5.2.9: Any ordered combinatorial simplicial complex I C P(V) as in Definition
defines a simplicial set S* : A%’ — Set given by

SE = {(vo,...,vn) [ {vo, . v} €K, vo < ... < wn}
d; : SLC —>S§71, <U07---7Un) — (’Uo,...,Ul',l,'l}i+1,...,'l)n)

i . qk K
Sp ¢ Sn — Sn+17 (U[), c. ,Un) — (UU, ey Vi1,V 055, Vg 1y - - - ,/Un).

This example illustrates the role of the degeneracies in a simplicial set. Here, a point
(vo,...,vn) € S, is in the image of a degeneracy map if and only if it contains repeated
vertices. If the vertices are taken as points in R”, this corresponds to a degenerate n-simplex
contained in an affine plane of dimension < n. If V' is finite with k vertices, every element of
Sy is degenerate for all n > k. A similar phenomenon occurs when one realises a k-dimensional
manifold as a combinatorial simplicial complex. In this case, all n-simplexes for k& > n are
degenerate. The elements in the images of degeneracy maps carry only redundant information.

In the following we will use simplicial sets and other simplicial objects in two ways, to construct
mathematical objects in a category £ and to investigate objects in a category £. The simplicial
objects used in the former and in the latter are adjoints.

The left adjoint is a left Kan extension Lan,F' : SSet — £ of a cosimplicial object F': A — &
along the Yoneda embedding y : A — SSet and serves to construct objects in the category
& from simplicial sets. The right adjoint is the nerve functor Hom(F(—),—) : &€ — SSet from
Example [5.2.7 It assigns to each object of £ a simplicial set that can be used to analyse the
category £. Essentially everything in the next sections is based on the following corollary, which
is a direct consequence of Corollary and Proposition [3.2.13

Corollary 5.2.10: Let £ be cocomplete.

1. Every cosimplicial object F' : A — £ has a pointwise left Kan extension Lan, F' : SSet — &
along the Yoneda embedding vy : A — SSet .

2. The left Kan extension is left adjoint to the nerve Hom(F'(—), —) : & — SSet.

5.3 Geometric realisation

In this section, we consider the left adjoint in Corollary [5.2.10] for the category £ = Top. In this
case, F' : A — Top is the cosimplicial object from Example [5.2.6] 1. defined by the standard
n-simplexes. Its left Kan extension Lan,F' : SSet — Top is called the geometric realisation. It

associates to every simplicial set a topological space and is left adjoint to the singular nerve
Sing : Top — SSet from Example [5.2.7] 1.

The geometric realisation is important, because it allows one to investigate simplicial sets with
methods from topology. We will see in the following sections how this construction can be
applied to characterise objects in different categories and relate them to topological spaces.

87



Definition 5.3.1: The geometric realisation Geom = Lan,T" : SSet — Top is the left Kan
extension of the cosimplicial object T': A — Top from Example [5.2.6] 1. along the covariant
Yoneda embedding y : A — SSet

A T Top
P 7
Y :ﬂz “Lan,T=Geom
SSet

Its right adjoint is called the singular nerve Sing = Homr,,(7'(—), —) : Top — SSet.

While the existence of the geometric realisation is guaranteed by Corollary [5.2.10] it is desirable
to have a more concrete picture of the topological spaces and continuous maps that this functor
associates to simplicial sets and simplicial maps, respectively. The first step is to derive a formula
for this Kan extension with the coend formula from Proposition [4.2.6]

Proposition 5.3.2: The geometric realisation Geom : SSet — Top assigns to

e a simplicial set S : A’ — Set the topological space
Geom(S) = [S] = (Lnen,Sn X A") / ~ (S(f)(s),2) ~ (s, T(f)(x))

for f:[m+1] = [n+ 1], x € A™ and s € S, with the topology induced by the metric
topology on A™ and the discrete topology on .S,

e a simplicial map a : S = 5’ the continuous map Geom(«) = |a| : |S| — || with
a([s,z]) = [an(s), 2] for s € S, v € A™

Proof:
By Proposition the left Kan extension Lan,7'(S) is the coend of the functor

F = Homgget (y(—), S)UT(—) : A? x A — Top.

By the Yoneda lemma we have Homgset (y([n + 1]),.S) = Homgget(Homa(—, [n + 1]),5) = S,
for all n € Ny and hence F([n+1],[m+1]) = S, LA™ =115, A™ = S, x A™ for all m,n € Np.
Formula for the coend then gives

[n]eA . (s,2)—=(s,T(f)x) .
Geom(S) = / F([n], [n]) = coequ | Hg.jm41)—[ns1]5n X A = HnengSm X A™ |,
(s,2)—=(S(f)s,x)

where the first coproduct runs over all morphisms f in A and [m+1] := s(f) and [n+1] := t(f).
A simplicial map « : S = S’ induces a natural transformation y : F' = F’ with components

Pnm S X A™ — ST x A" (s,x) = (an(s),z) for s € S, € A™,

and by Example m, 1. a dinatural transformation i/ : F=F' with p!, = p1,,.,,. The universal
property of the coend then defines the morphism Geom(a) : Geom(S) — Geom(S"). O

Proposition |5.3.2| provides a formula for the geometric realisation of a simplicial set. However, it
is still difficult to have a concrete picture. In particular, the formula necessarily involves standard
n-simplexes for all n € Ny. It is therefore not obvious how it describes simple topological spaces
such as tori or spheres. Also, while it is intuitive that the face maps glue different standard
n-simplexes along their faces, it remains unclear what is the role of the degeneracies.
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It turns out that their role is similar to Example [5.2.9] where they define degenerate higher
simplexes obtained by repeating the vertices of lower dimensional ones. With the equivalence
relation from Proposition [5.3.2] we see that degenerate affine simplexes in the geometric reali-
sation correspond to elements of the simplicial sets in the images of the degeneracy maps. We
call an element s € S, of a simplicial set S : A’ — Set degenerate, if it is in the image of
one of the degeneracy maps. It turns out that these elements are redundant in the geometric
realisation, as every point in Geom(S) is represented by a non-degenerate element of S.

Theorem 5.3.3: Let S be a simplicial set with geometric realisation Geom(S) = |S].

1. For every p € |S| there are unique = € A" and non-degenerate s € S,, with [s, z| = p.

2. |S| inherits a semisimplicial complex structure and a CW complex structure, such that
n-simplexes and an n-cells are in bijection with non-degenerate elements of S,,.

Proof:
We prove only the first part. The second is a rather direct consequence of the first, but requires
more topology. For each point p € |S|, there is an m € Ny and r € S,,,, z € A™ with p = [r, z].

1. There is a unique injection 0 : [k + 1] — [m + 1] and a unique y € A* with z = T(6)y:

If z € Am, then § = 1j,,+1) and y = 2. Otherwise, z is contained in a (m — 1)-face, and there
is a face map f* = T(3%) : A™ 1 — A™ and an y; € A™ ! with 2 = f"(y). If y, € A™!
we set § = 61 and y = y;. Otherwise, there is a face map "' = T(62_;) : A™™2 — A™~!
and yo € A™2 with y; = f7 (y2). If 4o € A™2 we set y = yp and § = 6 0 62_,. The
procedure terminates after at most m steps and yield a unique y € A¥ and monotonic injection
d:[k+1] = [m+ 1] with z = T(9)y.

2. There is a unique surjection o : [n + 1] — [k + 1] in A and a unique non-degenerate s € S,

with S(0)r = S(o)(s):

If S(6)r is non-degenerate, then s = S(6)r and o = Ipyy). Otherwise, there is a surjection
oj  [k41] — [k] and an s; € Sk_1 with S(6)r = S(o")(s1). If 51 is non-degenerate, set s = s,
and o = o3'. Otherwise there is a surjection o}’ ; : [k] = [k — 1] with s; = S(07>{)(s2). If 55 is
non-degenerate, set o = 022_1 o Uil and s = so. This terminates after at most k steps and yields
a unique non-degenerate s € S, and surjection o : [k + 1] — [n + 1] with S(d)r = S(o0)s.

3. Combining 1. and 2. yields p = [r, z] = [r, T(6)y] = [S(6)r,y] = [S(0)s,y] = [s,T(c)y]. As
ye AP ={S* jtie; | S ot; = 1,4, > 0 € {0,..., k}}

one has T(0)y € A" by definition of the degeneracy maps. Hence, p = [s, ] with s € S, and
x = S(o)r € A™. The uniqueness is clear from the construction. 0

Example 5.3.4:

1. The geometric realisation of an ordered combinatorial simplicial complex K C P(V)
is defined as the geometric realisation of its simplicial set S* : A°? — Set from Example
5.2.9. The n-simplexes 7, : A" — |SX| in the semisimplicial complex |S*| are in bijection
with elements a = (vo, ..., v,) € SX with vy < ... < v,,.

2. The geometric realisation of the simplicial set A" = Hom(—, [n + 1]) : A’ — Set from
Example [5.2.7] 3. is the topological standard n-simplex A™. (Exercise
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Theorem [5.3.3| gives a more concrete and intuitive picture of the geometric realisation of a
simplicial set, and Example allow one to understand it in terms of combinatorial simplicial
complexes. Nevertheless, some questions remain. For instance, for a semisimplicial complex or
a combinatorial simplicial complex one can construct the n-skeleta by discarding all simplexes
of dimension greater than n, see Definitions [5.1.3| and [5.1.5]

The question is if a similar procedure can be applied to simplicial sets and how it interacts with
forming the n-skeleton of its geometric realisation. The definition of a simplicial set enforces
non-empty sets S, for all n € Ny as soon as Sy # (). However, one can fill the sets Sy, for k > n
with only degenerate simplexes. This is achieved by first restricting a simplicial set to the full
subcategory of A that contains only the ordinals [k] for £ < n + 1 and then performing a left
Kan extension along the inclusion functor.

Definition 5.3.5: Let A., C A the full subcategory with objects [1],[2],...,[n + 1] and
tn + A<y, = A the inclusion functor.

1. The n-truncation of a simplicial set S : A’ — Set is the functor St,, : A%, — Set.

2. The n-skeleton sk, S : A — SSet of a simplicial set S : A? — Set is the left Kan
extension of Si, : AZ, — Set along the inclusion ¢, : AZ, — A®

Stn
AZ Set
e
X b 7 sknS
AP

Proposition 5.3.6: In the n-skeleton sk, S of a simplicial set S the sets (sk,S); for & > n
contain only degenerate elements. One has |sk,S| = sk, |S]

Proof:
1. With the coend formula and the formula from Proposition one computes
(sknS)p = (Wn<nHoma([p + 1], [m + 1]) X )/ ~

with the equivalence relation (5o a,s) ~ (a,S(8)s) for §: [m+ 1] — [l + 1] with I,m < n,
se€ Spand a: [p+ 1] — [m + 1]. On the morphisms the left Kan extension is given by

(sknS)(7) : (skpnS)p = (knS)g,  [ov, 8] = [0, s]
forally:[¢g+1] = [p+1,a:[p+1] = [m+1], s € Sp.

If p > n and m < n, the canonical factorisation of the simplex category allows one to
express any morphism « : [p + 1] — [m + 1] as a composite & = 0 o o with an injective
monotonic map ¢ : [k + 1] — [m + 1] and a surjective monotonic map o : [p+ 1] — [k + 1] that
is a non-trivial composite of degeneracies. This implies [, s] = [0 o g, 5] = (sk,S)(0)[d, a] for
all s € S, @ [p+ 1] — [m + 1] and hence any element in (sk,S), for p > n is degenerate.

In contrast, if p < n, then any morphism « : [p 4+ 1] — [m + 1] is a morphism in A, and
one has [a, s] = [1}p41], S()s]. This induces bijections ¢, : (sk,S), = Sp, [, 5] = S(a)s with
inverses ¢, : S, = (8kpS)p, 5+ [1p41), 5] that satisfy

¢q © (sknS) (V) ([, 8]) = @g([ev 0, 8]) = S(v)S(a)s = 5(7) © gp([ev, s])
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forall y : [¢+1] = [p+ 1], a:[p+1] — [m+1] and s € S,,, with m,p,¢q < n. Hence, an
element in [a, s] € (sk,5), is degenerate if and only if ¢,([a, s]) is degenerate. Theorem m
then implies |sk,, S| = sk,|S| for all n € Ny. O
Another option is to consider semisimplicial sets, functors s : Afr’fj — Set from the subcat-
egory Aipj C A with the same objects but only injective monotonic maps as morphisms. For
semisimplicial sets, one can define a counterpart of the geometric realisation, the fat realisation,
which is more intuitive. In this approach, the sets sy = s([k + 1]) may be empty for k& > n and
some fixed n, and elements of s; correspond bijectively to k-cells in the fat realisation, cf. Exer-
cises [44) and [47] This was the first approach, but also has drawbacks compared with simplicial
sets. In particular, it becomes difficult to collapse simplexes and to include degenerate data.

5.4 Simplicial nerve and homotopy category

In this section, we consider the left Kan extension Lan, F' : SSet — Cat from Corollary [5.2.10] for
the cosimplicial object F': Cat — Set from Example[5.2.6] 2. This Kan extension assigns small
categories to simplicial sets and functors to simplicial maps. Its right adjoint, the simplicial
nerve N : Cat — SSet from Example [5.2.7, 2. assigns simplicial sets to small categories and
simplicial maps to functors between them .

As we have not yet shown that the category Cat is cocomplete, we cannot argue that this
left Kan extension exists by cocompleteness of Cat. Instead, we consider the simplicial nerve,
construct its left adjoint explicitly and show that this adjunction identifies Cat with a reflective
subcategory of SSet. As SSet is bicomplete, this implies that Cat is bicomplete as well. It follows
that the left Kan extension exists, is pointwise and the left adjoint of the simplicial nerve. To
work with the simplicial nerve we require a more concrete description. We characterise functors
from poset categories into a small category C as composable sequences of objects in C.

Lemma 5.4.1: Let C': A — Cat be the cosimplicial object from Example that sends

e an ordinal [n] to the poset category [n]’,
e a monotonic map [ : [m] — [n] to the associated functor f": [m] — [n]’.

The simplicial nerve N = Homc, (C(—), —) : Cat — SSet

e sends a category C to the simplicial set N(C) : A% — Set, where
— N(C)o = ObC,

B N(C)n:{<f17>fn) ‘ f] : ijl —>C]} fOI'nZ 1
is the set of sequences of n composable morphisms in C,

— face maps and degeneracies are given by

d(l]:flr—>C'1, d%:fl '—>Co, (23)

| (Foseeos fr) i=0

d;:(flw“?fn)}_) (.fla"'a.fi—i-lofia---?fn) I<i<n-1 n>17
(fla"-vfnfl) 1=n

sg:Cle sh(fiyoifo) = (Fryooos fis Lo firts oo fn) n>1,

e sends a functor F' : C — C’ to the simplicial map N(F) : N(C) = N(C’) with components
N(F)n: N(C)n = N(CDy (f1,--- fu) = (F(f1), - F(fa)-
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This lemma gives a more explicit expression for the simplicial nerve that could be used in
principle to compute it. The simplest examples are nerves of poset categories and simplicial
nerves of groups, viewed as categories with a single object.

Example 5.4.2: The simplicial nerve of the poset category C = [n + 1]’ is given by

N(C), = Homeyu ([k + 1], [n 4+ 1]') =2 Homa([k + 1], [n + 1])
N(C)(r) : N(C)y > N(C)x, c —~coT1 for 7:[k+1] — [l +1].

Thus, N([n+ 1]') = Hom(—, [n + 1]) : A°? — Set is the simplicial set from Example 3.

Example 5.4.3: The simplicial nerve of the category BG for a group G is given by

N(BG), = G*"

s;:GX"%GX(”H), (g1s--39n) = (915, Gi-1, 1, Gis - -, Gn)
(925 +9n) i =

d G = Y (g ga) (g1y- -5 Git1 - Gir--or0n) 1<i<0
(g1y- s Gn-1) i=mn

Clearly, the simplicial nerve N : Cat — SSet is injective on the objects and fully faithful and
hence identifies the category Cat with a full subcategory of SSet. We will now show that it has
a left adjoint h : SSet — Cat, the homotopy functor. Thus, the simplicial nerve identifies Cat
with a reflective subcategory of SSet, see Definition [2.4.10]

Definition 5.4.4: The homotopy functor A : SSet — Cat sends

e a simplicial set S : A” — Set to the category C = h(S) with ObC = Sy, elements y € S;
as generating morphisms y : di(y) — dJ(y) and relations

1, = sy(z) for all 2 € S, ds(2) o da(z) = dy(z) for all z € Sy, (24)

e a simplicial map a : S = S’ to the functor h(«) : h(S) — h(S’) given by ag : Sy — S}, on
the objects and ay : S; — 57 on the morphisms.

The category h(S) for a simplicial set S is called the homotopy category of S.

Remark 5.4.5:

1. Only non-degenerate elements of Sy give rise to non-trivial relations in A(S):

If z = s{(y) for some y € S, then relations (22) and the first relation in imply
d3(z ) dy(2) = y and d5(2) = 1g1()- If 2 = s1(y), then one obtains dj(z) = d5(2) =y
and d9(z) = Lgi(y)- In both cases, the second relation in ([24) is satisfied trivially.

2. In general, the morphisms of h(S) are hard to describe concretely. They are equivalence
classes of sequences (y1,...,y,) with y; € Sy and d}(y;) = df(y;_1) for 1 < i < n, with
the concatenation as composition and the equivalence relation defined by .

92



3. The naturality of o ensures that the functor h(«) : h(S) — h(S’) respects the source and
targets of morphisms and the relations . Compatibility with composition of morphisms
is then satisfied trivially, as composition is given by concatenation.

We now show that the homotopy functor is left adjoint to the simplicial nerve. The key observa-
tion is that for any simplicial map « : S = N(C) the component morphisms a, : Sy — ObC and
a1 S1 — MorC satisfy the relations in . Hence, the adjunction must identify a simplicial
map with the functor h(S) — C induced by the component morphisms o and «;.

Proposition 5.4.6: The homotopy functor A : SSet — Cat is left adjoint to the simplicial
nerve N : Cat — SSet with AN = idgg.

Proof:
1. The adjunction is given by the maps

CbS,C : Homsget(S, N(C)) — Homcat(h(S),C)

that send a simplicial map « : S = N(C) to the functor ¢gc(a) : h(S) — C induced by the
maps g : Sog — ObC and a; : S; — MorC, where MorC is the set of all morphisms of C.
That ¢g.c(a) is indeed a functor follows, because the naturality of o and formulas for the
simplicial nerve imply for all z € Sy, y € S; and z € S,

Hsc(@)(y) E d o ar(y) "L ap o d(y) = dsc(@)(d(y)) = dsc(a)(t(y)) (25)
s(dsc(a)(y) E o an(y) "L ag o di(y) = dsc()(d(y)) = dse(a)(s(y))

bsc(@)(9(x)) = ar 0 () " s 0 ap(x) D 10y = dscla)(1)

$sc(@)(dh(z)) = ar 0 dh(z) "L d 0 as(z) € d(as(z)) 0 di(as(2)) "L n(d(2)) o i (d3(=))

where s(f) and t(f) denote the source and the target of a morphism f in C or A(S). Naturality
in S and C follows directly from the definitions.

2. The inverse of ¢g ¢ sends a functor F' : h(S) — C given by Fy : Sp — ObC and F; : Sy — MorC
to the simplicial map o = (bg’lC(F) given by ag = Fy, oy = F; and

an = (FL(fH),. .., F1(f™) : Sp = N(C)n, s+ (FL(fL(s)),..., Fi(f(s))) forn >2, (26)
where fJ = S(77) is the image of the map
2 s n+1, 0—j-11—j 1<j<n. (27)

n

3. To show that this defines a simplicial map, it remains to prove the naturality of a. Note that
the fact that F' is a functor implies for all x € Sy and y € S,

d} o on(y) = t(Fi(y)) = Fo(t(y)) = ag o d(y)
dy o on(y) = s(Fi(y)) = Fo(s(y)) = ag o dy(y)
$0 0 () = Lag@) = L@ = Fi(le) = Fi(sy(z)) = aq 0 s9().

It remains to show that for all n > 2 and i € [n+ 1], k € [n]

i i ko _ ok
apod,  =d, 1 0an Qp 0S8y 1 =8, 00 1.
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With some computations we obtain

:11:11

far

T i< o) k<j—1
5z+1o7.3 p{loéé i=j afLoTZ: Ti:}oa? k=j5—1
i T, k> j
phoBl=n+2,0-j-11—j2-j+1,
and this yields with (26)), (27) and d’,,, = S(6,,)
wodyy = (Fi(fi)- - F(f)
dzjrr% (Fl( n+1)7 Fl(fnJrl))
an 0 85y = (Fi(fas), ---,Fl(fk D Lot FL(fh)s - B (fi2))).
As pl 003 = 7711 and the relations imply p/, 063 = 77, we also obtain with relation (24)
and the identity F(d3(2)) = F1(d3(z)) o Fi(d%(z)) for all z € S,
apod, g =0y 0S0) = (Fi(fun) - F(fi50), F1S(ph 0 6)), (£ 50) - ()
= (Fi(fas1) - Fa(dy o S PZ)) Fi(faf)
o Fl(dOOS Z))OFl(dQOS(Pn)) S R(E))
2)

0089) o FyS(pl 0d3),.. Fl(fnj-_ll))

n

(
(p
1) ST 0 FS(r ), F(fE)

77F1(721i11)oF(n+1) 7F1(:ill)) 1§1§n—1

(£
= (Fi(fap1)
= (Fi(fL0),- .. S,
= (Fi(fus1)
= (Fi(fap1)

n+1

Comparing with the formulas in Lemma then shows that « is a simplicial map.

4. To show that AN = id¢, we consider the functors e : C — hN(C) for each small category C
that send each object to itself and each morphism f in C to the equivalence class of (f) € N(C),
in AN(C). Their inverses are the functors 3;' : hN(C) — C that send each object to itself and
the equivalence class of a composable n-tuple (f1,..., f,) of morphisms in C to the morphism
fno...ofi. That 5, ! is indeed inverse to 3¢ follows from the relations of hN(C), which relate
any composable n-tuple (fi,..., f,) of morphisms in C to their composite f, o...o fi. O

As the simplicial nerve N : Cat — SSet is injective on the objects, fully faithful and right
adjoint to the homotopy functor h : SSet — Cat, it identifies Cat with a reflective subcategory
of SSet. As SSet is bicomplete by Proposition [2.3.2] Proposition [2.4.12] implies that Cat is
cocomplete, as anticipated in Remark and at the beginning of this section.

Corollary 5.4.7: The category Cat is a reflective subcategory of SSet with the embedding
functor N : Cat — SSet. In particular, Cat is bicomplete.

Proposition [5.4.6| also allows us to identify the homotopy functor h : SSet — Cat as the left
Kan extension Lan,C' : SSet — Cat of the functor C': A — Top from Example [5.2.6] 2. along
the Yoneda embedding y : A — SSet. As A is small and Cat cocomplete, this Kan extension
exists, is pointwise and left adjoint to the simplicial nerve N : Cat — SSet by Corollary [5.2.10}
As the left adjoint is unique, it follows that the homotopy functor is naturally isomorphic to
this left Kan extension, h = Lan,C, and hence a left Kan extension of C' along y.

94



Corollary 5.4.8: The homotopy functor h : SSet — Cat is the left Kan extension of the
functor C': A — Cat along the Yoneda embedding y : A — SSet.

A © Cat
P 7
X\ U’]/ /LanyC:h
SSet

Thus, the nerve N : Cat — SSet and the homotopy functor h : SSet — Cat are the categorical
counterparts of the singular nerve Sing : Top — SSet and the geometric realisation functor
Geom : SSet — Top from Definition [5.3.1 The functor C' : A — Cat from Example [5.2.6]
2. replaces the functor 7 : A — Top from Example [5.2.6] 1 and the poset categories for
ordinals take the role of the standard n-simplexes. Both Kan extensions and adjunctions are
just different manifestations of Corollary [5.2.10]

Beyond the proof of the bicompleteness of Cat, the nerve and the homotopy functor have
other applications. As the nerve assigns to each category a simplicial set and to each functor
a simplicial map, one can combine it with the geometric realisation functor to assign to each
category a topological space and to each functor a continuous map. This allows one to apply
techniques from topology to investigate categories and functors between them.

Definition 5.4.9: The classifying space functor for a small category C is the functor
B = GeomN : Cat — Top that assigns

e to a small category C its classifying space BC = |N(C)|,
e to a functor F': C — D the associated continuous map B(F) : |BC| — |BD].

Example 5.4.10:

1. A set J as a discrete category J with only identity morphisms has the classifying space
BJ = J with the discrete topology.

2. The classifying space of a group G is the classifying space of the associated category BG.

3. The poset category [n + 1]’ for n € Ny has as classifying space the standard n-simplex
Bln + 1] = A™. This follows from Example |5.3.4] 2. and Example [5.4.2]

5.5 Chain complexes and homologies

In this section, we discuss an important application of simplicial objects, namely chain com-
plexes and their homologies. Chain complexes play a fundamental role in algebra, topology and
geometry - they are often the best and most practical way to characterise mathematical objects.
They are complicated enough to store considerable amounts of mathematical information, but
simple to handle due to their linear nature.

We will show that simplicial objects in the category R-Mod of modules over a ring R define
chain complexes in R-Mod and simplicial morphisms define chain maps between them. In fact,
this holds more generally for simplicial objects and morphisms in abelian categories. We will
even see that up to isomorphism, all positive chain complexes in R-Mod arise from simplicial
objects in R-Mod. This is the famous Dold-Kan correspondence. Its proof can be viewed as an
exercise in Kan extensions. It consists mainly of computing a Kan extension.
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In particular, this correspondence between chain complexes and simplicial objects in R-Mod
allows one to construct chain complex from simplicial sets. Any simplicial set S : A? — Set
can be promoted to a simplicial R-module by considering the R-modules generated by the sets
S, for n € Ny and the R-linear maps between them induced by its face maps and degeneracies.

We start by introducing chain complexes, chain maps and their homologies and then investigate
their relation with simplicial objects. They play a role in almost every part of mathematics.

Definition 5.5.1: Let R be a ring.

1. A chain complex C, in R-Mod is a family (C),)nez of R-modules and a family (d,,),ez of
R-linear maps d,, : C,, — C,,_1, the boundary operators, with d,,_; od, = 0 for n € Z.

dn42 dp+1 d dn-1
Co= . o Aoy o A

2. A chain map f, : C, — C) is a family (f,)nez of R-linear maps f, : C,, — C! with
d o f,=fan10d, forallneZ

dn+2 dn+1 C dn dn—l
e bnp1r — b /01— ...

Lfn«l»l lfn Lfnl

/ / /
C’I’LJrl d/ C’I’L d/ C’I’L* 1 d/
n+1 n n—1

N U
dn+2

The category of chain complexes and chain maps, with the composition (ge © fo), = gn © f,, and
identity morphisms (1¢,), = idc,, is denoted Chp.pjoq-

A chain complex is called positive if ), = 0 for all n < 0. The full subcategory of positive
chain complexes is denoted Chpg nmod>0 C Chrmod-

Remark 5.5.2:

1. Chain complexes and chain maps between them can be defined in more generality,
namely in abelian categories.

2. Sequences of trivial modules are omitted from a chain complex. A chain complex that
ends with 0 on the left, the right or both is to be supplemented by trivial modules.

3. Elements of the R-modules C,, are called n-chains, elements of the kernel ker(d,) C C,
are called n-cycles and elements of the image im(d, 1) C C,, are called n-boundaries.

4. A chain complex C, is called exact in n, if ker(d, ) = im(d,.1), and exact, if it is exact
in all n € Z.

The essential quantities associated to a chain complex are its homologies. The condition
d, o d,+1 = 0 for all boundary operators implies that im(d,;1) C ker(d,) is a submodule.
Thus, one can form the quotient module H, (C,) = ker(d,,)/im(d,+1), the nth homology of C,.
It vanishes if and only if C, is exact in n and therefore measures the non-exactness of C, in n.

The compatibility conditions between boundary operators and chain maps ensures that
fu(ker(d,)) C ker(d},) and f,(im(d,11)) C im(d,,,,) for all chain maps f, : Cy — C,. Thus, any
chain map induces an R-linear map H,(f.) : H,(C,) — H,(C}). This allows one to view the
homologies as functors H,, : Chg.yeqa — R-Mod.
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Definition 5.5.3: Let R be a ring.
For n € Z the nth homology is the functor H,, : Chg.moqg — R-Mod that assigns to
e a chain complex C, in R-Mod the R-module H,(C,) = ker(d,,)/im(d,+1),
e a chain map f, : Co — C, the induced map H,(f.) : H,(Cs) = H,(CL.), [c] — [fn(c)].

Example 5.5.4:

1. The chain complex Cy = ... LR Z]AZ LR Z]AZ 2% in Ab has the homologies
H,(C,) = ker(z > 2x)/im(z — 2x) = {0,2}/{0,2} = 0 for all n € Ny and is exact.

2. A chain complex of the form 0 — L = M 5 N — 01is exact if and only if ¢ is injective and
7 surjective with ker(7) = im(¢). This is equivalent to the statement that L is isomorphic
to a submodule of M and N to the associated quotient module. An exact chain complex
of this form is called a short exact sequence.

Chain complexes and chain maps in a category R-Mod are closely related to simplicial objects
and simplicial morphisms in R-Mod. Any simplicial object S : A? — R-Mod defines a chain
complex S,, whose modules are the objects S,, for n € Ny and zero if n < 0. Its boundary
morphisms are given as alternating sums over the face maps. The simplicial relations
ensure that they satisfy the relation d,_; o d, = 0 for all n € Z. Due to their naturality, the
component morphisms «,, : S,, — S, of a simplicial morphism « : S = S’ define a chain map
Qe : Se — S.. This gives rise to a functor from the category of simplicial objects and morphisms
in R-Mod to the category of chain complexes and chain maps in R-Mod.

Proposition 5.5.5: Let R be a ring.
The standard chain complex functor e : R-Mod®” — Chpg.voq assigns to
e a simplicial object S : A — R-Mod the chain complex S, with boundary operators
dy = X7 5(=1)'S(8y,) 1 Sp = Sp-1,
e asimplicial morphism « : S = 5" in R-Mod the chain map a, : S, — S, with components

ay, S, — S
Proof:
1. We show that each simplicial object S : A’ — R-Mod yields a chain complex S,:

dyy 0 dy = SIS0 (= 1) S(8] 087 _,)
= Yocjcicn (1) S (0L 0 67_1) + Socicjan(—1)TIS (8% 0 87 _,)
So<jciza(—1)S(8] 067 _1) + Socicjcn(—1) S5 0 6L _)
= Yo<jcizn(—1)S(0, 0 6] 1) = Sozjciza(—1)"75(5] 0 6 _4) = 0.

2. That any simplicial morphism « : S = S’ defines a chain map a, : S, — S, follows, because
p_10dy, =3 o(=1) a1 0 S(d") nat o ¥ o (=1)"5"(6L) o o = dy © .

This defines a functor, because the composition and identity morphisms of simplicial maps and
chain maps are both componentwise. O
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Simplicial objects and morphisms in a category R-Mod can be constructed easily from simplicial
sets and maps. One simply composes them with the functor ( )z : Set — R-Mod that assigns

e to a set X the free R-module (X)g,
e toamap f: X — Y the R-linear map (f)g : (X)r — (Y)g with (f)r|x = f.

This yields a post-composition functor Fr = ( )r, : SSet — R-Mod“" that assigns to

e a simplicial set S : A% — Set the simplicial object ( )rS : A®? — R-Mod,
e a simplicial map a : S = 5’ the simplicial morphism ()ra: ()rS = ( )r 5"

Many chain complexes that are important in algebraic topology and homological algebra are
constructed in this way. For practical reasons and ease of computation one usually restricts
attention to commutative rings R = k or even the ring R = Z.

Example 5.5.6: Let k be a commutative ring.

1. Post-composing the singular nerve Sing : Top — SSet from Example [5.2.7 1. with the
functor F, : SSet — k-Mod®™ and the standard chain complex functor from Proposi-
tionmyields the singular chain complex functor Cy(—, k) : Top — Chy_pjoq. It sends

e a topological space X to the chain complex Co(X, k) with

Cn(X, k) = (Hompop (A", X))
dy, : Co(X, k) = Co (X, k), o Z?ZO(—l)ia o I,

e a continuous map f: X — Y to the chain map Co(f, k) : Co(X, k) — Co(Y, k) with
In: Cn<X7 ]f) — Cn(Y, k‘), o foo,

The associated homologies H, (X, k) = H,Co(X, k) are called singular homologies of
X. They play a fundamental role in algebraic topology - most algebraic topology lectures
are essentially an investigation of this functor.

2. Composing the simplicial nerve N : Cat — SSet from Example [5.2.7] 2. with the functor
F}, : SSet — k-Mod®™ and then the standard chain complex functor from Proposition
yields a functor Co(—, k) : Cat — Chy.moq that assigns

e to a category C the chain complex C,(C, k) with
Ca(C k) = (N(C)n)k d = Xi_o(=1)"(N(G))k : Cu(C. k) = Ca(C, )

e to a functor I : C — D the chain map C,(F,k) : Co(C,k) — Co(D, k) with
components Cp,(F, k) = (N(F)p)k : (N(C)n)k = (N(D) )k

3. Let ¢ : Grp — Cat be the inclusion functor that assigns to a group G its delooping
BG. Composing it with the functor Co(—,Z) : Cat — Chyp from 2. yields a functor
Co(—,Z) : Grp — Chyy, that assigns

e to a group G the chain complex C,(G,Z) with C,(G,Z) = Z|G*"] and boundary
operator d,, = X" ((—1)'d!, given by Example [5.4.3

| (92, -+ 9n) 1=0
d;(gla---agn): (917"'7gi+1'g’i7"'7gn) I1<i<n
(917"'7971—1) i:na
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e to a group homomorphism f : G — H the chain map Co(f,Z) : Co(G,Z) — Co(H,7Z)
given by Cn(f7 Z) : On(G7 Z) - Cn(H7 Z)v (glv s agn) - (f(gl [ f(gn))

The homologies of Cy(G, Z) are called the group homologies of G and denoted H,, (G, Z).

4. Let S : SSet — Vectg be the simplicial object from Example for an algebra A
as a bimodule over itself. Composing it with the standard chain complex functor from
Proposition yields a functor Cy(—) : Algy — Chyect, that assigns to

e an algebra A over F the chain complex C,(A) with C,(A) = A®™+1) and boundary
operator d, = X1 (—1)d’,

AR ® ... ®(a;0;41)® ... ®a, 0<i<n-—1

d:l Qa ®a ®®an —
(o ) {(@nao)@)al@...@an_l i =n,

e an algebra homomorphism f : A — B the chain map C,(f) : Co(A) — Co(B) with
Co(f) : A20HD) 5 BEOHY i@ . ®a, — f(ag)® ... f(ay).

The homologies of Cy(A) are called Hochschild homology of A and denoted H,(A).

Example covers the most important chain complexes that arise in topology and algebra.
The point of these constructions is that they assign a chain complex to each topological space,
category, group or algebra in a systematic way that is compatible with the morphisms. This
allows one to use these chain complexes and their homologies in classification problems. For
instance, if two groups, algebras or topological spaces are isomorphic, this must also hold for
their chain complexes and the associated homologies. Homologies can thus be used to compare
or distinguish algebraic objects or topological spaces.

The following examples show that the homologies of the chain complexes in Example [5.5.6
contain relevant information about the underlying algebraic object or topological space. In
general, the information encoded in the nth homology becomes more complicated and difficult
to access for increasing n. The lowest homologies have a simple interpretation.

Example 5.5.7:

1. The zeroth group homology Hy(G,Z) = ker(dy)/im(d;) = Z/0 = Z, and the first group
homology is the abelisation of G

H1(G,Z) = ker(dy) /im(dz) = Z[G]/(gh — g — h | g, h € G) = G/[G,G] = Ab(G).
2. The 0Oth and 1st Hochschild homologies are

Hy(A) = ker(dy)/im(dy) = A/{ab—ba | a,b e Ay = AJ[A, A]
{a®b € ARA | ab = ba}

Hi(A) =
1(4) (ab®c — a®bc + ca®b | a,b, c € A)

3. The zeroth singular homology of a topological space X is the free k-module generated
by its path components: Hy(X, k) = (mo(X))x.

Hurewicz’s theorem states that the first homology of a path-connected topological
space X for k = Z is the abelisation of its fundamental group: H,(X,Z) = Abm(X).
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The boundary operators of the chain complex for a simplicial object from Proposition [5.5.5
depend only on its face maps and do not involve the degeneracies. This is similar to the geometric
realisation, where only the face maps of a simplicial set are used to glue different simplexes
along their faces. The simplexes of the resulting semisimplicial complex are then in bijection
with non-degenerate elements of the simplicial set.

The standard chain complex S, associated to a simplicial object follows a similar pattern. It
can be decomposed as a direct sum or coproduct of the degenerate chain complex DS, that
contains the images of the degeneracies and a normalised chain complex NS,. One can show
that only the latter contributes to the homologies and contains non-trivial information.

Proposition 5.5.8: Let R be a ring and S : A”? — R-Mod a simplicial object.
1. For all n € Ny the associated standard chain complex S, satisfies
S,=NS,® DS,  with NS, = ker(d.), DS, =+ im(s’_,) C S,

This defines chain complexes NS, C S, and DS, C S,, the normalised chain complex
and degenerate chain complex, with H,,(S,) = H,(NS,) and H,(DS,) = 0 for n € Ny.

2. This induces functors N, D : R-Mod®” — Chp.aeq that assign
e to a simplicial object S : A — R-Mod the chain complexes NS, and D.JS,,

e to a simplicial morphism « : S = S’ the induced chain maps Na, : NS, — NS,
and Da, : DS, — DS, induced by the components «;, : S,, = S,.

Proof:
1. We show that the boundary operators of S, restrict to NS, and DS,:

This follows by a direct computation with the simplicial relations (22). We have for all
v € NS, y=s (2)eDS,andi=0,...n—2

d_ ody(z) = (1)"d\_ odi(x) D (—1)"diZlodi(x) =0 = du(z) € NSu s
dn(y) = E?:o(_l)jdj © 52—1(2)

SN 1)sh T o d)_y(2) + S~ sk o diTh(z) = da(y) € +idim(siy).
2. We show that for each n € Ny one has S,, = NS,, ® DS,,:
2.(a) To see that DS, N NS,, = {0}, let 0 # x € DS, N NS, and set

j=max{k € {0,...,.n — 1} | x € +7lim(s!_,)}.
Then we have x = ¥ Jl st (x;) with 87 (z;) #0. As z € NS,,, we obtain
0= d{l(x) = Z?:_jldfl o sjl_ () = z; + 272 ]Hsn 2 od’ I (x;).

If j =n — 1, it follows that z,_; = 0 and 2 = 5" 1(z,_1) = 0. If j < n — 1 it follows that

Sj—l(xj) Zz j+15n 1© Sn 2 © d]( ) Ez j+1sn 1© Sn 2 © dj( ) € +?;jl—kllm(8;—l>

and x € +)_ ]_HH’H(S 1), in contradiction to the maximality of j. Hence, N.S,, N DS,, = {0}.
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2.(b) To show that S, = NS, + DS, let x € S,, and j, = min{k € {0, ,n} | dfl(x) =+ O} If
Je=mn,thenz € NS,. If j,=j <n,wehavex =21 +y; = (x — s),_od)(z)) + s, od)(x)
(1) = di(x — 5}, o &} (w)) = d () — ) () = 0
di(1) = di(x = 55y o di(w)) = dp(w) — s}y 0 dy_y o di () = =), 5 0d) "y o dy(w) =0
for k € {0,...,7 — 1}. We decomposed = = x1 + y; with y; € DS,, and an element z; € S,, with

Jz; = Jo+ 1. By iterating this procedure, we obtain elements yq, ...,y € DS, and x1, ..., € S,
with x; = ;41 + ;11 and z € N.S,,. This shows that © =z, + Eleyi e NS, +DS,.

3. Due to naturality, the components of a simplicial morphism « : S = S’ satisfy

d'oa, =a, od, = ay(ker(d))) C kerd” =  a,(NS,) C NS
anost | =s" o, = a,(im(s’_,)) Cim(s" ) = a,(DS,) C DS).

This shows that every simplicial morphism « : S = S’ induces chain maps Na, : NSq — NS,
and Da, : DS, — DS.. The functoriality follows directly from Proposition

4. The proof that H,(DS,) = 0 and, consequently, H,(S,) = H,(NS,) for n € Ny requires
more techniques from homological algebra. We refer to [GJ, Chapter I11.2, Theorem 2.4] for an
elegant and to [Me, Proposition 5.2.1] for a more pedestrian proof. O

Proposition tells us that every simplicial object in R-Mod defines a positive chain com-
plex, and Proposition [5.5.8| allows us to decompose this chain complex into a degenerate chain
complex with trivial homologies and a normalised chain complex.

This raises the question, which positive chain complexes in a category R-Mod can be obtained
as normalised chain complexes of a simplicial object, up to isomorphism. A fundamental and
surprising result by Dold and Kan states that these are all positive chain complexes in R-Mod.

Theorem: (Dold-Kan correspondence)
The functor N : R-Mod®” — Chpr Moa>0 1s an equivalence of categories.

In fact, this theorem is valid in more generality, namely in all categories, where one can define
chain complexes - abelian categories. It explains the emphasis we placed on simplicial objects.
Instead of the category of positive chain complexes and chain maps in an abelian category A
we can consider the category of simplicial objects and morphisms in A.

We prove it for the category R-Mod by constructing a functor F' : Chg mod>o — R-Mod”™

with FFN =2 id and NF = id. It needs to assign a simplicial object S : A — R-Mod to any
positive chain complex C, in R-Mod. It is reasonable to take as its modules the component
modules of the chain complex: S,, = S([n + 1]) = C,, for all n € Ny

The difficulty is to define the face maps and degeneracies. The boundary operators of C,
d, : C,, = C,_1 provide just one morphism in each degree, which lowers the degree and hence
must be related to face maps. However, there are no apparent morphisms that raise the degree
and could be related to degeneracies.

To solve this problem, we employ a similar strategy as for the truncation and skeleta of simplicial
sets in Definition [5.3.5] We consider the subcategory Ay C A of the simplex category that
contains only injective monotonic maps, composites of the face morphisms and then extend
functors S : A — £ along the inclusion functor ¢ : A — A° to functors Lan,S : A? — &.

inj inj
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Definition 5.5.9: Let A;j; C A the subcategory of A with the same objects but only
injective monotonic maps as morphisms and ¢ : A — A the inclusion functor.

inj
A functor S : Affj — & is called a semisimplicial object and a natural transformation

a: S = S’ between semisimplicial objects a semisimplicial morphism in £.

Given a semisimplicial object S : Affj — R-Mod we can apply Corollary @ to extend it
along the inclusion ¢ : A, — A to a simplicial object Lan,S : A% — R-Mod. To work with
these Kan extensions, we need a more explicit description, which is obtained from the formula
in Proposition [1.2.6] To keep notation simple, we write o : [p 4+ 1] = [m + 1] for a monotonic

surjection and § : [n 4+ 1] < [m + 1] for a monotonic injection in the category A.

Lemma 5.5.10:

1. The left Kan extensions of semisimplicial objects S : A2 — R-Mod along ¢ : A — AP

inj inj

define a left adjoint K = Lan, : R-Mod®" — R-Mod®” to * : R-Mod®” — R-Mod®i .

S
N R-Mod
7
-
-
\ In ~ Lan,S
-

A°P

2. The functor K = Lan, : R-Mod®"i — R-Mod®” assigns to
e S: A — R-Mod the simplicial object KS : A — R-Mod with

inj
— KS, = . jpt1)—[m+1]9m, Where the coproduct runs over all monotonic surjec-
tions o with source [p 4 1] and any target [m + 1] := t(0),

— KS(y): KS, — KS, for v : [¢+ 1] = [p+ 1] is the unique morphism for which
the following diagram commutes,

KS(7) Oyt [n+ 1] = [m+ 1],
R A ) 1]

Sm 5@y On

with ooy =4,00,.

e a semisimplicial morphism « : S = S’ the simplicial morphism Ka : KS = KS’
with components satisfying Ko, oty = 1, 0 oy, for all o : [p+ 1] — [m + 1].

3. Every element in the image of an inclusion ¢, : S,, = K S, with m < p is degenerate.

Proof:
1. As R-Mod is cocomplete and A small, the first claim follows directly from Corollary [3.2.6]

2. To derive the concrete formulas for K we use the coend formulas and Proposition m
To determine K S on an ordinal [p + 1] we need to compute the coend of the functor

Homa([p+ 1], —) U S(—) : A x A — R-Mod.
The coend formula yields
KSP = (Hoc:[p+1]—>[m+1}sm) / ~ (28)
With L50a(S) ~ e 0 S(0)(s) ford:m+1]—[n+1], a:[p+1] = [m+1], s € S,,
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where the coproduct runs over all morphisms « in A with fixed source s(«) = [p + 1] and any
target [m+ 1] := t(a). The morphism K S(v) : KS, — K, for a morphism v : [¢+1] — [p+1]
in A is given by KS(7) 0 to = taoy-

By Proposition each a : [p+ 1] — [m + 1] can be factorised uniquely as o = d,, 0 0, with
an injection &, : [n + 1] = [m+ 1] and a surjection o, : [p+ 1] — [n+ 1]. With this yields

KSp = HJ:[erl]ﬂ[nJrl]Sn»

where the coproduct runs over all monotonic surjections with source [p + 1] and any target
[n+ 1] := t(0). For any v : [¢ + 1] — [p + 1] and surjection o : [p + 1] — [m + 1] there is a
unique injection d, : [n + 1] < [m+ 1] and surjection o, : [¢+ 1] = [n+ 1] with §, 00, =0 o07.
This yields KS(7) 0 to = 15, 0 S(05).

By the proof of Theorem each semisimplicial morphism « : S = S’ induces a simplicial
morphism Ko : KS = KS" with components Ka, : KS, — KSI’, satisfying Kay, 0ty = Ly 0 0t
forall o : [p+ 1] — [m + 1].

3. For any monotonic surjection o : [p+ 1] — [m+ 1] the commuting diagram for K S(o) yields

K8, 2% ks,

maa) T TLU

Sm—— Sm
idg

m

This shows that the image of ¢, is contained in the image of KS(0) and hence degenerate if
0 # 14y or, equivalently, m < p. O

We now apply this extension procedure to construct an equivalence of categories with the
functor N : R-Mod?®” — Chpg Moa>o from Proposition . We proceed as follows:

1. As the definition of N involves only face morphisms, we can define it analogously for
op
semisimplicial objects. This yields a functor N’ : R-Mod®ini — Chg Mod>o with N'¢o* = N.

2. We construct a left adjoint G : Chg.poea>o — R-Mod®i to N’ with GN’ = id.

3. We compose G with the functor K from Lemma [5.5.10] and show that the resulting
functor KG : Chratoaso — R-Mod®” is left adjoint to N : R-Mod®” — Chpg.atedso-

4. To prove Dold-Kan correspondence, we show that KG and N form an adjoint equivalence.

For step 1, we simplify notation by working with a different sign convention. We set d,, = S(d)
instead of d, = (—1)"S(6") as in Proposition [5.5.8] This has no consequences, as we will see in
the following that the resulting functors are naturally isomorphic.

Definition 5.5.11: Let N’ : R-Mod®ni — Chpg-moda>o be the functor that assigns to
e a semisimplicial object S : Al — R-Mod the chain complex N'S, with modules
N'S, = NiZkerS(8!) and boundary operator d,, = S(6") : N'S, — N'S,_1,

e a semisimplicial morphism « : S = T the chain map a, : N'S, — N'T, with components
Qp = Qi) N'S, = N'T,.

We now implement step 2 and construct a functor G : Chped>o — R-Mod®%i that is left
adjoint to N with N'G 2 id. It must associate to each positive chain complex C, a semisimplicial
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object GC' : Aiofj — Set. The simplest choice is to set GC,, = C,. On the morphisms, the
condition N'G 2 id suggests GC(0") = d,, : C,, — C,,_; and GC(8") = 0 for all i # n.

Lemma 5.5.12:
The functor N’ : R-Mod®ini — Chp.yeaso has a left adjoint G : Chpaeaso — R-Mod®ini that
e assigns to a chain complex C, the semisimplicial object GC' : AJ% — R-Mod with
GC,=C,, GC(:)=0:C, — C,_ for i <n and GC(6") =d, : C,, = C,_1,

e to a chain map f, : C, — C. the semisimplicial morphism Gf : GC = GC’" with
components G f, = f, : C,, = C/.

The adjunction satisfies N'G = id and N’t* = N, where ¢* : R-Mod®™ — R-Mod®% is the
restriction functor for the inclusion ¢ : A2 — AP,

inj

Proof:
The adjunction is given by the bijections

(I)C.,S :Hom AP (G(C.), S) — HomChR_ModZO (C., N,S.)

R-Mod mJ

a:G(C) =S — e : Co = N'S,, ay = appyr) : Cp = N'S,,.

That this yields a chain map a, : Cy — N'S, for every semisimplicial morphism « : G(C,) = S
follows from the naturality of a and the definition of G, which imply for ¢ # n

S oay =a, 10GC(0:) =a, 100=0 S(0p) oy, = an_10GC(d)) = ay_1 0dy.

The same identities ensure that ®¢, ¢ is invertible and that its inverse associates to each chain
map a, : Co = N'S, a semisimplicial morphism « : G(C,) = S. The naturality of ¢¢, s in C,
and S is also evident from the definitions, and the same holds for the identity N'G = id. A
natural isomorphism 7 : N = N’.* has as components for a simplicial object S : A®? — R-Mod

(TS>2k+1 = <_1)k+lidN52k+17 (TS)% = (_1>kidN52k k € No. ]

We can now implement steps 3 and 4. We apply Lemma |5.5.10] to extend the semisimplicial
objects from Lemma [5.5.12 to simplicial objects. This amounts to composing the functor G
from Lemma [5.5.12 with the functor K from Lemma [5.5.10

Theorem 5.5.13: (Dold-Kan correspondence)
The functor N : R-Mod®” — ChpMod>o 1s an equivalence of categories.

Proof:
1. We show that KG : Chppeaso — R-Mod®™ is left adjoint to N with NKG = id:

From Lemmas [5.5.12] and [5.5.10| we have a chain of natural isomorphisms

Homp, \; 480 (KG(C,), S) = HomR_M oS (G(C,), 1" (9))
= HomChR—ModZO (Cs, N/L*<S))
= HomChR-Modzo (Cﬁ N(S)) = HomChR-Modzo (Cﬁ NS')
where we used first that K is left adjoint to ¢* by Lemma [5.5.10 then that G is left adjoint

to N’ by Lemma [5.5.12] and in the last step that N = N’.* by Lemma [5.5.12} This shows that
K@ is left adjoint to N.
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2. We show that NKG = id:
By Lemma [5.5.10, 3. any element in the image of an inclusion ¢, : G(C,),, = KG(C,), for

a monotonic surjection o : [p+ 1] — [m + 1] with m < p and a positive chain complex C, is
degenerate. This implies . 41)-pmt1],m<pCm C DKG(C,). With the identity G(c%) = 0 for
i < p one obtains that NKG(C,), = NG(C,), = C,. The commuting diagram in Lemma5.5.10]
for 0 = 1j41) and v = 07 then implies NKG(C,) = C,. With the expression for KG(f,) for
chain maps f, : Cy — C’ in Lemma it follows that NKG = id.

3. It remains to show that KGN = id or, equivalently, KGN'/* 2 id:

3.(a) Note that the adjunctions from Lemmas [5.5.10| and [5.5.12 yield natural transformations
e : GN' = id and ¢ : K/* = id and hence a natural transformation n = € oKet* : KGN't* = id.
By Lemmas [5.5.10 and [5.5.12] its component morphisms 7° : KGN't*(S) = S are given by

n[iﬂ} 0ty = S(0) 0y, (29)

for all o : [p+ 1] = [m + 1] and simplicial objects S : A” — R-Mod, where i,, : NS,, — Sy, is
the inclusion and ¢, : NS, — Ho.[ps1)—m+1)N S the inclusion for the coproduct.

3.(b) We show that all component morphisms 775) +1] are injective:
For each o : [p+ 1] - [m + 1] we can use the relations in A to construct an injective
monotonic map 0 : [m + 1] < [p + 1] with 0 06 = 1},41). With this yields

S(0) o 775;“] 0Ly S(6) 0 S(0) 0tip =8(0006) 0im = S(Lims1)) © bm = im.
As i, is injective, 7757 +1] O Lo is injective and 775J ] is injective as well.
3.(c) We show by induction over p that all morphisms n[f) 1] re surjective:

p = 0: In this case m = 0, ip = id : NSy — Sp and o = 1y : [1] — [1] is the only surjective
morphism indexing the coproduct I,.jp41)—[m+1]VSm. This yields 77[51] =idg, : So = So.

p — 1 = p: Suppose we showed that nf’,; ] is an isomorphism for all £ < p — 1. With the
naturality of n° and the induction hypothesis we then obtain

sp-1 = S(03) =m0 KGN (o)) o ()™ = im(s)_y) C im(n) Vi € {0,.op — 1},

and choosing o = 1j,1q] in yields

77[é;+1} Ol =i = NS5, C im(”[iﬂ])‘

As S, = NS, ® DS, with DS, = +T:_Olim(sfn_1) by Proposition [5.5.8| néﬂ] is surjective. O

The proof of Theorem [5.5.13] not only shows that simplicial objects capture the essential in-
formation of chain complexes, but also that Kan extensions are a useful and essential concept.
Without the concept of a Kan extension, it would be almost impossible to find and motivate the
left adjoint functor K from Theorem [5.5.13] If one is familiar with Kan extensions and previous
examples, then the idea is rather simple. The concrete formula for this functor is derived by
routine computations, namely the ones with the Kan extension formula in Lemma [5.5.10]
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6 Homotopies

6.1 Homotopies in Top

In this section we recall some background on homotopies and homotopy groups of topological
spaces. A homotopy between continuous maps f, f' : X — Y with the same source and target
can be viewed as a continuous deformation from f into f’. Thus, one considers a parameter
t € [0,1] and a family of continuous maps h; : X — Y that depend continuously on ¢, such
that hg = f and h; = f’. This is equivalent to the following definition.

Definition 6.1.1: Let X and Y be topological spaces and f, f' : X — Y continuous maps.
1. A homotopy from f to f’is a continuous map h : [0,1] x X — Y with h(0,z) = f(z)
and h(1,z) = f'(z) for all z € X.

X2 01xX=2X X o01 %X,z (4,1).
V
! I
Y
If there is a homotopy from f to f’ one calls f and f’ homotopic and writes f ~ f’.

2. The spaces X and Y are called homotopy equivalent or of the same homotopy type,
if there are continuous maps f: X — Y and g :Y — X with go f ~idx and fog ~ idy.
Then f and g are called a homotopy equivalence, and one writes X ~ Y.

3. If X is homotopy equivalent to a one-point space, it is called contractible.

Remark 6.1.2:

1. For all topological spaces X,Y being homotopic is an equivalence relation on
Homrop (X, Y):

e For any continuous map f : X — Y a homotopy from f to f is given by
hy: 10,1 x X =Y, (t,x)— f(x).

e If h:]0,1] x X — Y is a homotopy from f to f’, then a homotopy from f’ to f is

h:[0,1] x X =Y, (t,z)— h(l—t ).

e If h:[0,1] x X — Y is a homotopy from f to f" and &' : [0,1] x X — Y a homotopy
from f’ to f”, then a homotopy h” : [0,1] x X — Y from f to f” is given by

. [h2t ) tel0,3]
h'(t,x) = {h’(2t— Lz) tels1].

)

2. Being homotopic is compatible with the composition of morphisms:

If h:[0,1] x X = Y is a homotopy from f to f’ and k : [0,1] x Y — Z a homotopy from
g to ¢’ then a homotopy from go f to ¢’ o f’ is given by

L [0,1]x X = Z, (t,2) = k(t, h(t,z)).
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3. This defines a category K (Top), the homotopy category of topological spaces with

e topological spaces as objects,
e homotopy classes of continuous maps as morphisms.

Isomorphisms in K (Top) are homotopy classes of homotopy equivalences.

In many settings the category K (Top) is preferable to Top. If one works in the category Top,
one considers and classifies topological spaces up to homeomorphisms, the isomorphisms in
Top. This is very difficult, even with simplifying assumptions. It turns out that classifying
topological spaces in K (Top), up to homotopy equivalences rather than homeomorphisms, is
more intuitive, easier in practice and often more suitable, as many quantities that characterise
topological spaces depend only on their homotopy type.

Many homotopy equivalences can be easily visualised and correspond more directly to intuitive
ideas of shapes. For instance, the following spaces are all homotopy equivalent, but none of
them is homeomorphic to any of the others

e the n-sphere S" = {z € R"™ | ||z|| = 1},

e an open n-sphere of finite thickness OS™ = {z € R"! | 1 < ||z]| < £},

e a closed n-sphere of finite thickness CS" = {z € R" | £ < ||z|| < 2},

e the open n-sphere of infinite thickness R"** \ {0}.
It is intuitive that these spaces roughly have the same shape, although some of their topological
properties such as openness, closedness, compactness are different. Homotopy equivalences and
homotopies can often be visualised as stretching, melting or denting spaces or blowing them up

to infinite thickness. They are not sensitive to openness, closedness and compactness and give
rise to a coarser classification than homeomorphisms. Examples are the following.

Example 6.1.3:
1. Homeomorphic topological spaces are homotopy equivalent.

2. Two maps f, f" : {#} — X from the one-point space into a topological space X are
homotopic if and only if there is a continuous map A : [0,1] — X with h(0) = f(e) and
h(1) = f'(e), a path in X from f(e) to f'(e).

Thus, the homotopy class of a map f : {e} — X can be identified with the set of points
x’ € X for which there is a path from f(e) to 2/, the path component 7(f(e)). The set
of homotopy classes of maps from {e} to X is the set of path components of X

mo(X) = {n(z) | x € X}.

3. The spaces R™ \ {0} and S™! are homotopy equivalent, but not homeomorphic.

The maps f : R"\ {0} — S" ' =+ z/||z]| and g : S"' — R\ {0}, z — z form a
homotopy equivalence, as fog = idgn-1 and a homotopy from idgrn\ (0} to go f is given by

h:[0,1] x R*\ {0} — R™\ {0}, (t,z) — tx/||z|| + (1 — t)z.
4. Any topological space X is homotopy equivalent to the cylinder C' = X x [0, 1].

The maps f : C — X, (z,2) = x and g : X — C, z — (x,0) form a homotopy
equivalence, since f o g = idx and a homotopy from g o f to id¢ is given by

h:[0,1] xC —C, (t,z,z)— (x,tz).
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5. Any convex subspace X C R" is contractible.

For any point p € X the maps f: X — {p}, z — pand g : {p} - X, p — p form a
homotopy equivalence, since f o g =idy, and a homotopy from idx to go f is given by

h:[0,]]xX =X, z~ (1—t)z+tp.

In homotopy theory and, more generally, algebraic topology, one characterises topological spaces
by algebraic quantities such as groups, abelian groups or modules. An important example of
such quantities are the homotopy groups of a topological space. They probe a topological space
X with continuous maps f : S™ — X that send a reference point p € S™ to a fixed point
x € X. As it is simpler in practice, one works instead with continuous maps from a unit cube
C' =10,1]*" C R™ into X that send the boundary 0C to x € X. Such maps are considered up
to homotopies that preserve the point x.

Definition 6.1.4:
Let f,g: X — Y be continuous maps and A C X a subspace with f(a) = g(a) for all a € A.

A homotopy from f to g relative to A is a homotopy h : [0,1] x X — Y from [ to g with
h(t,a) = f(a) = g(a) for all t € [0, 1] and a € A. If there is such a homotopy, one writes f ~4 g
and calls f and ¢ homotopic relative to A.

Clearly, a homotopy in the sense of Definition is just a homotopy relative to ) C X. The
idea is now to consider continuous maps f : C' — X with f(0C) = {z}, up to homotopies
relative to C'. One then defines a concatenation of such maps that induces a group structure
on their relative homotopy classes.

The simplest case is the one one where n = 1 and the unit cube is the unit interval C' = [0, 1].
In this case continuous maps f : C' — X with f(0C) = {z} are paths that start and end at
x. Given two paths v : [0,1] — X and § : [0,1] — X with v({0,1}) = §({0,1}) = {z}, one
has an obvious way to compose them, namely to first traverse the path v and then J, each at
twice the usual speed. There is also a candidate for a neutral element, namely the constant
path x : [0,1] — X, ¢t — z and for an inverse, namely the path 7 : [0,1] — X, t — (1 — ¢)
which goes backwards. For higher n, there is no such obvious composition or inverse. However,
it turns out we can use the same definitions and just apply them to one of the coordinates.

Theorem 6.1.5: Let X be a topological space, x € X and n € N.

1. Homotopy classes of continuous maps f : [0,1]*" — X with f(9]0,1]*") = {x} relative
to 0[0, 1]*" form a group m,(z, X) with the multiplication

f(2ty,ty, ... t,) t1 € [0, 1]
1

[glolfl=lgxf1  (gx )t itn) = {g(Qtl 1ty ty) t €

N

the nth homotopy group at z or, for n = 1, the fundamental group of X at x.

2. For n > 1 the homotopy group m,(z, X) is abelian.

Proof:
To simplify notation we write C' := [0, 1]*" for the unit cube.
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1. We show that the group multiplication is well-defined: If Ay : [0,1] x C' — X is a homotopy
from f to f’ relative to 0C and hs : [0,1] x C' — X a homotopy from g to ¢’ relative to 0C,
then the continuous map

hl(sv 2t17 7t7’b) l € [Oa %]
hQ(S, 2t1 — 1, ,tn) tl € [ ,1]

satisfies k(0,t) = (g* f)(t), k(1,t) = (¢’ x f')(t) for all t € C' and k(s,t) = z for all t € IC" and
hence is a homotopy relative to dC from g x f to ¢’ * f'.

DO [

B0, % C— X, (8,61, .0010) = {

2. We show that the group multiplication is associative: Let e, f, g : C' — X be continuous with
e(0C) = f(0C) = g(0C) = {z}. Then we have

(e(4ty, tg, ..., 1) t1 €10, 4]
(g (fHe))(tr,ntn) = § f(4l1 — Lto, i ty) 1y €[4 1]
g2ty — 1,69, .. t,) € [5,1]
(e(2t1,ts, ..., tn) t1 €0, 3]
((g* f)xe)(tr,tn) = § f(dt1 — 2,8, . ty) € [5,3]
g4t — 3,62, ... t,) € [2,1]

and the following map is a homotopy from g x (f xe) to (g * f) x e relative to 9C

e(125, g, - ) t; € [0, 7(1 + )]
hol0,1]xC = X, (st tn) = f(4t1 — 1= s,ta, .. t,) 8 € [2(1+5), 22+ 5)]
g(4t12:i*57t2,,_.,tn) t, € [i(2+s),1].

3. Denote by z : C' = X, t — x the constant map to x. We show that the homotopy class of
x is the neutral element in 7, (z, X). This follows, because for any continuous map f: C — X
with f(0C) = {z} the following are homotopies from f %z and from x x f to f relative to 9C

x t; €[0,3(1—s)]
A g, tn) € [5(1—6),1]

f(%?t%'“atn) tl € [075(1+S)]

x t1 € [3(1+s),1].

hy : [0, 1] x (C — X, (S,tl,...,tn) — {

ho:[0,1] x C'— X, (s,t1,...,t,) — {

4. We show that for any continuous map f : C' — X with f(9C) = {z} the homotopy class of
f:C0 =X, (t,..,tn) = f(1 —t1,...,t,) is the inverse of the homotopy class of f. For this it,
is sufficient to note that the following map is a homotopy from f x f to x relative to 0C

(b, . ty) t1€[0,5(1—s)]
hol0,1]xC = X, (s,t1, . tn) = § F(REEEE 4y, 0t,) 6 € [3(1—s),1— 5]
x ty €1 —s,1].

5. We show that ,(z, X) is abelian for n > 2 by using an Eckmann-Hilton argument:

If o,e: Ax A — A are two binary operations on a set A with units 1, and 1, that satisfy
(aob)e(cod) = (aec)o(bed) for all a,b,c,d € A, then o = e is commutative and associative.
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One has 1, = 1,01, = (l,@1,)0(l,01,) = (lcol,) @ (lgol,) = 101y = 1, =: 1,
and hence aob = (ae1)o(leb) = (aol)e(lob) = aeb for all a,b € A. This implies
commutativity aob = (loa)o(bol)=(lob)o(aol) =boa for all a,b € A and associativity
(aob)oc=(aob)o(loc)=(aol)o(boc)=ao(boc) forall a,b,ce A.

We apply the Eckmann-Hilton argument to the group multiplication o of m,(z, X) and

b= {f(tl,th,tg,...,tn) ty €[0,1]
YN 1

glelll=lom o D) = oy 1t 1)t (L1

whose unitality follows as in 3. Then the condition in the Eckmann-Hilton argument is satisfied
for all maps e, f,g,h : C'— X that send 0C' to x, as we have

h(2t1, 2ty t3, ..., 1) ti,t2 € [0, 3]
o1 — 1,29, ts, ...ty ty e[t 1],t, €]0,4
(e [ 22 (g% h) = (exag) x (f x ) = § 920~ L2 larala) € [g it € [0,5)
f(2ty, 2ty — 1,13, ..., 1) t1€[0,3],t2 € [5,1]

e(2ty — 1,2ty — 1,t3, ..., t,) t1,t0 € 5,1

Remark 6.1.6:

1. For n = 0 one defines my(X) as the set of path-components of X, cf. Example |6.1.3] 1.
In this case, there is no group structure.

2. The quotient space [0, 1]*"/0[0, 1]*"™ is homeomorphic to S™. Thus, one can identify con-
tinuous maps f : [0,1]*" — X that satisty f(9[0,1]*") = {«} with continuous maps
f: 8™ — X that send a point p € S™ to f(p) = «.

Note that group structure of the homotopy groups in Theorem [6.1.5|requires that one works with
homotopy classes of maps. The concatenation x of maps defined in is neither associative
nor unital, only associative and unital up to reparametrisations. The homotopy classes are also
required to ensure that the group multiplication does not depend on the specific choice of the
coordinate that is concatenated in (30)).

We now consider how the homotopy groups of a topological space X depend on the choice of the
basepoint. The idea is to transport continuous maps f : [0, 1]*" — X with f(0[0,1]*") = {z}
along paths in X to relate them to such maps for other basepoints &’ € X. If n = 1, this is
simple and intuitive. One chooses a path v from = to 2/, concatenates it with a path from x to
x and then again with the path ~, traversed in the other direction.

For n > 1 the idea is similar, but the concatenation of paths and maps f : [0, 1]*" — X with
f(0[0,1]*™) = {z} and the associated homotopies become more complicated. In all cases, one
finds that this transport along paths induces group homomorphisms between the homotopy
groups that depend only on their homotopy classes.

Proposition 6.1.7: Let X be a topological space.
1. Every path v in X from z to 2’ induces group isomorphisms
v ima(a, X) = ma(2, X)), [f] = (]

2. The group isomorphisms v* depend only on the homotopy class of «y relative to {0, 1} and
define a right action < : m,(x, X) x m1(z, X) = m,(z, X) with [f] < [v] = v*[f].
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Proof:

We denote by C,(p) = {x € R" | ||z — p[|oc <7} the cube of side length 27 around p € R" and
set C':=[0,1]" = C2(p) with p := (3, ..., 3) € R". We parametrise points in C' as p + sy with
se€[0,1] and p+y € 0C.

Let f : C — X be a continuous map with f(0C) = {2’} and v : [0,1] — X a path with
7(0) = z and (1) = 2’. We define a continuous map vf : C' — X with vf(0C) = {z} by

o) = J728) ]
vf(p+ sy) {f(q+(2—23)y) s € [3,1].

By defining suitable homotopies analogous to the ones in the proof of Theorem m (Exercise)
one can show that for all continuous maps e, f,g : C — X with e(0C) = f(0C) = {z'},
g(0C) = {2"}, paths 7 from z to 2’ and ¢ from 2’ to z” one has

V2
M
on S
i L

Y

Y(ex f) ~yexf a'xf~ f v(0g) ~ (0 x7)g.

If h:[0,1] x C'— X is a homotopy from e to f relative to dC and hy = h(s,—) : C — X, then
the continuous map A’ : [0,1] x C' — C, (s,t) — (vhs)(t) is a homotopy from e to v f relative
to OC. This shows that every path « from z to ' defines a group homomorphism

V(@ X) = (e, X), o [f = ]

with 2* = idr, (. x) and (0 xy)* = v* o §*. To prove the second claim, it remains to show that
these group homomorphism depend only on the homotopy class of the path and are invertible.

If B, are paths from x to 2’ and h : [0, 1] x [0, 1] — X a homotopy from S to v relative to {0, 1},
then for any continuous f : C' — X with f(0C) = {2’} themap b’ : [0,1]xC — X, (s,t) — hsf
is a homotopy from Sf to v f relative to OC. This implies B*[f] = [Bf] = [vf] = 7*[f] for all
continuous maps f : C' — X with f(0C) = {2} and hence p* = v*.

As one has ¥ *y ~ x and v x5 ~ 2’ for all paths v from x to 2/, the group homomorphisms
v (2, X) = (2, X) and 7 - m (2, X) — 7w, (27, X) satisfy the identities v*0y* = idr, (2, x)
and 4" o v* = id,, (s, x) and hence are mutually inverse isomorphisms. O

For a path-connected topological space X, Proposition [6.1.7implies 7, (z, X) = m,(2/, X) for all
n € Nand z, 2" € X. In this case, one often writes 7, (X) instead of 7, (x, X) and suppresses the
basepoint. However, if one wants to view homotopy groups as functors, one needs to be careful
about the basepoints. In this case, one works with the category Top® of pointed topological
spaces, whose objects are pairs (x, X) of a topological space X and a point z € X and whose
morphisms from (z, X) to (y,Y’) are continuous maps f : X — Y with f(x) =y.

Being homotopic relative to {z} then defines an equivalence relation on the set of morphisms
from (x, X) to (y,Y) that is compatible with composition: If 4 : [0,1] x X — Y is a homotopy
from f to f’ relative to {z} and k : [0,1] x Y — Z a homotopy from g to ¢ relative to {f(z)},
thenl:]0,1] x X =Y, (s,2) — k(s, h(s,x)) is a homotopy from go f to ¢’ o f’ relative to {x}.

Thus, one obtains a homotopy category K (Top*) of pointed topological spaces, whose objects
are pointed topological spaces and whose morphisms from (z, X) to (y,Y) homotopy classes
relative to {x} of continuous maps f: X — Y with f(x) =y.
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With these considerations, we can view the nth homotopy groups as a functor from the category
Top* to Grp, or, if we restrict attention to n > 1, to the category Ab of abelian groups. The
fact that post-composition of a homotopy relative to {x} with a continuous map yields again
a homotopy relative to {z} implies that m, descends to the homotopy category K (Top®).

Theorem 6.1.8:

1. The nth homotopy groups define functors 7, : Top® — Grp that assign

e to a pointed topological space (z, X') the nth homotopy group 7, (z, X),
e to a continuous map f : (z,X) — (f(z),Y) the group homomorphism

T (f) 2 (2, X) = 7 (f(2),Y), gl = [fogdl
2. If f,f': X = Y are homotopic relative to {x}, then

T (f) = 1 (f) s o2, X) = 7o (f(2), X).

3. The nth homotopy groups induce functors 7, : K(Top*) — Grp. In particular, path-
connected spaces of the same homotopy type have isomorphic homotopy groups.

Proof:

1. Let C' =[0,1]*". If f: X — Y is continuous and ¢ : C' — X continuous with g(0C) = {x},
then fog: C — Y is continuous with fog(9C) = {f(x)}. For any homotopy h : [0,1] xC — X
from g to ¢’ relative to C, the map foh :[0,1] x C — Y is a homotopy from fog to fog
relative to OC. Thus, f induces a map m,(f) : m,(x, X) — m,(f(x),Y), [9] = [f o g]

As fo(gxg) = (fog)*(f=*g) for all continuous g¢,¢" : C — X with g(0C) = ¢'(0C) = {z},
m(F)([glolg')) =7 (f)([gxg') = [folgxg)]=[(fog)*(fog )= [foglolfog'|=mu(f)([g)oma(f)(lg])

and the map 7,(f) is a group homomorphism. It follows directly from the definition that
T, (idx) = idr, 2,x) and 7, (f' o f) = m,(f') om,(f) for all continuous f: X =Y, f': X' =Y
This shows that 7, is a functor.

2.If h:]0,1] x X — Y is a homotopy from f: X — Y to f': X — Y relative to {«}, then for
all continuous g : C' — X with g(0C) = {z}, the map i’ : [0,1] xC = Y, (s,t) — h(s, g(t)) is a
homotopy relative to OC from fog to f og. Hence, m,(f)([g9]) = [fog] = [f o g] = mn(f")]([9])
for all continuous g : C' — X with ¢(9C) = {z}, which implies 7, (f) = m.(f’).

3. The first claim follows from 2. The second claim follows, because the homotopy groups of a
path-connected topological space in all basepoints are isomorphic by Proposition [6.1.7} O

Example 6.1.9:

1. If X is contractible, one has 7, (X) = {1} for all n € N, as X is homotopy equivalent to a
point. This holds in particular for convex subsets X C R” such as linear subspaces or discs.

2. Fundamental groups of path-connected topological spaces be computed by choosing a
CW-complex structure on X and applying the Seifert-van Kampen theorem. Every
1-cell contributes a generator of the fundamental group 7 (X) and every 2-cell a relation.
This yields, for instance, 71(S') = Z and m;(S™) = {1} for all n € Ny. The fundamental
group of a torus is m(7') = Z x Z and for a surface of genus ¢ > 2 one has the
presentation m1(X) = (aq, b1, ..., aq, by | [bg, ag] - - - [b1,a1] = 1).

3. Higher homotopy groups are very difficult to compute. One has 7, (S™) = Z for all n € N,
but many homotopy groups 7 (S™) with k& > n are currently unknown.
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6.2 Simplicial homotopies

The aim is now to generalise the concept of a homotopy from the category Top to the categories
CA” for suitable categories C, in particular C = Set, and subsequently to Cat and Chpz_pioq.
For this, recall from Definition that a homotopy from a continuous map f : X — Y to
a continuous map ¢ : X — Y is a continuous map h : [0,1] x X — YV with ho !’ = f and
h o' = g. This makes it natural to define a homotopy from a simplicial morphism o : S = T
to a simplicial morphism (3 : S = T as a simplicial morphism A : [0,1] X S = T, where [0,1] x S
should be a simplicial object constructed from S that replaces the product space [0,1] x X.
Moreover, one should replace the inclusions (%, ! : X — [0,1] x X from Definition [6.1.1] with
simplicial morphisms (%, ¢! : S = [0,1] x S and impose the conditions ho " = o and ho!! = .

The first step is to replace the unit interval [0,1] by a corresponding simplicial object and
to define its product with S. For this, recall that the counterpart of the standard n-simplex
A™ C R™ in SSet is the simplicial set A™ = Hom(—, [n+1]) : A% — Set from Example[5.2.7] 3.
In particular, [0,1] = A! C R corresponds to the simplicial set A = Hom(—,[2]) : A% — Set.
The sets Al = Homa ([n + 1], [2]) contain exactly n + 2 elements, namely the maps

4 0 k<1
o 1 2 k =0, ... 1. 31
o ln+1 = [2), H{l by =0y (31)

In a general category C there are usually no counterparts of the simplicial sets A™ : A? — Set,
so one cannot form a naive categorical product [0, 1] x S of a simplicial object [0, 1] in C with
another simplicial object S : A’ — C. However, if C has coproducts, we can use the copower
functor U : Set x C — C from Definition to form products of sets with objects in C.

Definition 6.2.1: Let C be a category with all coproducts.
The copower functor LI : SSet x CA2™ — C2” assigns
e to a simplicial set X : A” — Set and a simplicial object S : A? — C the simplicial
object X U S : A? — C that sends
— an ordinal [n + 1] to the set X, U .S, = I, Sy,

— amorphism 7 : [m+1] — [n+1] to the morphism X (7)US(7) : X,,US, — X, US,,
given by the following commuting diagram for n € Ny and z € X,

HXnSm e HXm Sm . (32)
1
Sn Sm

e to a simplicial map o : X = X’ and a simplicial morphism g : S = S’ the simplicial
morphism aU g : X S = X' US defined by the following commuting diagrams

Iy, S, 11y, 8

LIT T”an(C@
/

S ——= 5,
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It is a good exercise to verify that this is indeed a functor. Note also that it is sufficient that C
is finitely cocomplete, if one considers only simplicial sets X with finite components X,,, such
as the simplicial sets A" = Hom(—,[n + 1]) : A% — Set from Example [5.2.7} 3. This ensures
that the following constructions work for all abelian categories, which have finite coproducts
by definition. Note also that for C = Set, this construction reduces to the usual product of
simplicial sets defined by Proposition [2.3.2]

Example 6.2.2: If C = Set, then the product X LI S is just the product X x S : A — Set
given by the sets (X x 5), = X,, x S,, and the maps

(X x 9(a) = X(a) x S(a) : X, x Sy = X X Sy (2,8) = (X (a)z, S(«)s)

for every a: [m + 1] — [n + 1]. The inclusions are ¢, : S, = X, X Sp,, s — (z,s) for x € X,.

With Definition we can define the categorical counterpart of the product space [0, 1] x X
for a topological space X in any category C with finite coproducts. We replace

the topological space X by a simplicial object S : A”? — C,

the interval [0, 1] by the simplicial set A' = Homa (—,[2]) : A% — Set,

the product space [0, 1] x X by the simplicial object A' LS : A% — C,

0,1 €[0,1] by p*t oY € Al from (B1)) with p?*(k) =0, p¥(k) =1 for all k € [n + 1].

n n

This suggests replacing the inclusions ¢* : X — [0,1]x X, x +— (i, z) for i = 0,1 by the simplicial

morphisms whose components are the inclusions for p ™ p? € AL

LS =AUS LS =AUS (33)
= Lyttt Sy — Ha1 Sy, = Lot Sp — a1 Sy
Definition 6.2.3: Let C be a category with finite coproducts, 5,7 : A% — C simplicial

objects in C and a, 8 : S = T simplicial morphisms. A simplicial homotopy h : a = (§is a
simplicial morphism h: A'US = T with hol! =a:S=Tand hot! =3:S=T.

S AlyS<2-8

RN

T

Although Definition [6.2.3|is conceptual and allows one to see simplicial homotopies as analogues
of topological homotopies, it is sometimes difficult to use in practice. It is often convenient to
use the following definition, which is more technical, but also more explicit. An additional
advantage is that it can be formulated for any category C.

Definition 6.2.4: Let S, T : A’ — C be simplicial objects in C and «a, 5 : S = T simplicial
morphisms. A simplicial homotopy h : o = [ from « to § is a collection of morphisms

ht S, — Thia 1=0,...,n
that satisfy for all n € Ny
doyiohd =8,  diiohl=aq, (34)
. o [hiedy i<y | (Wt es i<
Aoy ohy =qdy0hyt i=35#0 Spt1 © Dy, = {h%:i o 82_1 ; ; ;.

B _jod' i>j+1
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That Definitions[6.2.3]and[6.2.4] yield the same notion of simplicial homotopy is far from obvious.
Some careful computations show that this is indeed the case. Beware of mistakes and different
conventions for simplicial homotopies in the literature. Sometimes the source and target of the
homotopy are switched, and the proofs do not always match the conventions.

Proposition 6.2.5: Let C be a category with finite coproducts and o, 5 : S = T simplicial
morphisms in C. Then A simplicial homotopy k : @ = [ in the sense of Definition defines
a simplicial homotopy h : @ = [ in the sense of Definition and vice versa.

Proof:
A direct computation shows that the maps p!, : [n + 1] — [2] with p (k) = 0 for k¥ < ¢ and
pi (k) =1 for k > i from satisfy

pPor=p>" pitlor=prtt forall 7:[m+1]— [n+1] (35)

L - < i< 1 ' ' j+1 < ]
pog, = | OSi<i<ntlo L fe 0Si<j<ndt
phoy 0<j<i<n+l P 0<j<i<n+l.

1. Given a family of morphisms A : S,, — T, satisfying the conditions in Definition | we
define the morphisms k, : AL US, — T,, via the inclusions Lpi t Sp — AU S, for the coproduct

knoty =dohly=d,  ohi! i=0,....,n—1 (36)
Then we have by definition

— " no__ _ 0 0 _
Ky 012 =kotmn = d+loh o, kpoth=kouy o =dy, 1 0h, =B

To show that this defines a simplicial morphism k& : A' 1S = S one computes for any
morphism 7 : [m + 1] = [n + 1]

o 0 (AT US(T) 010 2 ki 0 1000 0 5(7) E k0 5( B @ onl o S(r)
— B o S(r) = T(7) 0 By = T(7) o )y, o h°'T<> koo,

i o (AN () US(T)) 010 B kot iy 0 8(1) © kot o s<).dzi} o h™ 0 S(7)

O’T

=apoS(t)=T(1)oa,, =T(7 )odﬁﬁ h".T( 7) 0 Ky 0 L

For the remaining cases, one verifies the relations d’ o k,, = k,,_y od’, and s!, ok, = k, 10" by
direct computations using formula , the relations and and the simplicial relations
. For instance, one has for 0 < j <i<n+1

koaodion, Dk, &, D hion, od @donod, @ aodit)on
"w &

© Lpios,
i-1 BY i _
ne1 0y = dyoky o0

andfor0<i<j<n+1

bucrodyoiy Dhoiouysod Do, od @aton2od @ atonilod,

B yr0d,, 00 Bdod

n+1 n+1

n—1

on @ g

noknoty

The computations for the degeneracies are analogous, and this shows that the maps k,, define
a simplicial homotopy k : @ = f in the sense of Definition [6.2.3]
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2. Let k : A'US = T be a simplicial homotopy from « to 3 in the sense of Definition [6.2.3]
We consider the morphisms

Iy = kng1 001 0 sy 2 Sy = Thia (37)
which satisfy
0 o BD 1o 0 G2 0 0 ®).63) 1_
dyq0hy, dyiq ©kpyr 0 Lpr,, O kn 1,060, © dy g0 kn =kpot =0
o @ gtiog o i 08T . ko Lm g oditl o] » @ in o Ly = kot = a

The relations in then follow by direct computations using (37| , the fact that k is a simplicial
morphism, the relations and the simplicial relations . For instance, we have for ¢ < j

o ) B
7 . d . oh! d  okni10 sl = kpot od , os)
<J n+1 © nt1 © Fntl pi pitlosi O Gntl
l: ]{j Ol j Odl h 110d2
o i z. i i z..
i=j#0: d ohl d+10k}n+lobpz+1 os' =k O Lyt %HodnJrl ky,
©2).(3) ,  ogim 1. i i1
kn 105;+1odn+los —d+1oknoLp;+1° dnJrl oh, -,

j<i—1: ;HohJ!dZ Lokaot osh D hyoum . odi, o8
n n

(22),(35) (137) i

.:.k LJHosnloleth od: .

The relations for the degeneracies in are verified analogously, and this shows that the maps
h,, form a simplicial homotopy A : « 3 [ in the sense of Definition [6.2.4]

A direct computation shows that applying first and then or the other way around
yields again the original simplicial homotopy . O

Remark 6.2.6:

1. Being simplicially homotopic in the sense of Definition [6.2.3 or Definition [6.2.4] is a
reflexive relation (Exercise [55)). It also follows from Definition that it is compatible
with the composition of simplicial morphisms:

If a, 5 : S = T are simplicial maps and h : a = [ a simplicial homotopy, then

e the maps h o, : R, — T, define a simplicial homotopy hy : oy = o~ for
every simplicial morphism v : R = S,

e the maps 0,1 0 h!, : S, — U,y define a simplicial homotopy dh : § o = § o 3 for
for every simplicial morphism 6 : T'= U

2. However, being simplicially homotopic is not necessarily an equivalence relation. In
particular, it is in general not an equivalence relation for simplicial sets. We will derive a
sufficient condition for this to hold in Section [7.2]

3. If C = R-Mod for a ring R or, more generally, an abelian category, then being simplicial
homotopic in the sense of Definition |6.2.3] or Definition is an equivalence relation
on Homeaer (S, T) for all simplicial objects S, T : A% — C (Exercise [55).

We defined simplicial homotopies in analogy to topological homotopies by replacing continuous
maps by simplicial morphisms and product spaces by suitable products of simplicial sets and
simplicial objects. However, there is a more direct relation between continuous and simplicial
maps. The singular nerve Sing : Top — SSet from Example[5.2.7] 1. and Definition [5.3.1] assigns
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Figure 1: The prism maps PP : A" — [0,1] x A" for n = 1,2.

e to a topological space X the simplicial set Sing(X') = Homr,,(7'(—), X) : A? — Set with
components Sing(X),, = Homr,, (A", X') and face maps and degeneracies

d: - Sing(X),, — Sing(X),_1, o — oo f st Sing(X), — Sing(X)ps1, 0+ 0o 87,

e to a continuous map f : X — Y the simplicial map Sing(f) : Sing(X) = Sing(Y") with
components Sing(f), : Sing(X),, — Sing(Y),, 0 — foo,

where A" is the standard n-simplex and f7* : A" — A™ and s? : A""! — A" be the affine
linear face maps and degeneracies from Definition [5.1.2

It is then natural to ask if a continuous homotopy from f to g give rise to a simplicial homotopy
between the singular nerves Sing(f) and Sing(g). This is an important consistency check. To
relate continuous and simplicial homotopies, one uses the prism maps, the affine linear counter-
parts the maps pJ, : [n+1] — [2] from (31I). They describe the systematic subdivision of a prism
into (n + 1)-simplexes and give a geometrical interpretation to the maps p’, : [n + 1] — [2].

Proposition 6.2.7: Every continuous homotopy h : [0,1] x X — Y from f: X — Y to
g : X — Y induces a simplicial homotopy Sing(h) : Sing(f) = Sing(g).

Proof:
Let f,g: X — Y be continuous maps and h : [0,1] x X — Y is a homotopy from f to g. The
prism maps are the affine linear maps

(0,6k) k <1

= 0,....n, (38
(1,6]6,1) k> ! " ( )

Bl A™E S [0,1] x A e (o5 (), 87 (er)) = {

where pJ : [n + 1] — [2] are the maps from (31I). They describe the subdivision of the prism
0,1]x A™ into (n+1) different (n+1)-simplexes and are shown in Figure[l] A direct computation
(Exercise) shows that they satisfy the relations

P(;Lo (7)1+1:Z.116k|—>(1,€k) Pgofgjﬁ:io:ekH(07ek) (39)
(dx fryoPr, i<j _ o
d x s!')o Pl <
Profrti={Propt | izjr0 Prosi={UdXW)ol 1S
(id x s 1) o P i > j.

(idx fry)o P i>j+1
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We define the maps
hi - Sing(X), — Sing(Y )41, o~ ho(idxo)o P!

The relations for the prism maps then imply that they satisfy the relations and define
a simplicial homotopy Sing(h) : Sing(g) = Sing(f) (Exercise). O

This proposition shows that the singular nerve Sing : Top — SSet respects homotopies. It
sends homotopic maps in Top to homotopic simplicial maps. One might ask if an analogous
statement also holds for its left adjoint, the geometric realisation functor Geom : SSet — Top
from Definition and Proposition [5.3.2l This is indeed the case and allows one to transform
simplicial homotopies into continuous homotopies.

Proposition 6.2.8: Let S,T : A’ — Set simplicial sets and «, 5 : S = T simplicial maps.
A simplicial homotopy h : @ = f induces a homotopy Geom(h) : [0, 1] x Geom(S) — Geom(T)
from Geom(c) to Geom(f) as in Definition [6.1.1]

Proof:

We define the continuous homotopy Geom(h) with the prism maps from . For this, note
that for every point (¢,z) € [0,1] x A", there is a prism map P/ : A" — [0,1] x A™ with
i €{0,...,n} and a point y € A"*! with (t,x) = P(y).

If (t,x) is contained in a single affine (n + 1)-simplex P/(A"*1) then i and y are unique.
Otherwise, (t,p) is contained in an n-face shared by two affine (n + 1)-simplexes P""(A"™!) and

PZ’L(A”“) In this case (38) yields a z € A" with (¢,2) = P"(y) = P, (y) and y = [ (2).

For a simplicial homotopy h : o« = [ given by a collection of maps h, : S, — 1,41 as in
Definition [6.2.4] we define the continuous homotopy Geom(h) by

Geom(h) : [0,1] x Geom(S) — Geom(T), (¢, [s,z]) — [’ (s),],

where s € S, and x € A" form the unique non-degenerate representative of [s, 2] € Geom(S)
from Theorem and (¢,p) = P(y). The map Geom(h) is well-defined and continuous,

because one has for (¢,p) = P(y) = Pry(y) with y = f'41(2)

i (5), 0] = [, £ (2)] = [ ohi(s), 2] @ i) h”l( )>Z] = (1 (s), 25 ()] = [By (), )
It is a homotopy from Geom(8) to Geom(a), because ([B8) implies (0,p) = Pr(frH (p)) and
(1,p) = P f7(p)) and consequently

10, [s, p]) = [hy(s), £ri5 (P)] = [dy 1 0 h(s), p] = [ea(s), p] = Geom(a)[s, p]

h(L, [s,p]) = [hn(s), f5 (P)] = [dn 1 © hin(5), 0] = [Bu(s), p] = Geom(B)[s, p]. -

We have thus shown that both, the singular nerve Sing : Top — SSet and its left adjoint, the
geometric realisation functor Geom : SSet — Top, send homotopies to homotopies.

E IE]

Besides these two functors, we encountered another pair of adjoints with values in SSet, namely
the simplicial nerve N : Cat — SSet from Example[5.2.7] 2. and Lemmal5.4.T)and its left adjoint,
the homotopy functor h : SSet — Cat from Definition It is then natural to ask if there is
a notion of homotopy in Cat that corresponds to simplicial homotopies under this adjunction.

As continuous and simplicial homotopies relate morphisms in Top and SSet with the same source
and target, a homotopy in Cat should relate functors with the same source and target. The
only obvious candidate for this are natural transformations. We investigate how they behave
under the nerve N : Cat — SSet and the classifying space functor B = GeomN : Cat — Top.
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Theorem 6.2.9: Let C,D be small categories and F,G : C — D functors.

1. A natural transformation v : F' = G induces a simplicial homotopy h : N(F') = N(G)
and a homotopy h : [0,1] x BC — BD from BF : BC — BD to BG : BC — BD.

2. If F has a left or right adjoint, then the classifying spaces BC and BD are homotopy
equivalent. In particular, this holds if F' is an equivalence of categories.

Proof:
1. Let [1]’ be the poset category for the ordinal [1] and [2]’ the poset category for [2] with objects
0,1 and a single non-identity morphism d : 0 — 1.

Denote by I' : C — [2] x C for i = 0,1 the functors given by I'(C) = (i,C) and I'(f) = (1;, f)
for all objects C' and morphisms f : C' — C".

Then natural transformations 7 : F' = G correspond bijectively to functors T : [2) x C — D
with TI° = F and TI' = G or, equivalently,

e 7'(0,C) = F(C) and T(1,C) = G(C) on the objects,
o T(1o, f) = F(f), T(L1, f) = G(f), T(d, f) = e 0 F(f) = G(f) o 7¢ for f € Home(C, C").

Applying the nerve N : Cat — SSet yields a simplicial homotopy N(T') : N(F') = N(G):

For this, recall from Example that N([n + 1)) = A™ = Hom(—,[n + 1]) : A”? — Set
for all n € Ny. As a right adjoint, the simplicial nerve preserves products by Theorem [2.4.7]
and this yields simplicial maps N(T) : A x N(C) = N(D) and N(I') : N(C) — A! x N(C)
with N(T)N(I°) = N(F) and N(T)N(I') = N(G). With Example Definition and
equation it follows that N(T') is a simplicial homotopy from N(F) to N(G).

2. We prove the claim for a right adjoint. The proof for a left adjoint is analogous.

If F:C — D has a right adjoint R : D — C then the unit and counit of the adjunction
are natural transformations 7 : ide = RF and € : FR = idp. By 1. they induce simplicial
homotopies N(n) : idy) = N(R)N(F) and N(e) : N(F)N(R) = idy(p). By Proposition|6.2.8|

these simplicial homotopies induce continuous homotopies between the geometrical realisations.

If B = GeomN : C — Top denotes the classifying space functor from Definition [5.4.9] these
are continuous maps BF : BC — BD and BR = BD — BC such that (BR)(BF') ~ idg¢ and
(BF)(BR) ~ idpp. Hence, the classifying spaces BC and BD are homotopy equivalent. O

This theorem identifies natural transformations as categorical counterparts of homotopies and
adjunctions as the categorical counterparts of homotopy equivalences. This allows one to apply
homotopy theory to categories. If one is only interested in quantities that are homotopy invariant
such as homotopy groups and homologies of their classifying spaces, then one can identify
categories related by adjunctions. On the other hand, one can deduce statements about their
classifying spaces from the properties of the categories.

Corollary 6.2.10: (Exercise Let C be a small category.

1. If C has an initial or terminal object, then BC is contractible.
2. If C has binary products or coproducts, then BC is contractible.

The question if the left adjoint of the simplicial nerve, the homotopy functor h : SSet — Cat
from Definition [5.4.4] also preserves homotopies, is less important in practice. One wants to
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use simplicial sets and topological spaces to investigate categories, not the other way around.
Nevertheless, it is not difficult to show that the homotopy functor sends simplicial homotopies
to natural transformations. This follows from the fact that the homotopy functor preserves
products and sends the simplicial sets A? and A' to the poset categories [1)" and [2]'.

Corollary 6.2.11: Let o, 3 : .S = T be simplicial maps. The functor A : SSet — Cat sends a
simplicial homotopy & : A'xS = T from « to 8 to a natural transformation h(k) : h(a) = h(f).

Proof:

By Definition the functor h sends the simplicial set A" = Hom(—, [n + 1]) : A% — Set
to the associated poset category [n + 1]’. From Definition it is also apparent that it sends
products in SSet to products in Cat. A direct computation shows that it sends the inclusions
Ot S — Al xS from to the functors I, 1" : h(S) — [2] x h(S) from the proof
of Theorem [6.2.9] Hence, the image of a simplicial homotopy k : A' x S = T is a functor
h(k) : [2] x h(S) — h(T) with h(k)I° = h(a) and h(k)I' = h(B). By the proof of Theorem
this defines a natural transformation h(k) : h(a) = h(p). O

6.3 Simplicial homotopies and chain homotopies

As shown in Section [5.5] simplicial objects and simplicial morphisms in a category R-Mod define
positive chain complexes and chain maps between them via the standard chain complex functor
from Proposition [5.5.5] and the normalised chain complex functor from Proposition [5.5.8 The
Dold-Kan correspondence in Theorem states that the normalised chain complex functor
is an equivalence of categories. This implies that there must be a counterpart of the concept of
a simplicial homotopy in the category Chpg.oq of chain complexes in R-Mod and chain maps
between them. As we will see, this is the concept of a chain homotopy.

Definition 6.3.1: Let X,, X/ be chain complexes in R-Mod and f,, f, : X, — X/ chain maps.
1. A chain homotopy h, : fo = f. is a family (h,,)nez of morphisms h, : X,, — X, with

fo—Jo=har0ody+d,0hy Vn € Z.

n

If there is a chain homotopy h, : fo = f., then f, und f. are called chain homotopic,
and one writes f, ~ f..

2. A chain map f, : X, — X/ is called a chain homotopy equivalence if there is a chain
map ¢ : X, — X, with ge 0 fo ~ 1x, and fo 0 ge ~ 1x;.

In this case the chain complexes X, und X are called chain homotopy equivalent and
one writes X, ~ X/.

Remark 6.3.2:

1. For given chain complexes X,, X., the chain maps f, : X, — X and chain homotopies
between them form an abelian groupoid.
The composite of two chain homotopies h : f, = f. and h, : f. = f/ is the chain
homotopy h, o he = (hy, + h!)nez : fo = f. The identity morphisms are trivial chain
homotopies 17, = (0),ez and the inverse of he : fo = flis hyt = (—hp)nez : fL = fo.

121



2. By 1. being chain homotopic defines an equivalence relation on the set of chain maps from
X, to X.. It is compatible with the composition of morphisms:

For all chain maps f,, f. : X¢ — X. and ¢.,q. : X, — X! and chain homotopies
he : fo = f. and h, : go = ¢g,, the family of morphisms ke = (gy41 © hyy + hl, © [ )nez is a
chain homotopy k, : ge © fo = g o f. (Exercise).

3. This yields the homotopy category of chain complexes K(R-Mod) with

e chain complexes in R-Mod as objects,
e chain homotopy classes of chain maps in R-Mod as morphisms.

Isomorphisms in K (R-Mod) are chain homotopy classes of chain homotopy equivalences.

Just as Definition of a simplicial homotopy, Definition is technical and not very
illuminating. One wonders if chain homotopies he : fo = go can also be formulated as chain
maps between certain chain complexes, as it was done for simplicial homotopies in Definition
[6.2.3| and continuous homotopies in Definition [6.1.1} This is indeed possible.

Lemma 6.3.3: Let (X,,d,), (X},d,) be chain complexes in R-Mod and f,,ge : Xe — X
chain maps between them. Then chain homotopies he : fo = go are in bijection with chain
maps ke : Zo — X! such that ky 00 = f, and k, 01l = g,

LO Ll
X, -, <X,

AN A

where X!

e 7/, is the chain complex with

Zn = Xn N> Xn S¥) Xn—l
dy: Zp = Zn_1, (z,2',2") = (d.(z) — 2", d,(2) + 2", —d,,_1(2")),

e the inclusions /% : X, — Z, for i = 0,1 are given by

WXy = Zn, x> (2,0,0) 0 Xy = Z,, x(0,2,0)

Proof:
A direct computation shows that Z, is indeed a chain complex and the inclusions 2, ¢! define
chain maps ¢2,:! : X, — Z,.

By the universal property of the direct sum, an R-linear map k, : Z, — X/, with k, 0% = f,
and k, ot} = g, is given by f,., g, : X,, — X! and an R-linear map h,,_; : X,,_; — X/ as

kn(z, o' 2") = fulz) + gn(2') + hy_y(2") r, o' € X,, 2" € X, .
The R-linear maps k,, define a chain map if and only if

dy, 0 kn(z,2',2") = d}, o fu(@) + d}, © g, (2") + dj, 0 T (2”)
:knfl o dn(xa xl7 $//) = fnfl o dn(x) - fnfl(m//) + 9n—-1°© dn(x/> + gn,1($/1) - han o dn71<x”)-

By setting 2/ = 2" =0, x = 2" = 0 and x = 2/ = 0, one finds that is the case if and only if f,
and g, are chain maps and he : fo = ¢ is a chain homotopy. O
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It is also possible to understand the chain complex Z, from Lemma [6.3.3| as a counterpart of
the topological space [0, 1] x X in Definition and the simplicial object A'L1S in Definition
6.2.3] This requires the tensor product of chain complexes and yields Z, = Al® X, with a chain
complex Al that describes the unit interval. This makes the relation more direct, but requires
additional background on tensor products and monoidal categories.

The central property of chain homotopies that makes them fundamental in homological algebra
is that they do not affect the induced maps between the homologies: chain homotopic chain
maps induce the same maps between the homologies. Thus, the homologies descend to functors
from the homotopy category of chain complexes from Remark [6.3.2] 3. to the category R-Mod.
In particular, chain homotopy equivalent chain complexes have isomorphic homologies.

Proposition 6.3.4: Let R be a ring.

1. Chain homotopic chain maps in R-Mod induce the same morphisms on the homologies:
if fo ~ go then H,(f,) = H,(gs) for all n € Z.

2. The nth homology induces a functor H,, : K(R-Mod) — R-Mod for all n € Z.

3. Chain homotopy equivalences induce isomorphisms on the homologies:
if Xo ~ X, then H,(X,) = H,(X}) for all n € Z.

Proof:
Let fo,ge : Xo — X. be chain maps and h, : fo = ¢o a chain homotopy. Then one has

Hn(QO)[m] - Hn(f.)[l‘] = [gn(xﬂ - [fn(x)] = [gn(x) - fn(x)] = [hn—l © dn(x) + dg@—&-l © hn(x)]
= [hn_1(dp(2))] = [hn—1(0)] =0 Vo € ker(d,)

= Hy(fs) = Hu(ge).

The second and third claim follow directly from the first. O

With the standard chain complex functor from Proposition [5.5.5] and the normalised chain
complex functor from Proposition we can now relate simplicial homotopies to chain ho-
motopies. This extends the Dold-Kan correspondence from Theorem to simplicial homo-
topies and chain homotopies.

Theorem 6.3.5: Let S,T : A — R-Mod simplicial objects and «, 5 : S = T simplicial
morphisms in R-Mod.

1. For every simplicial homotopy h : a = 3, the morphisms h,, = X7 (—1)'R¢, : S, — T,11
define chain homotopies he : @y = Bo and Nhe : Nag = Nf,.

2. Every chain homotopy he : Na, = N[, arises from a simplicial homotopy h : a = S.

Proof:

1. That the morphisms h,, define a chain homotopy he : ae = Se follows by a direct computa-
tion from the defining relations of the simplicial homotopy. For this, one splits the sums
occurring in the boundary operators according to the three cases in (34))

n

dpt1 0 hyy + hyy 0 dy, = Z?:ozyiol(_l)iﬂdi +1° hi + Z;‘:&E?:o(_l)iﬂhzz—l © diz
= Z?ZOEg;é(—l)”jdle o hi + E?:Od‘zk‘rl o hj — dfmill o hi + Z?:OZ?;jl—i-Q(_l)i—i_jdiz—H o h},

+ E?:_(}Eg:o(—l)iﬂh?j@q od,, + Z?:_()lz?:j+l(_1)i+jhzz—l od,
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n wj—1 itjri-1 _ i 0 0 n+1 n ym+l 17 i—1
- ijozizo(_D By 0 dy 4 dyyyy 0 hy — dyy 0 hygy + Ej=02i=j+2hn*1 o dy,

+ XIS (=), o d, + XIS (=1) R o d),
= dSLH © hg - dZﬁ o hyy = Bn — .

It is then sufficient to show that h,(NS,) C NT,,; for all n € Ny. With the defining relations
of the simplicial homotopy, we obtain

A0y ohy =% o(=1)Yd0 ohd = doy o hd + 50 (1) od) = fr + S0 (—1)/R o dl

n+1 n+1
= hy(ker(d)) C ker(d, )
dpy1 © o = E?:o(_l)jdgﬂ o, 0<i<n

= S0(= 1) dy 0 hfy + (=1)'dy g 0 by + (<1) Ty o byt B dy g o B,
SA(-1Y R o di + S0, (<1 R o d]

= hn(ker(d;)) C ker(deH)

This shows that h,(NS,) C NT,4; and proves the claim for Na,, NG, : NS¢ — NT,.

2. We do not give this proof here, because it is lengthy and technical. For a sketch of proof, see
[W], Section 8.4]. O

Theorem [6.3.5|is useful whenever one has a functor that assigns simplicial objects in R-Mod to
objects in a given category C and a notion of homotopy in C that induces simplicial homotopies
in R-Mod. An example is the singular chain complex functor Ce(—, k) : Top — Chy_poq from
Example[5.5.6] 1. that defines the singular homologies of a topological space with coefficients in
a commutative ring k. Theorem implies that this functor sends continuous homotopies in
Top to chain homotopies. It follows that the singular homologies of a topological space depend
only on its homotopy type.

Corollary 6.3.6: Let £ be a commutative ring and X, Y topological spaces.

1. Homotopic maps f,g: X — Y induce the same morphisms on the singular homologies:
f~g = H,)(fk)=H,(9,k): H (X, k) = H,(Y,k) Vn e N,.
2. If X and Y are homotopy equivalent, then their homologies are isomorphic
X~Y = H,(X,k)=H,(Y,k) VYneN,.

Proof:

By Example [5.5.6] 1. the singular chain complex functor Ce(—,k) : Top — Chypeq is the
composite of the functor Sing : Top — SSet from Example 1, the free generation functor
F, : SSet — k-Mod®™ and the standard chain complex functor from Proposition

1. By Proposition[6.2.7)a continuous homotopy & : [0, 1]x X — Y from f to g induces a simplicial
homotopy Sing(h) : Sing(f) = Sing(g). Post-composition with F}, : SSet — k-Mod®” yields a
simplicial homotopy between simplicial maps in k-Mod and post-composition with the standard
chain complex functor then a chain homotopy Ce(h, k) : Co(f, k) = C(g, k) by Theorem .
Proposition [6.3.4] 1. then implies 1.
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2.If f: X =Y and f': Y — X are continuous maps with f'o f ~idy and fo f’ ~ idy then by
1. the induced chain maps Co(f, k) : Co(X, k) — Co(Y, k) and Co(f', k) : Co(Y, k) — Co(X, k)
form a chain homotopy equivalence, and Proposition 3. implies claim 2. O

Another example where Theorem can be applied is the functor Co(—, k) : Cat — Chy mod
from Example [5.5.6, 2. that assigns to

e a small category C the chain complex C,(C, k) with
Cn(C, k) = (N(C)n) d =S o(=1)(N (&) : Cu(C, k) = Cma (C, k)

e a functor F' : C — D the chain map Co(F, k) : Co(C, k) — Co(D, k) with components
Co(F, k) = (N(F))i - (N = (N(D).

The homologies of these chain complexes define functors H,(—, k) : Cat — k-Mod. By applying
Theorem [6.3.5| one can show that these functors do not distinguish categories that are related
by adjunctions. This can be used to show that a given functor cannot have a left or right adjoint
or, more generally, that there cannot be an adjunction between two categories.

Corollary 6.3.7:
Let k£ be a commutative ring, C, D be small categories and F,G : C — D functors.

e If there is a natural transformation 7 : F' = G, then F and G induce the same maps on
the homologies: H,(F, k) = H,(G,k) : H,(C, k) — H,(D, k) for all n € Ny,

e If C and D are related by an adjunction, then H,(C, k) = H,(D, k) for all n € Ny.

Proof:

By Example [5.5.6, 2. the functor Ce(—, k) : Cat — Chy.poq is obtained by composing the
simplicial nerve N : Cat — SSet from Example [5.2.7] 2. and Lemma [5.4.1] with the functor
F}, : SSet — k-Mod®” and then the standard chain complex functor from Proposition [5.5.5]

By Theorem [6.2.9] a natural transformation 7 : F = G induces a simplicial homotopy
h : N(F) = N(G). Post-composition with Fj : SSet — k-Mod®” yields a simplicial ho-
motopy between the induced simplicial morphisms in k-Mod and post-composition with the
standard chain complex functor a chain homotopy Co(7, k) : Co(F, k) = C¢(G, k) by Theorem
6.3.5] Proposition [6.3.4], 1. implies the first claim. The second follows as in Corollary [6.3.6, O

For topological spaces that are classifying spaces BC or BG of a category C or a group G,
the homologies of the singular chain complexes from Corollary and the homologies from
Corollary are in fact related. This result is well-known for classifying spaces of groups.

Remark 6.3.8: For any group G the group homologies coincide with the singular homologies
of its classifying space
H,(G,Z) = H,(BG,Z) Vn € Npy.

This follows, because the classifying spaces are geometric realisations of the nerve from Example
[.2.7 2. and Lemma Theorem [5.3.3] states that they are CW-complexes whose cells are
in bijection with non-degenerate elements of the simplicial nerve. By applying techniques from
algebraic topology one can efficiently compute the homologies of CW-complexes by counting
the cells in each dimension. This relates the singular homologies H,,(BG,Z) of the classifying
space BG to the homologies of the associated chain complex Co(G,Z) from Corollary A
sketch of proof is given in [W Example 8.2.3]. For more background see a textbook on group
(co)homology, such as [B] or [AM] or the book [Mo] on classifying spaces of categories.
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7 Kan complexes and quasicategories

7.1 Kan complexes

In this section we generalise the concept of homotopy groups from topological spaces to certain
simplicial sets. The simplicial sets for which this is possible are called Kan complexes. Their
homotopy groups generalise the homotopy groups of topological spaces from Theorem [6.1.5]and
are related to them via the singular nerve and the geometric realisation functor.

Studying Kan complexes will also lead to a deeper understanding of the simplicial sets arising
as nerves of topological spaces, groups and categories and finally to quasicategories or oo-
categories, a generalisation of categories that is a current research topic in mathematics. Our
main references for this chapter are the books [M] and |GJ] and the preprint [E].

The homotopy groups of topological spaces in Section were obtained by considering contin-
uous maps f : [0,1]*" — X with f(9[0,1]*") = {z}, up to homotopies relative to [0, 1]*™. To
generalise this to simplicial sets, note that the choice of the unit cube [0, 1]*™ as the domain of
these maps is not essential. It is convenient for working with coordinates, but continuous maps
f: A" = X with f(OA™) = {x} would yield the same homotopy groups.

Hence, it makes sense to replace continuous maps f : [0,1]*" — X with simplicial maps
a: A" = X. To generalise the condition f(0[0,1]*") = {z}, we need to define a boundary dA™.
This is achieved by considering simplicial subsets. Just as a subspace U C X of a topological
space X is given by a monomorphism ¢ : U — X in Top, one can define a simplicial subset of
S : A’ — Set as a simplicial set T : A? — Set with a monomorphism ¢ : T' = S in SSet.
As monomorphisms can be realised as limits (Exercise and limits in the functor category
SSet are pointwise by Proposition [2.3.2]a monomorphism ¢ : T'= S in SSet is a simplicial map
t: S = T such that ¢, : T;, — 5, is injective for all n € Ny. This allows one to identify 7T,, with
a subset of S,, for all n € Ny and yields the following definition.

Definition 7.1.1: Let S : A’ — Set be a simplicial set.

1. A simplicial subset 7" C S is a simplicial set T : A°? — S with T,, C S,, for all n € Ny
and S(a)(t) = T'(«)(t) for all monotonic maps « : [m + 1] — [n+ 1] and ¢ € T,.

2. The simplicial subset (X) C S generated by a subset X C S, for some n € Ny is the
smallest simplicial subset of S containing X. For all m € Ny one has

(X)pm ={S(1)x |z € X,7:[m+ 1] = [n+ 1] monotonic}.

We now apply Definition to define the faces and boundaries of the simplicial sets
A" = Hom(—,[n + 1]) : A% — Set from Example [5.2.7, 3. The boundary dA™ of a topo-

logical standard n-simplex A" is the union of its faces. The faces are the images of A"~! under

the face maps f* : A"! — A" from Definition [5.1.2]

The counterparts of the face maps in SSet are the simplicial maps Hom(—, ) : A" = A" We
thus define the ith face of the standard n-simplex A™ in SSet as the simplicial subset generated
by {6} C A”_; and its boundary OA™ as the simplicial subset generated by {42, ...,6"} C A?_,.
As we will see in the following, it is also important to consider subsets of the boundary with
exactly one face removed, the horns of A™.
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Definition 7.1.2: Let A™ = Homa(—,[n +1]) : A? — Set and k € {0,...,n}.
1. The kth face 9 A" is the simplicial subset of A" generated by 6% € A" .

2. The boundary 9A™ is the simplicial subset of A™ generated by {0, ...,6"} C A" ;.
It is also called the simplicial (n — 1)-sphere.

3. The kth horn AF is the simplicial subset of A" generated by {62, ...,0571 ¢k+1 .. 61}
The horns A}, ... A1 are called inner horns, the horns AY and A" outer horns.

Remark 7.1.3:
1. For n = 0 one has A = (), the empty simplicial set with (OA%); = 0 for all k € Ny.

2. The boundary OA™ is the (n — 1)-skeleton of A™:

One has (0A™), = A} for all k£ < n and all elements of (OA™), for k > n are degenerate.
The set (OA™), contains precisely the non-surjective monotonic maps « : [k+ 1] — [n+1]

(Exercise [59).

3. The simplicial set 9A™ can also be realised as the coequaliser
8An = coequ (H0§i<j§nAn_2 :§ HOgiSnAn_l> s

where w0 t;; = t; o Hom(—,8% ;) and v o t;; = ¢; o Hom(—,5'_}) (Exercise [60). This
corresponds to taking an (n — 1)-simplex for each of the n faces of A™ and identifying

them along their shared (n — 2)-faces in A™.

4. The sets (A); for the kth horn A% contain exactly the monotonic maps « : [j+1] — [n+1]
with {0,1,...,k—1,k+1,...,n} € im(a).

5. The kth horn can also be defined as the coequaliser
AZ = coequ (H0<Z‘<j<nAn_2 = H0<i7ék<nAn_1)
with u,v as in 3. This corresponds to taking an (n — 1)-simplex for each face of A"

except the face opposite k£ and identifying them along shared (n — 2)-faces in A™.

6. The geometric realisation of the n-simplex, faces, boundary and horns are given by the
corresponding quantities for the topological n-simplex from Definition [5.1.2

A" = A" G A" = [ (AT, |0AT] = 0A",  |AR] = Usgjen i (A"

This follows with Theorem by determining the non-degenerate elements in the sim-
plicial sets A", 9, A", DA™, AF.

In Section [6.1] we defined the homotopy groups of a topological space X as homotopy classes
of continuous maps f : [0,1]*" — X with f(9[0,1]*™) = {z} or, equivalently, homotopy classes
of continuous maps f : S™ — X relative to a basepoint. It is therefore plausible to consider
simplicial maps a : 9A™™! = S in SSet and to interpret the simplicial set OA™! as a simplicial
counterpart of the n-sphere S = dD"*! in Top.

128



For the homotopy groups in Top it is essential, if a continuous map f : S ! — X can be
extended to a map g : D" — X with g|gp» = f. If this is the case, then f is homotopic
to a constant map f': S"' — X and [f] = [f'] € mu_1(z, X) is trivial (Exercise [53)). Only
continuous maps f : S"~! — X that cannot be extended to continuous maps g : D" — X give
rise to non-trivial elements of homotopy groups.

Analogously, we can ask if a simplicial map « : 0A™ = S can be filled, extended to a simplicial
map 3 : A" = S. One can also consider simplicial maps « : A¥ = S for the n-horns of the
standard n-simplex and ask if they can be completed to simplicial maps « : OA™ = S or filled
to simplicial maps o : A" = S.

Definition 7.1.4: Let S : A — Set be a simplicial set.

1. A simplicial (n — 1)-cycle or (n — 1)-sphere on S is a simplicial map « : JA™ = S.
2. A simplicial (n — 1)-cycle o : OA™ = S is called a simplicial (n — 1)-boundary, if there
is a simplicial map 5 : A™ = S with $ o+t = « for the inclusion ¢ : JA™ = A"
OA" =~ S
7

ATL

Ve

7B

3. A (k,n)-horn on S is a simplicial map a : A} = S. It is called an outer horn for
k € {0,n} and else an inner horn.

4. A completion of a (k,n)-horn a : A¥ = S is a simplicial map 8 : A" = S with
B o=« for the inclusion ¢ : A¥ = A"

AF 2. g
/7/
‘1/6
DA™

5. A filler of a (k,n)-horn o : Ak = S is a simplicial map 3 : A" = S with Bo: = «a for
the inclusion ¢ : AF = A"
A28
7

. Ve

|

An

Remark 7.1.5:

1. A simplicial (n — 1)-cycle o : JA™ = S corresponds to an (n + 1)-tuple (zo, ..., Z,) of
elements z; = o, _1(6) € S,y with &/, (2;) = &~ (2;) for all 0 < i < j < n.

This is shown in Exercise [60] and also follows from Remark [7.1.3] 3.

2. A simplicial (n — 1)-cycle as in 1. is a simplicial (n — 1)-boundary if and only if there is
an element y € S,, with d',(y) = z; for all 0 < i < n.

Simplicial maps § : A" = S are in bijection with elements y = 3,(1p41]) € Sn by the
Yoneda lemma. The condition ot = « then states that

T = po1(04) = Bp-1(6) = Bu1(Lpnsy 0 05) = S(07)Bn(Ljnsyy) = di(y)  i=0,...,n.
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3. A (k,n)-horn o : A*¥ = S on S corresponds to an n-tuple (zo, ..., Tg—1, Ty, .., Tp) Of

elements z; = a,_1(67) € S,_; such that d’_,(z;) = &’} (z;) for 0 < i < j < n and

i,j # k. This follows by expressing A* as a coequaliser as in Remark [7.1.3 5.

4. A completion of a (k,n)-horn that is given by an n-tuple (zg, ..., Zx_1, Tr41, ..., Tp) as in
3.is an (n — 1)-cycle (xq, ..., Tp_1, Tky T, -y Tp) With z; € S, 1.

5. A filler of a (k,n)-horn given by an n-tuple (x, ..., Tx_1, Tp+1, ...T,) as in 3. is an element
y € Sy, whose boundary is a completion of the horn:

dn(y) :== (d°(y), ..., d" (%)) = (20, ..., To—1, d™(Y), Tps1oor ).

This follows as in 2, because simplicial maps 5 : A" = S are in bijection with elements
T = Bn(1jny1)) € Sp by the Yoneda lemma.

For n = 2, these structures can be visualised as follows, and in the case n = 3 there are
analogous pictures involving tetrahedra.

simplicial 1-boundary d(y) = (o, 1, x2)

di(z2) = di(xo)

zy = d3(y) zo = d3(y)
y

di(x1) = di(x>) ) >e (1) = di (1)

filler y of (1,2)-horn (zg, x2)

d(xq) = di(xo)

dy(x2)
filler y of (0,2)-horn (z1, x2) filler y of (2,2)-horn (zg, z1)
dy(a2) d; (o)
s .. 7o = d3(y) vy = dy(y) o
y ~,~~A ",’ y
di(22) = di(x1) >e (1) di (1) ® odi(z1) = dj (o)

X1 o

The names boundaries and cycles are reminiscent of simplicial homologies, and this is not a
coincidence. One can show that the boundary d,(y) = (d°(y), ...,d"(y)) for an element y € S,
is always a simplicial (n — 1)-cycle (Exercise [60]).
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Remarks [7.1.5] 2. and 5. also show what is special about simplicial sets, simplicial maps and
simplicial standard simplexes A™. The category SSet and the standard n-simplex in SSet allow
one to describe simplicial maps « : A™ = S via the Yoneda lemma and hence to identify them
with elements of the set S,,. This is a useful feature that will be important in the following.

Using Definition and Remark we can now state the essential property that distin-
guishes Kan complexes from more general simplicial sets.

Definition 7.1.6: A simplicial set X : A’ — Set is called fibrant or a Kan complex if it
satisfies the Kan condition: every horn a : A¥ = X with k € {0,...,n} has a filler.

We denote by Kan C SSet the full subcategory of Kan complexes in SSet.

Remark 7.1.7: By Remark[7.1.5} a simplicial set X is a Kan complex if and only if for each
n € N and each n-tuple (2o, ..., Zx_1, Tpt1, -, Tn) With z; € X,y and di_,(x;) = d’ "} (x;) for
0<i<j<mn,ij#k, thereis any € X, the horn filler, with z; = d’ (y) for 0 <i # k < n.

Example 7.1.8:
1. The simplicial set A™ = Hom(—, [n + 1]) : A®” — Set is not a Kan complex for n > 0:

The horn « : A = A" given by the pair (z1,z) with z; : [2] = [n+ 1], 0,1 + 0 and
Ty 2] = [n+1], 0~ 0, 1+ 1 satisfying d}(z1) = z108] = x900; = d}(z2) : 0 — 0 does
not have a filler. A map z : [3] — [n+ 1] with d}(x) = x 08} = x; and d3(z) = 2003 = z9
cannot be monotonic, because

2(0) = 20085(0) = 22(0) =0, 2(1) =20 85(1) = 29(1) = 1, 2(2) =z 0dy(1) = z,(1) = 0.
2. For the same reasons, the simplicial sets A", A¥ do not satisfy the Kan condition.

3. With the same argument one can show that the simplicial set S* : A°? — Set defined by
an ordered combinatorial simplicial complex I is not a Kan complex, unless it contains
only degenerate simplexes in all degrees n > 0.

Despite these counterexamples, many important examples of simplicial sets are Kan complexes.
In particular, this includes all singular nerves of topological spaces, see Example [5.2.7], 1, and
all simplicial sets obtained from simplicial groups by forgetting their group structure. A special
case of the latter are simplicial R-modules for any ring R.

Proposition 7.1.9:
For every topological space X, the simplicial set Sing(X) : A — X is a Kan complex.

Proof:
As the singular functor Sing : Top — SSet is right adjoint to the geometric realisation functor
Geom = | | : SSet — Top, we can use the adjunctions to transport fillers from Top to SSet.

For this, let  : id = SingGeom and € : GeomSing = id be the unit and counit of the adjunction
with (i) Sing(ex) © 7sing(x) = idsing(x) and (ii) €g) o |ng| = idg| for all topological spaces X and
simplicial sets S.
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The image of the horn extension diagram under the functor Geom = | | : SSet — Top is

lot] .
A% | — [Sing(X)|
7

I -7

< B

7

A"

By Remark [7.1.3] 6. the topological horn |A¥| C |A"| is a retract of |A"|: there is a continuous
map 7 : |A?| — |A¥] with 7 o 1] = id. Thus, 8 = |a] o7 : |A"| — [Sing(X)]| is a horn filler.
The simplicial map 5" = Sing(ex)oSing(/5)onan : A™ = Sing(X) is a horn filler for «, as we have

at n

B’ o= Sing(ex) o Sing(8) o nan 0t "=" Sing(ex) o Sing() o Sing(|¢|) © Max
= Sing(ex) o Sing(B o [¢]) o nax = Sing(ex) o Sing(|ev|) o Nax "L Sing(ex) © Ning(x) © @ Do,
O

Proposition 7.1.10: For every simplicial group S : A? — Grp, the underlying simplicial set
S 1 A% — Set is a Kan complex.

Proof:

Let (2, ..., Tk—1, Tk41, ---, T) be an n-tuple of elements z; € S,_1 with d’,_,(z;) = dﬁ;ll(arl) for
all 0 <7 < j <nandij# k. We construct a sequence of elements y_1,y1,...,9, = ¢ € S,
with di (y,) = x; for all 0 < ¢ < r, i # k. We start with y_; = e € S,,. Suppose we already
constructed y_q, ..., y,_1 satisfying this condition.

If r = k, we choose yy = y_1. If r # k, we consider the element z := x' - d’ (y,_1) € S,_1 and
compute for k #i <r

;—1(2) = d;—1($r)_1 : dfz—1 ody(yr—1) = d;—1(xr)_l : d;:ll © d;(y,,,l) = dfz—1(xr)_l : d:L_—11<xl> =6

where we used first the compatibility between the face maps and the group multiplication in a
simplicial group and in the last step the identity di_,(x,) = d.."} (z;) for k # i < r. This shows
that d’,_,(2) = e for k # i < r and consequently d’, o s"_,(z) = s/~ od!,_,(z) = e by (22).

n—1

We define y, := y,_; - s _,(z)~! and obtain with forall k #i <r

< diz(yr) = di(yr—l) : diL s, 1(2) = d;(yr—ﬁ =Ty
L= d;(yr) = d;(yrfl) ’ d; ©s —1(2) = d2<yr71) ' Zil = d;(yrfl) ’ d;(yrfl)ilxr = L. 0

Propositions[7.1.9) and [7.1.10] show that Kan complexes are abundant. Together with the coun-
terexamples in Example [7.1.8 they also provide an intuition what properties of an object are
required in order to obtain a Kan complex via a nerve construction. The Kan property requires
that the elements of the sets S,, are invertible in a certain sense.

Roughly speaking, as soon as one has a composition one can fill the inner horns. However, in
order to fill the outer horns, one needs to invert some (n — 1)-simplexes. This is possible for
nerves of topological spaces, due to the invertibility of paths, and for simplicial groups, as their
elements are invertible by definition. It cannot be done for an ordered combinatorial complex
or the standard n-simplex in SSet, because it creates problems with the ordering.

The following theorem confirms this intuition and provides additional motivation for Kan com-
plexes, as well as a reason to weaken this concept eventually.
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Theorem 7.1.11:

1. A simplicial set S is isomorphic to the nerve N(C) of a small category C if and only if
every inner horn on S has a unique filler.

2. A simplicial set S is isomorphic to the nerve N(G) of a groupoid G if and only if every
n-horn on S with n > 2 has a unique filler.

3. The nerve of a small category C is a Kan complex, if and only if C is a groupoid.

Proof:
1.1 Let S = N(C) be the nerve of a small category C and a : A¥ = S with k € {1,...,n—1} an
inner horn on S.

By Remark |7 - 3. the inner horn « is given by a collection (zg, ..., Tx_1, Tk41, ..., Tn) Of points
T = y_1(81) € N(C)p_y with d’_ () = d\(z;) for all 0 < i < j <mn,i,j#k.

n—1

By Lemmathe elements in N(C),,_1 are sequences of n—1 composable morphisms in C, and
the boundary operators d’, are given by composing two consecutive morphisms for 1 <i < n—2
or removing the first and last morphism, respectively, for ¢ = 0 and ¢« = n — 1. The condition

‘ ( i) = &\ (x;) for all 0 < i < j < mn—1,14,j # k then implies that there are objects

n—1

Co,...,C, € ObC and morphisms f; : C;_1 — C; such that

.CCOICYnfl(dO) :Cl f—2> f—n>Cn

T; = Op— 1((5 ) C[) I . fi_l) i—1 firioh CiJrl fli) f—n>Cn 0 SZSTL,Z# k

The Yoneda lemma states that a simplicial map 5 : A" = N(C) is determined uniquely by
Y = Bn(lps1]) € N(C)p, and the unique horn filler y with d!,(y) = z; for all 0 < i <n, i # k is

y=CLhaod Ine e,

1.2. Suppose S : A? — Set is a simplicial set in which every inner horn has a unique filler.

2.(a) We construct a small category C with N(C) = S. This is analogous to the construction
of the homotopy category h(S) from Definition |5.4.4) but with the composition of morphisms
given by horn fillers:

e ObC = 5y,

e MorC = S; with elements y € S; as morphisms y : dj(y) — d¥(y),

e identity morphisms 1, = s3(z) for z € Sy = ObC,

e the composition of morphisms xg, o € S with d}(z2) = di(xg) given by zg oz = di(2),

where z € S5 is the unique horn filler for (z¢, z2).

The composition of morphisms defined this way has the right source and target. To show that C
is a category, it remains to check (i) that 1, = s)(z) for z € Sy is indeed an identity morphism
and (ii) the associativity of the composition.

(i) For a morphism w : dj(z) — df(z), the composites 14, oz and x o 14, are given by the
fillers of (s) o d}(x),z) and (z, s§ o d}(z)), respectively. They are z = si(x) and 2’ = s{(x) with

B(2) = di(s) @ o &(2) = o si(x) @ s o di()
() = d(=) @ o B() = 3o sh(x) & s o dl(w)

133



This shows that ld?(x) ox=diz)=xand xo 1d%(z) =di(2') = .

(ii) To show associativity of the composition, consider composable morphisms z; : sy — sq,
To : S1 — So and 3 : So — s3 given by elements x1, x5, x3 € S and s, s1, S92, S3 € Sy. Let

zo12 € S be the filler of the inner horn (zo,x1) with d3(2012) = @2, d3(2012) = 21,
2193 € Sy be the filler of the inner horn (z3,x2) with d3(2103) = 3, d3(2123) = Zo,
2023 € Sy be the filler of (3, d}(z012)) with d9(2023) = 3 and d3(2023) = ds(2012),
2013 € 52 be the filler of (d%(zlzg), ZEl) with dg(Z()lg) = d%(zlgg) and dg(Z()lg) =T1.

T9 O I1 ”, o T9 O XT3
j2012 j2123 023 013

T9 O T 23 0 To 50 23 0 ( $20$1 (w3 029) Oxl

Then (2123, 2023, 2012) 1S a (2, 3)-horn as we have d3(zp23) = d5(2123) and d3(zp12) = d3(2123). This
is visualised by the following tetrahedron, whose top three faces are zg12, 2p23 and z193.

3

53

I3 O (ZEQ @) 1'1)
2023 9 | 547123

0 1 1 (40)
This horn has a unique filler z € S3 with d3(z) = 2123, d3(2) = 2023 and d3(z) = 2012, and
Bod(x) B dhod(z) = dem)  Bod(z) B dodd(s) = Bleon) = 1.
Thus, by uniqueness of the filler we have d3(z) = zp13, and this yields
1 12 11 1
(z3 0 x2) 0 T1 = dy(2013) = dy 0 dj(2) = dy 0 d3(2) = dy(z023) = w30 (22 0 21).

The filler corresponds to the tetrahedron in , and the element 23 to its bottom face, which
is invisible in (40]). The associated three-dimensional picture is
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S3

(x30my)0oxy =
x50 (z2029)

S0

S1

1.2.(b) We construct a simplicial isomorphism ¢ : S = N(C):

The simplicial map ¢, : S,, = N(C),, assigns to s € S,, the element Cj ELNNLN C, € N(C),
given by C; = S(m;)(s) € Sy and f; = S(7;)(s) € Sy for the morphisms

T[] —=n+1,0—=i 7:2=Nn+1,0—-j—-11—j 0<i<n1<j<n. (41)

That it is a simplicial map can be verified either by direct computations or by noting that it
defines a functor [n] — C for the associated poset category [n]’.

We show by induction that ¢ is a simplicial isomorphism. We have ¢y = idg, : So — N(C)o and
¢1 = idg, : S1 — N(C); by definition of C. Suppose we already showed that ¢ : S, — N(C)x
is bijective for 0 < k < n — 1. Then we have for 1 < k < n — 1 a commuting diagram

ar—¢nox

Sp = Homgger (A", 9) - - = == > Homgget (A", N(C)) = N(C),,
@—)BOLlN Nlﬁ'—NBOL
HOIIlSSet (A]TCL, S) T dm_107 HOmsset(Aﬁ, N(C))

in which the lower horizontal arrow is an isomorphism by the induction hypothesis. The ver-
tical arrows are isomorphisms, because every horn has a unique filler, which holds for S by
assumption and for the nerve N(C) by 1.1. This implies that the upper horizontal arrow is a
bijection as well.

2.(a) Let now S be a simplicial set such that every horn a : A} = S with n > 2 has a unique
filler. We show that every morphism in the category C from 1.2 has an inverse. For this, consider
a morphism z : di(z) — d}(x) given by z € S;. Then the pair (s)od}(x),z) is a (0, 2)-horn and
the pair (x, s o d{(z)) a (2,2)-horn due to the identities

di o sy odi(z) = di(z) di o sy od)(z) = d(x).

Their unique fillers z and 2’ define morphisms d(z) : d{(z) — di(x) and d3(2') : di(z) — df(z)
with d%(z) or = 1d%(m) and z o dé(Z/) = 1d?(w)
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v = d3(2) ., d3(2) &) z = dy(2)

[ J [ J
di(z) dy(2) = 1a1(a) di(z) () dy(2) = 1 d)(x)

Thus every morphism f : C'— C” in C has a left and right inverse. A standard argument then
shows that the left and right inverses are equal: for g, h : C" — C with gof = 1¢ and foh = 1
one has g=golew =go foh=1coh=h.

2.(b) Suppose that S = N(G) is the nerve of a groupoid G. Then an outer horn a : Ay = N(G)
is given by a pair (g, f1) and an outer horn 3 : A2 = N(G) by a pair (fs, h) of morphisms with
the unique horn fillers z and 2z’ as shown below

Cl Cl
.\ -
fi=d) /T gofil =4k fleh=d() 1 N\ fo=bB(E)
\\ ,, z
\\\4 ,,/
° . °
Co g=d(2) Cy Co h = d(2) Co
f1 gofy ! / fath f2
Z:OO—_>01—>02 Z:CO—>01——>02

The horn fillers for horns o : A2 = N(G) and 8 : A" = N(G) for n > 2 are defined analogously.

Horn fillers for the outer horns a : A} = N(C) or 3 : Af = C are simply morphisms f:z — y
in C from or to the given object in the horn. They exist for any category C, as one can take the
identity morphisms, but they are in general non-unique. O

7.2 Simplicial homotopy groups

In this section we generalise homotopy groups from topological spaces to Kan complexes. We
will see that the Kan condition is needed to ensure that being simplicially homotopic is an
equivalence relation. This does not hold for general simplicial maps by Remark [6.2.6, 2.

The general idea is to replace continuous maps f : [0,1]*" — X with f(9[0,1]*") = {z} in a
pointed topological space (x, X) by simplicial maps « : A" = X from the standard n-simplex
A" = Hom(—, [n + 1]) to a Kan complex X and homotopies by simplicial homotopies. This
requires the notion of a simplicial basepoint and a simplicial homotopy relative to 0A™.

We start by generalising the notion of a basepoint. A choice of a point x € X in a topological
space X is equivalent to the choice of a continuous map f : {e} — X, where {e} is the
terminal object in Top. To generalise this to simplicial sets, we consider the terminal object
T : A°? — Set in SSet and simplicial maps o : T = X.

As limits in functor categories are pointwise by Proposition [2.3.2 the terminal simplicial set
T : A°? — Set is given by singleton sets T,, = {t,,} for all n € Ny. A simplicial map *: T'= X is
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given by a collection of points *,, = %, (t,) € X, satisfying d’ (%,) = *,_1 and s’ (x,) = %, for
all n € Ny and 0 < ¢ < n. Thus, specifying a simplicial map x : 7" = X amounts to specifying
an element * = %y € Sy and setting x, = s _; o0...0s)(xg) for all n € Nj.

Definition 7.2.1: A pointed Kan complex (x, X) is a Kan complex X : A% — Set together
with a simplicial map x : T'= X, the basepoint, given by a collection of points x,, € X,, with
X (7)(*m) = *p, for all monotonic maps 7 : [n + 1] — [m + 1].

Given this definition of a pointed Kan complex, it is plausible to replace continuous maps
f 10,1 — X with f(0[0,1]*") = {x} for a pointed topological space (x,X) by simplicial
maps « : A" = X with a(7) = *,, for all elements 7 € A" C A".

By the Yoneda lemma, simplicial maps « : A™ = X are in bijection with elements x € X,, and
are given by a,,(p) = X(p)(x) for all monotonic maps p : [m + 1] — [n + 1]. The condition
a(7T) = %, for 7 € A" translates into the condition d’ (z) = X (6%)(z) = x,_1 forall0 <7 < n.
For a point z € X,, with d’ (z) = %,_; for 0 < i < n we denote by 7 : A" = X the associated
simplicial map with Z,,(p) = X (p)x for all monotonic maps p: [m + 1] — [n + 1].

In analogy with the continuous homotopies relative to 9[0, 1]*" from Theorem we then
define a simplicial homotopy relative to OA™ from Z : A™ = X to ' : A" = X as a simplicial
homotopy h : = &’ in the sense of Definitions [6.2.3] and [6.2.4] such that the associated maps
B+ AT — X1 satisfy an appropriate boundary condition on 0A7,.

Definition 7.2.2: Let (%, X) be a pointed Kan complex and z,7’ : A™ = X the simplicial
maps defined by elements z,z’ € X,, with d’(z) = d' (') = %, for all 0 < i < n.

A homotopy relative to A™ from Z to Z’ is a simplicial homotopy h : z = Z’ that satisfies
hi (T) = %pmyq for all m € Ny, 0 < i < m and 7 € A",

If there is a homotopy relative to JA™ from = to ', then x, 2" are called homotopic, = ~ z'.

This notion of relative simplicial homotopy is conceptual and a direct generalisation of the
corresponding concept for continuous maps in Theorem [6.1.5] However, it is rather abstract and
difficult to work with. We need a definition that gives the same notion of simplicial homotopy
relative to OA™ but is formulated entirely in terms of elements of the sets X,,. This is given by
the following definition, which also makes it easier to show that being simplicially homotopic
is an equivalence relation.

Definition 7.2.3: Let (x, X) be a pointed Kan complex and z, 2’ € X, elements satisfying
d'(x) =d' (2') = x,_1 for 0 < i < n. Then z and 2’ are called homotopic, z ~ 2’| if there is a
y € X,11, a homotopy from x to 2/, with

dni1(y) = (d2+1(y), . ,dZﬂ(y)) = (%ny - -y k0, T, T).

Lemma 7.2.4: Being homotopic in the sense of Definition is equivalence relation.
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Proof:
1. 2 ~ xz: For every z € X,, with d’(z) = %,_1 for 0 < i < n, the element y = s%(z) is a
homotopy from x to x, as implies

dy iy 0sn(2) = sy 10 d (1) = sy (k1) = * 0< i <m— 1, dpyy o si(z) = dpiy o sj(a) =

2.x ~ax' Nz ~a" = a ~ 2" Suppose y € X,,;41 is a homotopy from z to 2’ and iy € X, a
homotopy from z to z”. Then the (n + 2)-tuple

w = (w07 R 7wn+1) = (*n—i—la sy Kt 1, Y, y,)7

is an (n + 2,n + 2)-horn on X, as we have

diLH(wj):*n:dg;rll(wi) 0<i<j<n—1
dzj_&(u%) = *n = djz+1(y) = diz+1(wn) 0<i1<n-1

dn g (wi) =4 = dyy 1 () = dyy 1y (W) 0<i<n—1

Ay (Wng1) = dyp 1 () = 2 = dp 1 (y) = dy (W)

By the Kan condition, there is a filler z € X,, o with

dn+2(z) - (*’m ces*ny Y, y/7 dZIg(Z)),

and d73(2) € X,41 is a homotopy from 2’ to 2”, as we have with for0<i<n-—1

w1 © i 5(2) = ditiody oy (2) = i) =% 0<i<n—1
B0 i) @ a0 diy(2) = difi(y) = o
dittodid(:) ® antlo ditd() = difiy) = o
3. x~12' = a2 ~ x: Suppose x ~ 2’. By 1. we also have x ~ z, and 2. implies 2’ ~ x. O

The proof of Lemma [7.2.4] shows why homotopy is defined for pointed Kan complexes rather
than pointed simplicial sets. The Kan condition guarantees that simplicial homotopy in the
sense of Definition [7.2.3 is an equivalence relation. While reflexivity holds for any pointed
simplicial set, the composition of homotopies is achieved with horn fillers.

We are now ready to show that being homotopic in the sense of Definition agrees with
being homotopic in the sense of Definition [7.2.2]

Lemma 7.2.5: Let (%, X) be a pointed Kan complex and z, 2’ € X,, with d’ () =d’,(2') = %1
for 0 < i < mn. Then z and 2’ are homotopic in the sense of Definition if and only if they
are homotopic in the sense of Definition [7.2.3

Proof:

1. Let z, 2" € X,, be homotopic in the sense of Definition and let y € X,, 11 be an element
with dp,11(y) = (kny -y *n, 2, 2"). We define a homotopy h : & = 7’ by specifying the maps
ht : A" — X, as in Definition with 2l (7) = %41 for all 7 € A",
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This condition already defines h!, on all non-surjective monotonic maps 7 : [m + 1] — [n + 1]
by Remark 2. We can use the relations involving the degeneracies in to define it on
the degeneracies, and it remains to define it on the identity morphism 1,1}, where we set

hi(l[n—i—l]) = 8%($) 0<t <n, hZ(l[n-i-l]) =y.

Then we have

dy g0 by (lpgn) = d) g osp(a) =2 = 2(1pry)  difyo hp(lpgy) = difi(y) = 2’ = &' (1)
By 0 W (Lps)) = )y 0 53(2) B dith o83 (@) = AL 0 1 (1)
(122)

Ay ohd(Lpyn) =diy 08 (x) = %, i#j,j+1 Rl od =%,

which shows that the relations on the degeneracies in are satisfied. Thus, the maps h/,
define a homotopy from Z to 7’ in the sense of Definition relative to 0A™ and hence a
homotopy in the sense of Definition [7.2.2]

2. To prove that being homotopic in the sense of Definition implies being homotopic in
the sense of Definition [7.2.3] we use the following auxiliary statement:

If u,v € X,, with d’ (u) = d'(v) = %,_1 for all ¢ = 0,...,n and there is an element z € X,, 4
with u = d*,,(2), v = dit}(2) and d',,(2) = %, for all i ¢ {k,k + 1} and some k € {0, ...,n},
then u,v are homotopic in the sense of Definition [7.2.3]

To prove this, note that the element (%41, ..., %n, s511(v), 2, ¥ (v), %y, ..., x,) is @ (k, n + 1)-horn

by the assumptions on u, v, z and by . As X is a Kan complex, it has a filler w € X, with

dyyo(W) = (opgts ooy Fni 1, A (W), SEET(0), 2, 85 1 (V), g1 ooy Fng1)-

By applying the simplicial relations (22), one finds that the element 2’ = dF,,(w) satisfies

Pa(Z) =, fori # k+ 1,k +2 as well as d¥™(2/) = u and di?(2’) = v. Iterating this
procedure finally yields an element ¢ € X, 1 with d? () = u, d/71(t) = v and d’, () = *,
for all 0 <4 < n — 1, a homotopy from u to v in the sense of Definition [7.2.3

3. Let now h : T = I’ be a simplicial homotopy relative to JA™ in the sense of Definition
7.2.2l Then the associated maps h! : A" — X, satisfy and hi (T) = %11 for all
non-surjective monotonic maps 7 : [m + 1] — [n + 1]. We set

yi =t (Lpsn) € X1 0<i <.

The relations then imply %, ,(yo) = z, d/ti(y,) = 2. Together with and some
additional computations they yield

i i i B i i i

dntrll (yi+1) = dn++11 © thrl(l[n-H]) ! dn++11 © h’n(l[n-f—l]) = dntrll (yl> (42)
dZLOd;L—:ll(yl):dZLOdilJrl(yl):0 OS%]?S”

&y (yi) = *n g ¢ {i,i+1}.

To construct a homotopy from x to 2’ in the sense of Definition [7.2.3, we apply 2. to the
elements z = y; € X,,41. This yields d’,, (y;) ~ dit(y;) for all i = 0,...,n — 1, and we obtain
a chain of homotopies in the sense of Definition [7.2.3]

(42) n “2) ., n
e =y (o) ~ Ay (90) D () ~ e~ @ () B () ~ ) =7
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This establishes that the two notions of simplicial homotopy relative to A™ in Definitions
and agree. In particular, it shows that for each pointed Kan complex (%, X), simplicial
homotopy relative to JA™ in the sense of Definition [7.2.2] is an equivalence relation on the set
of simplicial maps  : A" = X with Z,,(7) = %, for all 7 € A"

This is a more general pattern that also holds for simplicial homotopies in the sense of Definition
that are not defined relative to a boundary or restricted to simplicial maps z : A" = X.

Remark 7.2.6: If X is a Kan complex, then for all simplicial sets S, homotopy of simplicial
maps « : S = X is an equivalence relation on the set Homgge (.S, X).

Proof:

As the proof is lengthy and requires more preparation, we will not prove this result. A proof
can be found in [M| Chapter 1.6], Corollary 6.11, and a more modern one in [GJ, Chapter 1.6],
see in particular Corollary 6.2. O

With the notion of simplicial homotopy from Definitions [7.2.2| and [7.2.3| we can define path
components of a Kan complex X and homotopy groups of a pointed Kan complex (%, X).

For the former, we simply define a path in X from z € X; to 2’ € X, as a homotopy from z to
2’ in the sense of Definition [7.2.3] or, equivalently, as a homotopy from the constant simplicial
map 7 : A’ = X to Z : A = X in the sense of Definition [7.2.2] In this case, the basepoints
in Definitions and play no role and can be omitted. The proof of Lemma
generalises to n = 0. Hence, being connected by a path is an equivalence relation on Xj.

Definition 7.2.7: Let X be a Kan complex.

1. A path in X from x € X to 2’ € Xj is an element z € X; with

di(2) = (di(2), di(2)) = (2, 2").
2. The path component of x € X is the set
mo(x) = {2’ € Xy | Iz € X, with dy(z) = (z,2")}.

3. The set of path components of X is my(X) = {m(x) | x € X}.
For the counterparts of the homotopy groups in Theorem [6.1.5] we need to replace the group
multiplication in Theorem by a suitable multiplication of homotopy classes of simplicial

maps relative to the boundary. As this must be compatible with the composition of simplicial
homotopies in the proofs of Lemmas [7.2.4] and [7.2.5], we must define it via horn fillers:

For points z,y € X, with d’ (z) = di (y) = *,_1 for all 0 < i < n, we consider the (n,n+1)-horn
(%, ey *ny , y). Its filler replaces the concatenation of maps f : [0,1]*" — X in Theorem [6.1.5]

Definition 7.2.8: Let (%, X) be a pointed Kan complex and n € N.
The nth homotopy group of X with basepoint x € Kj is the set
T, X)={z € X, | d\(z) =%, 1 Vi=0,...,n}/ ~
with the multiplication [z] - [y] = [d}:,,(2)], where z € X, 11 is a filler of (%, ..., *n, 2, ¥):

dpi1(z) = (d?wl(z), o ,dﬁﬁ(z)) = (kny ooy ko, 2, dy 1 (2),Y)
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Similarly to Theorem [6.1.5| one can show that the homotopy groups of a pointed Kan complex
are indeed groups and abelian for n > 2. This requires some computations with horn fillers that
replace the corresponding computations for the concatenation of maps in the proof of Theorem
6.1.5] Although the concrete computations are different, the arguments are directly analogues
of the ones in the proof of Theorem [6.1.5]

Theorem 7.2.9: Let (x, X) be a pointed Kan complex.

1. For all n € N the nth homotopy group 7, (%, X) is a group.
2. It is abelian for n > 2.

Proof:
1.(a) We show that the group multiplication is well-defined:

e As the element d!,,(z) satisfies d}, odl!, (2) = d ' od! ,;(2) = #,—1 for 0 < i <n—1and
dyy o dyy i (2) = dyy o 11 (2) = diy(y) = *u-1, we have [d}, ()] € 7a (%, X).

e The equivalence class [d], | (z)] does not depend on the choice of z:

Suppose that z,y € X,, with d’(x) = d'(y) = *,_1 for i = 0,...,n and z, 2’ are fillers of the
(n,n + 1)-horn (%, ..., %,,x,y). Then a direct computation with shows that they form an
(n,n + 2)-horn (%pi1, -y *np1, ST 0 dir1(2), 2, 2'), which has a filler w € X, »:

dn-l—?(w) = (*n’ ey Ky Sy © dZ—i-%( )7 dﬁ+2(w), 2 Z,)'
Then d}} ,(w) is a homotopy from d, ,(z) to d ('), as one has for 0 < i <n — 1 with

di 41 © dZ+2(w) = dﬁﬁ © d;+2(w> =kp = 52 od,” Yo d;H(Z) = Snf% o dl o dZJrl( z)

Ay 0 dyyo(w) =dyyy 0 d::i%( ) = diq(2) dZﬁ (W) =dy 0 dZig( ) =dpiq(2),
and this implies [d} ()] = [d}',,(2")].
o [d".,(%)] does not depend on the choice of the representatives z,y € X,;:

Let x,y,y" € X,, with d’ (z) = d (y) = d'.(y') = %, for i = 0,...,n and suppose that y ~ /.
Then there is a w € X,41 with d,11(w) = (kpy ooy %0, ¥, y). Let 2/ € X,y be a filler of the
(n,n41)-horn (%, ..., *,, z,4’). Then a direct computation with the definitions and the relations
([22) shows that we have an (n + 1,n + 2)-horn (%41, ..., *p41, 87 H(2), 2/, w), which has a filler
u € X140 by the Kan condition

dn+2(u) = (*n-i—lu e Knd, SZ_1<J]), Zla dgi%(“% U))

Then z := dT3(u) € X4 is a filler of the (n,n + 1)-horn (%, ..., %,, z,y) that satisfies the
condition d! (2 ) =dy ('), as we get with

'),
dy i1 (2) = dypyy 0 dyia(u) = n+1 o dy, (u) = x, 0<i<n—2
n+1(z) = dZ‘F Zié(u) =0py1 © dn—i—?(u) =dp,1 0 52_1@) =z
dZ-s-l (Z) = d2+1 dZi%(u) = n+1 © dn+2(u’) = dZ-H( ,)
diti(2) = dpiy o dyis(u) = dyiy o dits(u) = diti(w) = y.

This shows that [z] - [y] does not depend on the choice of the representative y. An analogous
argument shows that it does not depend on the choice of the representative x.
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1.(b) We show that 7, (%, X) is a group:
e The neutral element is [x,]:

For every z € X,, with di ( ) = %, fori =0,...,n, the element z = s7'(x) € X4, is filler of the
(n,n+1)-horn (x,, .. ,x) with d ;05 (a:) = x, and this implies [x] - [x] = [d} ;(2)] = [z].
Likewise, the element 2/ =" Hz) € X4 is afiller of the (n,n+1)-horn (x,, ..., %,, T, *,), and
this implies [z] - [x,] = [d2,,(2)] = [z].

e Fxistence of inverses:

For every element z € X, with di(z) = %,_; for i = 0,...,n the (n — 1,n + 1)-horn
(%1, ey *n, *n, ) and the (n + 1,n + 1)-horn (%, ..., %, T, *,) have fillers z, 2’ € X,,,1 with

dn+1(2) - (*n, ...,*n,dgl%(Z%*n,l’) d'fH-l(Z/) - (*’m ...,*n,l’,*n,dZI%( ))

These are also fillers of the (n,n + 1)-horns (., ..., %, di71(2), ) and (%, ..., %, , diT1(2')),
respectively, and hence [d71(2)] - [2] = [d),1(2)] = [xa] and [2] - [d311(2)] = [dy1(2))] = [al-

e Associativity:
Let x,y,2 € X,, with di (z) = d' (y) = d'(2) = *,_1 for i =0,...,n and choose fillers

p € Xpq1 of the (n,n + 1)-horn (%, ..., *n, T, y),

q € X171 of the (n,n + 1)-horn (%, ..., %, Y, 2),

u € X1 of the (n,n + 1)-horn (*n+1; oo Fng 1, i1 (D), 2),
v € X9 of the (n,n 4 2)-horn (%41, ..., *n12, D, U, q).

Then we have d,12(v) = (kpi1, s *nt1, D, Ay o(v), 1, q), and dft, ,(v) € X,41 is a filler of the
(n,n 4 1)-horn (%, ..., *n, z,dr 1 (q)), as (22) implies

iy 0 dpyo(v) = dpiiody s(v) =%, 0<i<n—2,
dﬁﬁ o dyys(v) = dﬁﬁ © d2+5( )= dﬁﬂ
)=

dn+1 © dn+2(” = d2+1 © dﬂ%( ) = d2+1

This proves that the multiplication is associative:

2]+ ([] - [2]) = o] - [ ()] = [y 0 o (0)] & [y 0 ditd(0)] = [y (w)] = [ (0)] - 2]
= ([« - ) - [2]
2. We show that m, (%, X) is abelian for n > 2.

Let n > 2 and w,y € X,, with d' (w) = d’(y) = *,_1 for i = 0,...,n. The claim follows from
the auxiliary identities

tnt1 € Xp1 With dnga (1) = (ks ooy %, W, T, Y, %) = [y][w] = [g] (43)
Unp, € Xn+l Wlth dn—i—l( n) = ( *naw *naya ) = [w] ' [y] - [Z] (44)
v € Xpy1  with dyy1(v) = (kny ooy %, W, T, Y, 2) = [z] - [2] = [w] - [y] (45)
for all w, z,y, 2z € X,, with d ( ) =d' (z) = di(y) = d'(2) = *,_; for i =0,...,n. By extending
the (n — 1,n + 1)-horn (%, ...., *n, W, Yy, %, ), one obtains an element ¢, .1 with
i1 (bng1) = Ry veey K, W, T, Y, Ky T = dﬁ;%(tnﬂ).
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This implies [x] = [y] - [w] by and [z] = [w] - [y] by and proves that m, (%, X) is abelian.
We prove the auxiliary identities (43]) to (45]):

e Proof of (43):
Let t,,1 as in and t,_; € X, the filler of the (n — 1,n + 1)-horn (%, ..., *p, T, w)

dn+1<tn71) = (*nu ey Ky K, G, Ty 'lU) q = dz;%(u'fﬁrl) (46)

Then direct computations with the definitions of ¢, t,.1,t,_1 and the relations show that
(Rt 1y ooy *ntts SUW), b1, tpa1, s772(w)) is an (n,n + 2)-horn and has a filler t € X,

dn+2(t) - (*n+17 ooy K1y SZ(UJ), tn—lu tn; tn—l—l; 82—2(10)) tn - d2+2 (t)

Applying again the relations shows that d,,1(tn) = (kn, - *n, ¢, Y, *n), which implies
[q] - %] = [q] = [y] by definition of the multiplication in m,(x, X). Likewise, equation ({46]
implies [q] - [w] = [y] - [w] = [2].

e Proof of :

Let u, be as in (44)) and and u,,_; € X, 41 the filler of the (n,n + 1)-horn (x,, ..., *p, W, *p, *,)
dn—i—l(un—l) = (*n7 vy K, Wy Kk, T *n) r= dZ—l—l(un—l)' (47)

Then direct computations with the definition of w,_1,u,,r and relations show that

(Rt s ooy Kt 1> SU2(W), U1, U, $7(2)) is an (n + 1,n + 2)-horn and has a filler u € X, 5

dn+2(u) == (*n—i—la vy K41, SZ_2<’LU), Up—1, Up,y Un+1, SZ(Z)) Up41 = dZi%QL)

Applying again the relations one finds that d, 1 (wp11) = (*ny .oy *n, 7, Y, 2), and this implies
[r]-[2] = [y]. Applying (43]) to yields [r] - [w] = [x,] and hence [r] = [w]™! and [z] = [y] - [w].

e Proof of :
Let v42 € X, 42 be as in and v,_o € X,,41 a filler of the (n — 2,n 4 1)-horn (%, ..., *,, w)

A1 (Vn—2) = Gkny ooy s Dy Ky *, W) p= dgﬁ(vnu). (48)

Choose a filler v,y € X, 41 of the (n,n + 1)-horn (%, ..., *n, P, *n, )

dnJrl('Unfl) = (*n: ceos *ny Py K, 87'1') s = d:LL—i—l(Un*l)' (49)

By applying the definition of v, o, v, _1,v,12 and some computations with relations one
finds that (%, ..., %n, Un—2, Un_1, S2(y), Uns2) is an (n + 1,n + 2)-horn and has a filler v € X,
dn+2 (U) = (*nJrl? 0y Fnd1, Un—2, Un—1, SZ(Z/)? Un+1, vn+2> Un+1 = dZi; (U)

With relations one finds d,,11(Vpi1) = (ks ovey *ny *n, S, Y, 2), which implies [s] - [z] = [y] by
definition of the multiplication in m, (%, X). Applying to yields [p] - [*,] = [p] = [w],
and applying (44) to (49) yields [p] - [s] = [z]. Hence, we have [w] - [s] = [z]| and [s] - [z] = [y],
which implies [z] - [2] = [w] - [y]. O

We thus generalised the homotopy groups of pointed topological spaces to simplicial homotopy
groups of pointed Kan complexes. It remains to investigate their behaviour under simplicial
maps that preserve the basepoints.
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In Theorem we showed that the homotopy groups of pointed topological spaces (z, X)
define a functor m, : Top® — Grp that depends only on the homotopy classes of basepoint
preserving maps: m,(f) = m,(g) for all continuous maps f,g: X — X' with f ~ g.

One thus expects an analogous statement for the simplicial homotopy groups of pointed Kan
complexes. For this, we consider the category Kan™ with

e pointed Kan complexes (x, X) as objects,
e simplicial maps v : X = X’ with «,,(,) = «}, for all n € Ny as morphisms.

In fact, it is sufficient to impose that the simplicial maps satisfy ag(xg) = *;, as we have
X (7)(*n) = *m and X'(7)(*),) =+, for all monotonic maps 7 : [m + 1] — [n + 1]. We call such
simplicial maps basepoint preserving.

We also need a notion of basepoint preserving homotopy h : a = [ between basepoint pre-
serving simplicial maps «, 5 : (x, X) = (¥, X’). We define this as a homotopy h : a = [ in
the sense of Definition such that the maps k!, : X,, — X/ | satisfy hl,(%,) =, for all
n € Ny and 0 < ¢ < n. These definitions yield a simplicial counterpart of Theorem [6.1.8]

Theorem 7.2.10:
1. For all n € N the nth homotopy group defines a functor 7, : Kan* — Grp.

2. If two basepoint preserving simplicial maps «, 8 : (x, X) = (¥, X’) are homotopic with a
basepoint preserving homotopy, then 7, (a) = m,(8) for all n € Nj.

Proof:
1. We define the functor 7, : Kan® — Grp on morphisms and to show that it is indeed functorial.

Let (x,X) and (*¥', X’) be pointed Kan complexes and o : X = X' a simplicial map with
a(*,) =, for all n € Ny. We define the functor 7, : Kan* — Grp on the morphisms by

() : T (x, X)) = m, (¥, X)), [2] = [an(2)].

This assignment is well-defined, as any homotopy y € X,,;1 from z € X, to 2’ € X,, with
dn1(y) = (721 0 dy (), oy 8771 0 d (2), 2, 2)

defines a homotopy a,41(y) € X, from o, (z) to a,(z')

1 © Qg (y) = (dy gy © Cnga(y), - didy 0 i (y) = (e 0 dﬁﬂ( ) woes O 0 A5 (1)

= (an (o), ooy (), an (), o (27)) = (x5 oo 50, @ (g;),an(g;))

To see that this yields a group homomorphism, let z,y € X,, with d,(z) = d’,(y) = *,_1 for all
i=0,..,n and let z € X, 11 be a filler of the (n,n + 1)-horn (%, ..., %, z,y)
dnt1(2) = (Rny ooy *ms 2, dpy 1 1(2), ).

Then we have [z] - [y] = [d,,(2)]. The image 2’ = ay,41(2) is a filler of the (n,n + 1)-horn
(%15 s *ny (@), i (y)) with diy (%) = o, 0 djy(2), as we have

(dns1 © Ans1(2), oo i1 0 A1 (2)) = (0 0 d) 1 (2), ooy a0 0 dy T (2))
= (an(x ) o O (), i (T), an(dn+1(z))7 an(y))
(*:17 ) n’ ( ) (d:zLJrl( ))7an(y))'

dn—H o an—i—l( )
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This shows that m,(a) : m,(x, X) = m,(¥', X’) is a group homomorphism:

o (@)([2]) - mn (@) ([y]) = [om ()] - [an(Y)] = [on(dni1(2))] = mn(@)([dn11 (2)]) = Ta(@)([2] - [9]).

Then this defines a functor then follows directly from the identities

m(a) o mn(a)[z] = T (@) an(2)] = o, (an(2))] = [(a' 0 a)u(2)] = mn(a 0 2]
m(idx)[z] = [idx, (2)] = [7]

for all basepoint preserving simplicial maps o : X = X', o/ : X’ = X" and = € X,,.

2. Let now «, 3 : (%,X) = (¥, X’) basepoint preserving simplicial maps and h : @ = ( a
basepoint preserving homotopy, given by maps k!, : X,, — X | with h,(x,) = %, for all
n € Ny and 0 < ¢ < n that satisfy the identities in ([34]).

Let z € X, and T : A™ = X the associated simplicial map. Then by Remark[6.2.6] 1. the maps
hj, o Ty : A} — X, ., define a simplicial homotopy from a0z : A" = X' to foz : A" = X'.
As hi(*k) = *p4q, we have hl, o T,,(T) = h (xm) = %, for all 7 € (OA"),,, and this is a
homotopy relative to OA". With Lemma this implies that «,(z) is homotopic to 3, (z)
for all n € Ny and hence 7, (a)[z] = [an(2)] = [Bu(z)] = mn(B) for all n € N. O

To conclude our investigation of simplicial homotopy groups, we relate them to the simplicial
homologies from Section [5.5. By Proposition that a simplicial object S : A? — R-Mod
defines a chain complex S,, its standard chain complex, with boundary operators

dp:Sp— Sp_1, s X (=1)d(s).
The homologies of this chain complex are called the simplicial homologies of S.

Given a pointed Kan complex (x, X'), we can construct a simplicial object in R-Mod by com-
posing the simplicial set X : A% — Set with the functor ( ) : Set — R-Mod that assigns to a
set M the free R-module (M)g generated by M and to a map f: M — M’ the R-linear map
(fYr: (M)r — (M')g given by f on the basis.

To relate the simplicial homotopy groups of (x, X) to its simplicial homologies, we need to
modify this construction slightly to take into account the basepoint. In each degree n we take
the quotient by the submodule (x,) generated by x,, € X,, and write x + %, for the elements of
this quotient module. As d’ (,) = *,_1 for all n € N, this defines a chain complex X} with

X, = (Xu)r/(xn) n€eNg

dy: X5 — X5 |, T+ %, Z?ZO(—l)idil(x) + %

We denote by H,(X*, R) the homologies of X}. The relation between the homotopy groups
7n(*, X)) and the homologies of X} is then given by Hurewicz’s Theorem. It can be viewed as a
generalisation of Hurewicz’s Theorem for topological spaces, which relates the homotopy group
of a pointed topological space to its singular homologies from Example [5.5.6] 1.

Theorem 7.2.11: (Hurewicz theorem)

Let (x, X) be a a pointed Kan complex and R a ring.
1. For all n € N there is a group homomorphism, the Hurewicz map,

On :Tn(k, X) = Hy(X*R), [z — [2]n

n*
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2. If mp(%, X)) = {1} for all 0 < k < n then this induces an isomorphism
Tn(x, X) : Abm, (%, X) — H,(X*,Z).

Proof:
1.(a) We show that the maps ¢, : m,(*, X) — H,(x) are well-defined:

Suppose x, 7’ € X,, with d (z) = d' (2') = %,_1 are homotopic in the sense of Definition [7.2.3|
Then there is a z € X, 1 with

w1 (2) =% 0<i<n—1, n1(2) =2, dpii(2) = ',
This implies dp11(2 4+ *p11) = S0 (= 1) (2) + %, = (—=1)"*1 (2’ — ) + %, and hence
(2] =[] = [z — 2] = (=1)"" [dura(2)]1r = 0.
1.(b) We show that the maps ¢, : m,(x, X) — H,(z) are group homomorphisms.

Let x,y € X, with d'(z) = d'(y) = *,_1 and 2 € X, a filler of the (n,n + 1)-horn
(*ny -y *n, T, y), which exists by the Kan condition

d;—&—l(z) = *n 0 S i <n-— 1? dn—|—1( ) xz, dZIK ) Y.
Then [z]: - [yl= = [d}1(2)]x by the definition of the group multiplication in ,(x, X') and

dn+1(z + *nt1) = E?IOI( ) d;—i-l( ) + o = (_1)n+1(5€ +a' — dg—i—l( )) +*n
This implies [d!,,(2)]x = [z]g + [y]g and
On([lr - [Ylx) = On((dy 1 (2)]n) = dny1 ()] = [+ 20 = [2]m + [2]5 = én([z]x) + On([y]n)-

2. We will not prove this result, as it requires extensive preparations and more background. A
proof can be found in [M|, Chapter II], Theorem 13.6, and in [GJ, Chapter I1I], Theorem 3.7. O

7.3 Quasicategories

In the two preceding subsection, we encountered many examples of Kan complexes: singular
nerves of topological spaces (Proposition , simplicial sets arising from simplicial groups,
in particularly from simplicial modules (Proposition and simplicial nerves of groupoids,
in particular of groups (Theorem . However, by Theorem simplicial nerves of
categories are not covered in this setting. In this case, every inner horn has a filler, but not
necessarily the outer horns. This is a motivation to relax the Kan condition and require fillers
only for inner horns. This leads to the concept of a quasicategory or weak Kan complex.

However, there is a another important motivation to consider quasicategories, namely higher
categories. Higher categories have become very important research topic in the last twenty years
in algebra, topology and mathematical physics. A higher category has not only objects and mor-
phisms, often called 1-morphisms, but also 2-morphisms between 1-morphisms, 3-morphisms
between 2-morphisms and so on, up to a top degree n. Each new layer of morphisms comes with
an additional composition and new set of identity morphisms, subject to coherence axioms.

Examples of higher categories are abundant. Many of the structures encountered so far de-
fine higher categories. We formulate this precisely for bicategories, which involve objects, 1-
morphisms and 2-morphisms and two compositions.
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Definition 7.3.1: A bicategory B consists of

a class of objects ObB,

for each pair of objects X, Y € ObB a category B(X,Y), whose objects are called
morphisms or 1-morphisms and whose morphisms are called 2-morphisms of B,

for each X € ObB an object 1y € B(X, X), the identity 1-morphism on X,
for each triple of objects X, Y, Z € ObB a functor @2y x : B(Y,Z)xB(X,Y) — B(X, Z),

for each pair of objects X, Y natural isomorphisms, the left and right unitors,

)\(Lx,y) D (ly®yyxidsxy)) = idsx,y) Ay (idpxy)®yx x 1x) = idpxy),

for each quadruple of objects W, X, Y, Z € ObB a natural isomorphism, the associator,

ZY,XW

a FQzxw(Qzy,x X idgxw)) = Qzyw(idsizy) X Qv.x,w)

such that the following conditions are satisfied

(B1) pentagon axiom: for all objects VW, XY, Z € ObB and l-morphisms f € B(Y, Z2),
g€ B(X,Y), he BW,X), ke B(V,W) the following diagram commutes

(feg)eh)ek 22" (fog)e(hok) 2% fo(go(hek)) (50)

afyg,h@lkl %}z k
g,n,

(f@(g@h))@k fe((goh)®k),

—_—
af,g@h.k

(B2) triangle axiom: for all objects X,Y, Z and 1-morphisms f € B(Y,Z) and g € B(X,Y)
the following diagram commutes

Afly.g

(f®ly)®g fo(1y®g) (51)
f®g.

The composition ® is called horizontal composition and the composition in B(X,Y’) vertical
composition of B.

If the associators and unitors are trivial, one speaks of a strict bicategory or 2-category.

Example 7.3.2:

1. Small categories, functors and natural transformations form a 2-category CAT.

The vertical composition is the composition of natural transformations and the horizontal
composition given by the composition of functors and composition of functors with
natural transformations.

2. For every ring R chain complexes in R-Mod, chain maps between them and chain
homotopies form a 2-category.

The vertical composition is composition of chain homotopies from Remark [6.3.2] 1,
and the horizontal composition is given by the composition of chain maps and the
composition of chain maps and chain homotopies from Remark 2.
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3. A bicategory with a single object is called a monoidal category and a 2-category with
a single object a strict monoidal category.

Monoidal categories arise from the representation theory of groups and, more generally,
Hopf algebras, such as (g-deformed) universal enveloping algebras of Lie algebras and
tensor algebras of vector spaces.

4. A crossed module (A, B, >, ) consists of groups A, B, a group action > : BXx A — A by
automorphisms and a group homomorphism 0 : A — B satisfying the Peiffer identities

ob>a)=09(a)b™"  O(a)>d =ada’  Va,d € Abe B.

Every crossed module defines a strict monoidal category, a 2-category with a single
object, with 1-morphisms given by elements of B and with 2-morphisms (a,b) : b — 9(a)b
for a € A, b € B. The horizontal composition is (a,b)®(d’, ") = (a(b>a'),bb’) and the
vertical composition (a’,d(a)b) o (a,b) = (ad',b).

Examples arise from normal subgroups A C B with the inclusion 0 =¢: A — B and the
conjugation action > : B x A — A, b>a = bab~! of B on A.

5. For every topological space there is a 2-category II(X), whose
e objects are points = € X,
e l-morphisms v : x — 2’ are paths v : [0,1] — X with v(0) = 2 and (1) = 2/,
e 2-morphisms from v : x — 2’ to 7' :  — 2’ are homotopy classes relative to 9]0, 1]*?
of homotopies from 7 to 7' relative to {0, 1}.

It is useful to compare the last example with the fundamental groupoid II;(X) of a topo-
logical space, which has points x € X as objects and homotopy classes of paths relative to
the endpoints as morphisms. There, the composition of paths is strictly associative and unital,
whereas in the fundamental 2-groupoid composition of paths is associative only up to (homotopy
classes of ) homotopies, which form the associator. In contrast, the composition of 2-morphisms
needs to be strictly associative and unital, which requires that one takes homotopy classes of
homotopies on the top level.

This is the general pattern: while the vertical composition of 2-morphisms is strictly associative
and unital, the horizontal composition is only associative up to specified 2-isomorphisms, namely
the component 2-morphisms of associators and unitors. The pentagon and triangle relations
are essential in this, as they ensure coherence.

If one forms composites of the component 2-morphisms of associators, unitors and identity mor-
phisms via the horizontal and vertical composition, then the resulting 2-morphisms are equal
whenever they have the same source and target 1-morphisms. This is the coherence theorem
for bicategories which is a generalisation of Mac Lane’s coherence theorem for monoidal cate-
gories. This allows one to largely ignore rebracketings and insertions of units, as the results of
different choices are equal, whenever they have the same source and target 1-morphisms.

Definition of a bicategory can be generalised inductively to of n-categories with higher
morphisms up to degree n for all n € N. Roughly speaking, one defines an n-category C as a
collection of objects ObC and for each pair of objects X, Y an (n—1)-category C(X,Y) together
with a composition (n — 1)-functors ®zy x : C(Y,Z) x C(X,Y) — C(X, Z) and coherence n-
morphisms that encode the associativity and unitality of the composition ®zy x, subject to
coherence conditions that generalise the pentagon and triangle axioms.
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An n-category in this sense has objects X, I-morphisms f : X — Y between objects X,Y,
2-morphisms « : f = ¢ between 1-morphisms f,¢g : X — Y with the same source and target,
3-morphisms h : a = [ between 2-morphisms «, 5 : f = ¢ with the same source and target
and so on up to level n. On each level k& < n there are unit k-morphisms on (k — 1)-morphisms
as well as coherent associators for the n compositions.

The problem with this approach is that the coherence data and coherence axioms become more
and more complicated with growing n and are essentially unmanageable for n > 3. This lead to
a new approach, namely to admit k-morphisms between (kK — 1)-morphisms for all £ € N, but
to require that all of these higher morphisms are coherent isomorphisms for k > n, for some
fixed level n € N. This leads to the concept of an (oo, n)-category. In the following we focus on
the simplest case, namely (oo, 1)-categories and their concrete realisations as quasicategories.
This is one of the main motivations to consider quasicategories.

Definition 7.3.3: A simplicial set X : A’ — Set is called a

e an co-category or a quasicategory, if every inner horn a : A¥ = X has a filler,

e an oo-groupoid or quasigroupoid, if it is a Kan complex.

The idea is to take elements of X, as objects, elements of X; as morphisms and elements of X},
for £ > 2 as higher isomorphisms in the quasicategory. Composites of morphisms are defined
by elements of X5 and identity morphisms by degeneracies. The construction thus resembles
the one of the homotopy category of a simplicial set from Definition [5.4.4] but the composition
is given by horn fillers and no longer required to be unique, in contrast to Theorem [7.1.11]

Definition 7.3.4: Let X be a quasicategory.

Elements x € X, are called objects of X.
Elements f € X; are called morphisms of X.
The source of f € X, isdi(f) € X, its target d°(f) € X,. One writes f : d}(f) — d0(f).

The identity morphism 1, : z — z on an object = € Sy is the element s(x) : z — .

A

If f,g € X; form an inner horn (g, f) with filler z € X3, then one calls di(z) = go f a
composite of f and g witnessed by z.

Remark 7.3.5:

1. Neither composites of morphisms nor the fillers that witness them are in general unique.
By Theorem uniqueness holds if and only if the quasicategory X is simplicially
isomorphic to the nerve of a small category. Thus, quasicategories generalise (nerves of)
small categories.

2. We sketch how to realise m-morphisms between (n — 1)-morphisms for n > 2 in a

quasicategory X and how to form their composites and their inverses. This works by
considering degenerate simplexes in which some faces are identities:
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e A 2-morphism from a l-morphism f : x — y to a I-morphism ¢ : + — ¥y is an
element h € Xy with dy(h) = (g, f,1;). One writes h: f = g.

1
A
1, g
h
e oY
0 f 2

o If oy : f = g and 09 : g = h are 2-morphisms between 1-morphisms f,g,h:z — y,
then a composite 0,00 : f = h is given by a filler of the (1,3)-horn (o9, 01, s(1,)):
d3(z) = (09, p,01,50(12)). As we have dy(p) = (d3(02),ds(01),dros%(1,)) = (h, f,1.),
the element p € X5 is a 2-morphism p =o0900; : f = h.

The filler z and the 2-morphism p are visualised by a tetrahedron, whose vertices

are associated with objects, edges with morphisms and faces with 2-morphisms. The
face opposite the ith vertex corresponds to the ith element of the filled horn.

e An identity 2-morphism o : f = f for a I-morphism f : x — y is the 2-morphism

SU(f) € Xy with da(sU(f) = (f, f, 1).

e Every 2-morphism o : f = g between 1-morphisms f, g : © — y has a right inverse:
There is a 2-morphism p : g = f given by a filler z € X3 of the (2,3)-horn
(0,59(9), sY(1,)) with d3(2) = (0, s)(g), p, s1(1)). This implies 0 0 p = 1,,.

There is also a 2-morphism ¢’ : f = g given by a filler 2/ € X3 of the (2,3)-horn
(p,51(f), s1(1)) with d3(2) = (p, $(f), 0", 51(1s)). and po o’ = 1;.

Combining these identities yields ¢ = 0ol = go(poo’) and 0’ = 1,00’ = (cop)oo’.
Thus, up to associativity, o and o’ agree.

e The definition of k-morphisms for & > 2 is analogous: they are defined as
k-simplexes x € X} such that the first two entries in dy(z) = (d%(z), ..., d¥(x)) are
the source and target (k — 1)-morphisms and all other entries are degenerate.

Their composites and inverses are defined as inner horn fillers. However, the combi-
natorics become increasingly complicated, so that the simplicial viewpoint in terms
of horn fillers is much easier to handle.
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This remark illustrates the general features of an (0o, 1)-category: composites of morphisms are
not unique, only unique up to 2-morphisms. In this sense, composites are coherent choices of
structure or data, rather than properties of the category. Associativity and unitality also hold
only up to higher morphisms. We will prove that the composition of 1-morphisms is associative
and unital up to 2-morphisms in Lemma below. Morphisms of degree > 2 are invertible,
but their inverses are again unique only up to coherent choices of higher morphisms.

Example 7.3.6:

1. The simplicial nerve N(C) of a small category C is a quasicategory by Theorem [7.1.11}
It is an quasigroupoid if and only if C is a groupoid.

2. Singular nerves of topological spaces and simplicial sets underlying simplicial groups are
always quasigroupoids.
3. For every topological space X, there is a quasicategory S = <. (X) : A — Set, whose
e objects are points z € X,
/

e l-morphisms v : x — 2 are paths v : [0,1] — X with v(0) =z, v(1) = 2/,

e 2-morphisms h : v = 7/ for paths 7,7 : * — 2’ are homotopies between paths with
fixed endpoints: continuous maps h : [0,1]** — X satisfying for all s,t € [0, 1]

h(0,t) = ~(t), h(1,t) =~'(¢), h(s,0) =z, h(s,1) =2’

e 3-morphisms o : h = h’ between homotopies h, h' : v = 7/ are homotopies between
homotopies: continuous maps o : [0, 1]*% — X satisfying for all r,s,t € [0, 1]

a(0,s,t) = h(s,t), o(1,s,t) = h(s,t)
o(r,0,t) = ~(t), o(r,1,t) =+'(t)
U(T7 S, 0) = 7(0> = 7/(0)7 U(Tv S, 1) = 7(1) = 71(1)

e n-morphisms are defined analogously.

The fundamental groupoid II;(X) is obtained from the quasicategory 1<, (X) in Example
7.3.6, 3. by keeping the objects (the points of X) and identifying those 1-morphisms (paths
with fixed endpoints) that are related by 2-morphisms (homotopies relative to their endpoints).

This can be viewed as a higher analogue of the construction of a skeleton of a category. The
latter is obtained by identifying all objects in a category C that are related by an isomorphism.
The resulting skeleton of C is a category with isomorphism classes of objects in C as objects
and only identity morphisms. It gives the answer to a classification problem, namely to classify
the objects of C up to isomorphism.

One can attempt a similar identification for general quasicategories. One keeps their objects,
elements of X, and identifies morphisms, elements of X, if and only if they are related by a 2-
morphism, an element of X5. The invertibility of 2-morphisms should guarantee the symmetry
of this identification, the existence of unit 2-morphisms its reflexivity and the existence of
composites its transitivity. The expected result should be a category in the usual sense. To
emphasise the connection with fundamental groupoids and, more generally, topology, we call a
2-morphism A : f = g between 1-morphisms f,g: x — y a homotopy from f to g.
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Definition 7.3.7: Let X be a quasicategory. Morphisms f, g : ¢ — y are called homotopic,
f ~ g, if there is an h € X5, a homotopy from f to g, with dy(h) = (g, f, 1.).

.
I, g
h
X e ol
/

To show that identifying homotopic morphisms in a quasicategory X does indeed give rise to
a category, we need to prove that being homotopic is an equivalence relation on X; and that it
is compatible with identity morphisms and the composition of morphisms.

Lemma 7.3.8: Let X be a quasicategory. For all objects x,y € Xy, being homotopic is an
equivalence relation on the set of morphisms f :x — v.

It satisfies:
a) go f ~ ¢ o f for all composites, if f~ f iz —>yandg~g :y— z,
)
)
)

d) if g ~ f oe, then there is a u € Xy with do(u) = (f, g, €).

foly,~ f~1,0 f for all morphisms f : 2 — y and all composites.

(go f)oe~ go(foe)forall composable morphisms e, f, g and all composites.

Proof:
e Being homotopic is reflexive:

For all morphisms f : x — ¥, the element h = s(f) satisfies
(22)
do(h) = (@ 0 (F).dyo (), o () B (£ o dh () = (£, f,sb@)) = (£.£,1.):
e Being homotopic is skew transitive: f' ~ fA f" ~ f = f" ~ f"
Let h,h/ € Xy with dy(h) = (f, ', 1) and do(h') = (f, f”,1,). Then the element (h, 1, s9(1,))

is a (2,3)-horn, as d3(h) = dS(I) = f and d3(h) = d3(W') = 1, = d3 0 s9(1,) = d} 0 s9(1,). This
is visualised by the following tetrahedron:

It has a filler v € X3 with d3(u) = (h,h,w,s?(1,)), where w := d3(u) corresponds to the
bottom face of the tetrahedron. This implies dy(w) = (d3(h),dA(h'),d3 0 s%(1,)) = (f, f", 1,).

o It is symmetric: if f ~ f’, then we have f' ~ f’ by reflexivity and f’ ~ f by skew transitivity.
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(a) We show that f ~ f':x — y implies go f ~ go f’ for all g : y — 2 and all composites.
The proof for g ~ ¢’ is analogous.

If f ~ f there is an h € Xy with dy(h) = (f’, f,1.). Let 2,2’ € Xy with dy(2) = (g,d3(2), f)
and dy(2') = (g,d3(Z'), f') filler witnessing the composites. Then (2,2, h) is a (2, 3)-horn, as
dy(2') = g = dj(2), da(2') = f' = d3j(h) and d(2) = f = dy(h).

It has a filler u € X3 with d3(u) = (2, z,d3(u), h), and the element w := d3(u) corresponding
to the bottom face of the tetrahedron satisfies

dy(w) =dy(),  dy(w) =dy(2), dy(w)=d3(h) =1, = dy2) ~ dy(<).

(b) We show that fol, ~ f ~ 1,0 f for all morphisms f : x — y and all composites:

By (22)), the element z = s)(f) € X, satisfies da(2) = (f, f,s? o d3(f))) = (f, f,1.) and the
element 2/ = s}(f) satisfies da(2') = (s o &Y(f), f,f) = (1,, f, f). This shows that f is a
composite of the morphisms f and 1, and of the morphisms 1, and f. From (a) we then have
foly,~ f~1,0 f for all composites.

(¢c)Lete:w —z, f:x— yand g:y — 2z be morphisms and ¢, u,v € X5 fillers witnessing the
composites foe, go f and go (f oe), respectively

do(t) = (fody(t),e),  da(u) = (g,da(u), f),  da(v) = (g, da(v), dy(t)).

Then (u,v,t) is a (2,3)-horn, as d3(u) = dy(v) = g, d5(t) = d3(u) = f and d}(t) = d3(v). It has
a filler w € X3 with ds3(w) = (u, v, r,t), and r = d3(w) satisfies

dy(r) = dy(u), dy(r) =dy(v), d3(r) =dy(t) = e.
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As di(u) is a composite g o f, the element r witnesses (g o f) o e, but due to di(r) = di(v) it
also witnesses g o (f oe). Thus we have go (foe) ~(go f)oe by 1 and (a).

(d) Exercise [61] O

As being homotopic is an equivalence relation on X; that is compatible with the composition
of morphisms by Lemma (a), we obtain a composition on the set of equivalence classes
of morphisms in X;. Lemma (b) and (c) ensure that the resulting composition on the
quotient set is strictly associative and unital. Lemma m (d) gives control over the content
of the equivalence classes. The result is a category we encountered already in Definition [5.4.4}
the homotopy category of the simplicial set X.

Proposition 7.3.9: Let X be a quasicategory.

1. There is a category hX, the homotopy category of X with

e clements of X, as objects,
e homotopy classes of morphisms f : x — y in X as morphisms from z to y.

The identity morphisms and the composition in hX are given by the homotopy classes
of identity morphisms and composites in X.

2. The homotopy category of hX coincides with the homotopy category of the simplicial set
X from Definition [5.4.4

Proof:
1. That the composition of morphisms is well-defined and associative follows directly from
Lemma [7.3.8] and the same holds for the conditions on the identity morphisms.

2. That the homotopy category hX coincides with the homotopy category from Definition
follows by comparing the relations in with the ones in Definition and Lemma [7.3.8|

Let hX’ be the homotopy category from Definition [5.4.4. We obtain a functor F : hX’ — hX
that is the identity on objects and given by F'(f) = [f] on the generating morphisms f € X;
of W X. It is well-defined, because the definition of identity morphisms and composition in hX
in Definition and respects the defining relations in hX’. We also obtain a
functor G : hX — hX’ that is the identity on objects and G([f]) = f for f € X;. It is well
defined, because the relations in hX’ ensure that it does not depend on the choice of the
representative of [f]. By definition, the functors F' and G are inverses of each other. O

Proposition [7.3.9| justifies the name homotopy category. Although the category from Definition
is defined in more generality for all simplicial sets, it arises from an equivalence relation
that can be viewed as a generalised notion of homotopy if the simplicial set is a quasicategory.

This has important consequences, namely more control over the equivalence classes. As noted
in Remark it is in general very difficult to describe morphisms in the homotopy category
of a simplicial set X explicitly: they are equivalence classes of composable sequence of elements
of X with respect to the equivalence relation given in (24)). It is in general not clear if a given
morphism in hX can be represented as the equivalence class of a single element f € X; or
what is the minimum length of the composable sequence. In contrast, if X is a quasicategory,
Proposition m shows that every morphism in hX is given as the equivalence class of a (not
necessarily unique) morphism f € Xj.
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Together with Proposition this also shows that the construction of the homotopy quasi-
category is consistent with the simplicial nerve N : Cat — SSet. The identity h/N =2 idg,; states
that forming the homotopy category of the nerve of an ordinary category gives back the original
category. Thus starting with a quasicategory, we only obtain one category, up to equivalence,
by iterating simplicial nerves and homotopy categories.

The homotopy category hX of a quasicategory X defines a distinguished class of morphisms
in X, namely those morphisms whose equivalence classes in hX are isomorphisms in hX. Such
morphisms are called equivalences and play a similar role to equivalences of categories. In fact,
we will use them in the following to define equivalences of quasicategories.

Definition 7.3.10: A morphism f : x — y is a quasicategory X is called an equivalence if
the associated morphism [f] : z — y in hX is an isomorphism.

Remark 7.3.11: By Lemma (d) a morphism f : x — y in a quasicategory X is an
equivalence if and only if there is a morphism g : y — z and 2, 2’ € X, with dy(2) = (f,1,, 9)
and dy(2') = (9,1, f).

By definition of an equivalence, quasicategories in which every morphism is an equivalence are
precisely those quasicategories whose homotopy categories are groupoids. This suggests defining
a quasigroupoid as a quasicategory in which every morphism is an equivalence, and not as a
Kan complex as in Definition Thankfully, the two definitions agree.

We already noted in the proof of Theorem that the existence of inner horn fillers cor-
responds to a notion of composition, whereas the existence of outer horn fillers corresponds to
the existence of inverses. It is directly apparent that fillers of (0, 2)- and (2, 2)-horns are directly
related to the existence of inverses of 1-morphisms. For n > 2 this becomes more complicated
due to combinatorial issues. We refer to the article [J] by Joyal for the proof.

Proposition 7.3.12:
A quasicategory X is a quasigroupoid if and only if its homotopy category hX is a groupoid.

Proof:

1. If X is a quasigroupoid, then all morphisms f : x — y the (0,2)-horn (1., f) and the (2,2)-
horn (f,1,) have fillers z, 2’ € Xy with dy(2) = (g, 1., f) and da(2’) = (f, 1,,¢’), and this implies
(910 1] = 1, and [f]o[g] = 1,. It follows that [g] = [g] o1, = [g] o [f]o[¢] = Lo o [¢] = [¢] and
hence [g] is an inverse of [f] in h.X.

—_—

2. If X is a quasicategory, then every inner horn has a filler, and the same holds for any (0, 1)-
horn or (1,1)-horn. If every morphism [f] : # — y has an inverse [g] : y — x in hX, then there

are z, 2 € Xy with da(2) = (g, 14, f) and d2(2') = (f, 1,,9) by Lemma (d).

Suppose that (h, f) is an (0,2)-horn, d}(h) = di(f) = z, and let v € X, with dy(v) = (h, h, 1,)
and u € Xy with dy(u) = (h,di(u), g) a filler of the inner horn (h, g). Then (u,v, z) is a (2, 3)-
horn and has a filler w € X3 with d3(w) = (u,v,d3(w), z). The element ¢t := d3(w) satisfies
do(t) = (di(u),h, f) and fills the (0,2)-horn (h, f).The proof that every (2,2)-horn (f, k) can
be filled is analogous (Exercise). Showing that every (0,n)-horn or (n,n)-horn for n > 2 can

be filled requires more advanced techniques. A proof is given in [J], see Theorem 1.3, Corollary
1.4 and Theorem 2.2.
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O

The next step is to define functors between quasicategories and natural transformations between
them, which are needed in particular for a notion of equivalence of quasicategories. It is plausible
to define a functor between quasicategories as a simplicial map. The appropriate concept for a
natural transformation is less clear. One could attempt to define it as a simplicial homotopy,
but this would be too naive and correspond to introducing an artificial cutoff. It is clear that
one should not just consider homotopies, but also homotopies between homotopies etc.

The guiding principles can be the following.

e The construction should be compatible with simplicial nerves and with homotopies:
functors between categories should induce functors of quasicategories via the nerve and
functors of quasicategories should induce functors between their homotopy categories.

e The construction should be coherent and give rise to functor quasicategories between
quasicategories that generalise the functor categories between categories.

We take the latter as the starting point. To define functor quasicategories, we consider the
corresponding notions for topological spaces. Given two topological spaces X, Y we can consider
continuous maps f : X — Y, homotopies between them, homotopies between homotopies
and so on. Considering all this data simultaneously amounts to considering continuous maps
h:[0,1]"" x X — Y or, equivalently, continuous maps h : A" x X — Y for all n € N,.

This can be generalised to simplicial sets by replacing topological spaces by simplicial maps
and topological standard n-simplexes A™ by the simplicial sets A™ = Hom(—, [n + 1]). We thus
consider simplicial maps h : A" x X = Y for fixed simplicial sets X,Y and all n € Ny. To
organise them into a simplicial set note that the standard n-simplexes A™ can be organised
into a functor A®* : A — SSet that corresponds to the Hom functor with two arguments
Homa(—, —) : A%? x A — Set and assigns

e to the ordinal [n + 1] the simplicial set A®*([n 4 1]) = A" : A% — Set,

e to a monotonic map 7 : [m + 1] — [n + 1] the simplicial map A®(7) : A" = A™ with
component morphisms A®(7); : A} — A", a+— 7o a.

With these preparations, we can define the quasicategory counterpart of a functor category.
This is the function complexr that is defined in more generality, for any two simplicial sets.
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Definition 7.3.13: Let X, Y be simplicial sets.

The function complex Map(X,Y) is the simplicial set with

Map(X, Y)n = HOIIlSSet(An X X, Y)
d: : Map(X,Y), = Map(X,Y),_1, ar ao(A*() xidy)
st Map(X,Y), = Map(X,Y)pi1, a— ao(A%(dh,,) X idx).

The evaluation map ev : X x Map(X,Y) = Y is the simplicial map with components

evy Xy X Map(X,Y),, = Y, (2,0) = an(ljpq, 7).

Remark 7.3.14:
The function complex defines a functor Map : SSet”” x SSet — SSet that assigns

e to a pair of simplicial sets X, Y : A% — Set the simplicial set Map(X,Y),
e to a pair of simplicial maps o : X' = X and 5 : Y = Y’ the simplicial map

Map(a, ) : Map(X,Y) = Map(X',Y”)
Map(a, 8), : Map(X',Y"),, = Map(X,Y),, v+ Bovo (idar X )

The function complex of a simplicial set behaves intuitively, similar to maps between sets
or topological spaces. For instance, for any set X the functor Hom(X, —) : Set — Set is right
adjoint to the functor X x — : Set — Set. This adjunction identifies f : Y — Homg. (X, Z) from
a set X to the set of maps from X to Z with maps f': X x Y — Z. Similarly, for any abelian
group M, the functor Hom(M, —) : Ab — Ab for an is right adjoint of the functor M®— : Ab —
Ab. This identifies group homomorphisms f : B — Hom(M, A) with group homomorphisms
f: M®B — A. The function complex defines a similar adjunction, an exponential law for SSet.

Proposition 7.3.15: (exponential law)

1. For any simplicial set X the functor Map(X, —) : SSet — SSet is right adjoint to the
functor X x — : SSet — SSet:

Homgget (Y, Map(X, 7)) = Homgget (X X Y, Z)
2. For all simplicial sets X, Y, Z there are simplicial isomorphisms that are natural in X, Y, Z
Map(X x Y, Z) = Map(X, Map(Y, Z)).

Proof:
1. The natural bijections

(byz : Homsset(Y, Map(X, Z)) — Homsset(X X Y, Z), o = ¢Y7z(a)
¢y : Homgger (X x Y, Z) — Homgset (Y, Map(X, Z)), S+ ¢35 (5)

that characterise the adjunction are given by

¢y,2()n(,y) = an(Y)n(lin, ) [by.2(B)n()]im(7,2) = B2, Y (7))
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for all n € Ny, z € X,,, 2/ € X, y € Y, and monotonic maps 7 : [m + 1] — [n + 1]. That the
morphisms ¢y z(a), : X, X Y, — Z,, define a simplicial map follows by a direct computation:

Oy, z(Q)m(X(T)2, Y (7)y) = an (Y (T)Y)m(Lpnt1y, X(7)2)
nat o [an(y) o (A'( ) X ld)]m(l[m+1 ( )517) = an(ﬂ)m(TaX<T)x)
= Z(7) 0 oY) (Lpns1), ) = Z(7) 0 dyz(a)n(z,y),

where we used that «a,(y) € Homggse (A™ X X, Z) to pass to the third line. Likewise, we have
for monotonic maps p: [n+1] = [p+ 1], 7:[m+1] = [n+1], ¢y €Y, and 2/ € X,,

[0y (B)p(y) 0 (A*(p) X id)]m (7, 2") = [¢3 5 (B)p(y )Im(p o T, 2") = (2, Y (po7)y)
= Bz, Y (1) (Y (p)¥))) = (b3 5(B)n(Y (0)y )m(7, 2')

which shows that the morphisms gzﬁ{,’lz(ﬂ)n define a simplicial map. A similar routine computa-
tion shows that gf);,}z is indeed inverse to ¢y z:

[(Qs}_f,lz 0 ¢y, z())n(Y)|m (T, v') = ¢Y,Z(a)m(x,7 Y(r)y) = am(Y(T)y>(1[m+l]7 v') = an(y)(1,2)
[6v,2 © by 7 (B)n (2, 9) = 35 (B)n(Y)n (Lt ) = Bul, y)-

To show the naturality of ¢y z consider simplicial maps v : Y’ =Y and § : Z = Z’ and denote
by 40, : Map(X, Z) = Map(X, Z’) the simplicial map given by post-composition with §. Then
one has for all z € X,,, ¥/ € Y] and a : Y = Map(X, Z)

[5 © ¢Y,Z(a) © (ian X '7)]71(1:7 y/) =0n0 an(/yn(y,))n(l[n—i-l]a "E) = 0n 0 (a © 7)n(y,)<1[n+1]7 :L‘)
= (0x 0 @ 0)u(Y)n(Lpnt1)s ) = dyr,2(0s 0 0 7)u(,y).

2. The proof of 2. with 1. is Exercise O

Having defined the function complex of a simplicial set, we now restrict attention to quasi-
categories and quasigroupoids. It turns out that the complex of functions into a quasicategory
(quasigroupoid) is not just a simplicial set, but again a quasicategory (quasigroupoid), and thus
satisfies our consistency requirements. The proof of this statement will be omitted, because it
requires more background on fibrations and lifting properties. An accessible proof is given in
[RZ], see Theorem 20.4 and the required background in Sections 14 to 19.

Proposition 7.3.16: Let X,Y be simplicial sets.

1. If Y is a quasicategory, then Map(X,Y) is a quasicategory.
2. If Y is quasigroupoid, then Map(X,Y’) is a quasigroupoid.

With the function complex we can define functors and natural transformations between quasi-
categories in analogy to the objects and morphisms of a quasicategory. Functors from a quasi-
category X to a quasicategory Y correspond to elements of Map(X,Y)q and thus to simplicial
maps a : A” x X = Y or, equivalently, simplicial maps o : X = Y. Consequently, we define a
natural transformation h : « = 3 as an element h € Map(X,Y); with di(h) = a and d°(h) = .
Natural isomorphisms must then correspond to equivalences in the quasicategory Map(X,Y).
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Definition 7.3.17: Let X,Y be quasicategories.

1. A functor of quasicategories from X to Y is a simplicial map o : X = Y or,
equivalently, an element of Map,(X,Y).

2. The identity functor on a quasicategory X is the simplicial map idyx : X = X.

3. Let a, B : X = Y be functors of quasicategories. A natural transformation h : o =
is an element h € Map(X,Y"); with dj(h) = a and dj(h) = §3.

4. A natural transformation h € Map(X,Y); is called a natural isomorphism if it is an
equivalence in the quasicategory Map(X,Y):

there are g € Map(X,Y)y, 2,2 € Map(X,Y)s with da(2) = (h, 15, 9), d2(2') = (g, 1a, h).

Identity natural transformations and composition of natural transformations are of course de-
fined exactly as in Definition [7.3.4] namely as identity morphisms and composite morphisms in
the quasicategory Map(X,Y'). Equivalences of quasicategories can then be defined in analogy
to equivalences of categories, as pairs of functors between the two quasicategories together with
natural isomorphisms that relate their composites to the identity.

Definition 7.3.18: An equivalence of quasicategories is a functor a : X = Y of quasi-
categories such that there is a functor 5 : Y = X of quasicategories, with natural isomorphisms
h:aof=1idy and b/ : Boa = idyx.

It follows directly from Definition of the homotopy functor h : SSet — Cat that every
functor a: X = Y of quasicategories defines a functor h(a) : hX — hY and that this is com-
patible with the composition of functors and the identity functors. Moreover, by definition a
natural transformation k : o =  between functors of quasicategories is a simplicial homotopy
from « to . By Corollary its image under the homotopy functor is a natural transfor-
mation h(k) : h(a) = h(B), and one can show (Exercise) that it is a natural isomorphism,
whenever k£ is a natural isomorphism. This implies, see also [Rz, 22.3],

Corollary 7.3.19: If o : X = Y is an equivalence of quasicategories, then h(«) : hX — hY
is an equivalence of categories.

To conclude our discussion of functors and natural transformations between quasicategories,
we show that they are not only compatible with the homotopy functor h : SSet — Cat but
also with the simplicial nerve N : Cat — SSet. This is an important justification of these
concepts and shows that they can indeed be seen as generalisations of functors and natural
transformations for categories.

Proposition 7.3.20:
Let C, D be categories. Then there is a simplicial isomorphism that is natural in C and D

N(D°) = Map(N(C), N(D)).
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Proof:
From the definition of N in Example 2. we obtain a chain of natural isomorphisms

N(D%),, = Homcgy([n + 1], D°)
=~ Homeg([n + 1] x C, D)
= Homgset(N([n +1]' x C), N(D))
= Homgset (A" X N(C), N(D))
= Map(N(C), N(D)),

where we used

e the identification of functor categories from Proposition to pass to the second line,

e then the fact that the nerve is full faithful to pass to the third line,

e that the nerve preserves products as a right adjoint and the identity A™ = N([n]’) from
Example [5.2.7] 2. and 3. to pass to the fourth line,

e Definition of the function complex to pass to the fifth line.
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8 Exercises

8.1 Exercises for Chapter

Exercise 1: Let A, B, C be sets.

e A relation between A and B is a subset R C A x B.

e A relation R C A x B is called a map from A to B, if for every a € A there is a unique
b € B with (a,b) € R.

e The composite of two relations R C A x B and S C B x C'is the relation

SoR={(a,c)e AxC|3beB: (a,b) € R,(b,c) e S} CAxC.

(a) Show that sets and relations form a category Rel with Homge (A, B) = P(A x B).
(b) Determine the isomorphisms in Rel.

(¢) Show that the disjoint union of sets defines both, a product and a coproduct in Rel

Exercise 2: Let C be a small category and D a category in which products (coproducts) exist
for all (finite) families (D;);e; of objects in D. Show that then products (coproducts) exist for
any (finite) family (F});cs of objects in the functor category Fun(C, D).

Exercise 3: The abelisation of a group G is the factor group G/[G, G] with respect to the

normal subgroup [G, G| ={lg,d] | 9,9 € G} C G, where [g,¢'] = g9'g ¢ .

(a) Show that the abelisation has the following universal property:
For every group homomorphism f : G — A into an abelian group A, there is a unique
group homomorphism [’ : G/[G,G] — A with f'on = f, where 7 : G — G/|G,G],
g — g|G, G] is the canonical surjection.

(b) The abelisation defines a functor Ab : Grp — Ab.

(¢) The functor Ab : Grp — Ab is left adjoint to the inclusion functor I : Ab — Grp.

Exercise 4: Let k£ be a commutative ring. We consider

e the functor F' : Grp — Alg, that assigns to a group G its group algebra k[G] and to a
group homomorphism f : G — H the induced group homomorphism k[f] : k[G] — k[H],

9= f(9),
e the functor G : Alg, — Grp that assigns to an algebra A its group A* of units and to an

algebra homomorphism f : A — B the induced group homomorphism f* : A* — B*.

Show that F' is left adjoint to G.

Exercise 5: Determine, if the forgetful functor V' : Ring — Set from the category of unital
rings and unital ring homomorphisms is representable. If yes, determine its representing object.
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8.2 Exercises for Chapter

Exercise 6: A category J is called connected, if for any two objects J, J' € ObJ there is
a finite sequence of objects J = Jo, Ji, ..., J, = J" with Homz(J;, Ji11) U Hom(J;q, J;) # 0
foreacht=0,...,n — 1.

Show that for a connected category J, every constant functor A(C) : J — C has limit and
colimit cone ida(c) : A(C) = A(C). Show that this is not true for a non-connected category.

Exercise 7: Determine which coproducts exist in the category Grp/™ of finite groups and
group homomorphisms between them.

Exercise 8: Let J,C be sets. Show that the power C” = II;C and the copower J - C = I1;C
in the category Set are isomorphic to the set of functions f : J — C' and the product set J x C,
respectively. Use the universal property of the (co)products in Set.

Exercise 9: Let A be a commutative algebra over a field F and X a finite set. Show that the

copower X - A in the category CommAlg, of commutative algebras over F is isomorphic to the
| X|-fold tensor product A®IXI.

Exercise 10: Let J be a small category with an initial (terminal) object and C a category.
Compute the limit (colimit) of a functor F': J — C.

Exercise 11: Let C = Ab = Z-Mod. Determine the pullback and pushout of the group
homomorphisms f; : Z — Z, z +— mz and fy : Z — Z, z — nz for m,n € N.

Exercise 12: A monomorphism in a category C is a morphism ¢ : C' — C” in C such that
to fi = vo fy for morphisms fi, fo : X — C implies f; = fo. An epimorphism in C is a
morphism 7 : C' — C’ such that g; o™ = gy o 7 for two morphisms ¢, g, : C' — Y implies
g1 = go. Show that equalisers are monomorphisms and coequalisers epimorphisms.

Exercise 13: Let f : A — B be a morphism in category C. A (co)kernel pair of f is a
pullback (pushout) of the form

' 12
\\ Fp
\\
C-22 4
238
J )

Show that

162



(a) f is a monomorphism if and only if the kernel pair of f exists and is of the form \; = Ay :
C— A

(b) f is an epimorphism if and only if the cokernel pair of f exists and is of the form Ay = Ay :
B —C.

Exercise 14: (Co)products of two objects X;, Xy in a category C are also called binary
coproducts.

(a) Show that a category C has all binary products and equalisers if and only if it has all binary
products and all pullbacks.

(b) Show that a category C has all binary coproducts and coequalisers if and only if it has all
binary coproducts and all pushouts.

Exercise 15: Let (X, <) be a partially ordered set and S C X a subset.

e An infimum of S is an element x € X with z <sforallse€ Sand 2’ <z forall 2’ € X
with 2’ < s forall s € S.

e A supremum of S is an element z € X with s <z forallse€ Sandz <2’ forallz’ € X
with s <2’ for all s € S.

Show that a diagram F': J — C in a poset category C has a limit (colimit) if and only if the
set S ={F(J)| J € ObJ} has an infimum (supremum). Investigate the existence of limits
and colimits for diagrams in the following poset categories

(a) €= (R, <)
(b) C = (P(X), <) where P(X) denotes the power set of a set X.

Exercise 16: Let X be a topological space.

(a) Show that the presheaf F': O(X )% — Set that assigns to an open subset U C X the set of
continuous maps f : U — R is a sheaf.

(b) Show that the presheaf G : O(X )% — Set that assigns to an open subset U C X the set
G(U) of bounded continuous functions f : U — R is not a sheaf.

Exercise 17: Let X be a topological space and x € X a point. Fix a set S and a one-point set
{e}. Show that there is a presheaf F': O(X ) — Set with F(U) = S ifx € U and F(U) = {e}

otherwise. Determine if this is a sheaf.

Exercise 18: Let GG be a group and BG the associated category with a single object e and
Homp;(e,e) = G with the group multiplication as composition.

(a) Show that a functor F': BG — Set is a G-Set and a natural transformation n : F = F’
between such functors a G-equivariant map.

(b) Compute the limit and colimit of a functor F': BG — Set.

(¢c) Compute the right and left adjoint of the functor A : Set — Set®.
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Exercise 19: Let J be a small category, C a complete category and D the category with two
objects I,T and a single non-identity morphism d : I — T.

(a) Describe the functor category C? using only quantities from C.
(b) Describe the functor category (CP)7 using only quantities from C and J.
(c) Describe the limit cone of a functor ' : J — CP using only quantities from C and 7.

Exercise 20: Let Z and J be discrete categories and F' : Z x J — R a functor into the poset
category (R, <). Formulate the statement of Lemma 2.3.5 without using categorical concepts for
this case and give an example in which the morphism ¢ in Lemma 2.3.5 is not an isomorphism.

Exercise 21: Let f: A — B be a map and f~! : B — A be the functor between the the
poset categories A = (P(A),C) and B = (P(B), C) that assigns to each subset X C B its
preimage f~}(X) C A.

(a) Show that f~! has both, a left and a right adjoint.
(b) Determine how they behave with respect to unions and intersections.

Exercise 22: Denote by A x B the product and by A + B the disjoint union of sets A, B.
Show that for all sets A, B, C' there are natural isomorphisms

Ax (B+C)2AxB+AxC (BxC)*=BAxcA

Hint: Consider the functors (—)“ : Set — Set and A x — : Set — Set.

8.3 Exercises for Chapter

Exercise 23: Show that the left and right Kan extensions given in Example have the
universal property of the left and right Kan extensions.

Exercise 24: Let [2] and [3] be the poset categories for [2] = {0,1} and [3] = {0,1,2} and
K : 2] — [3] the functor with K(0) = 0 and K (1) = 2. Show that for any functor F': [2] — C
the left and right Kan extensions exist by constructing them explicitly.

Exercise 25: Suppose F': C — D has a right Kan extension (7€) along itself

C r D

7
7/
€
F f 7 T=RangF

D

Show that T": D — D is a monad:
there are natural transformations 7 : idp = T and p : T? = T with

popul =poTpu poTn=ponT =idp.
Remark: The monad T is called the codensity monad of F'.
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Exercise 26: We consider the poset categories (Q, <), (R, <) and (R, <). Then the map
F:Q — R.g, g+— 29 defines a functor F': QQ — R.y between the associated poset categories.
Determine the left and right Kan extensions Lan, F' : R — Ryy and Ran, F' : R — R.q of F
along the inclusion functor ¢ : Q — R.

Exercise 27: Let C, D be poset categories, K : C — D and F : C — (R, <) a functor into
the poset category (R, <). Compute the left and right Kan extensions of F' along K with the
(co)limit formula.

Exercise 28: Let C and D be small discrete categories given by sets ObC = C' and ObD = D,
K : C — D the functor given by amap K : C'— D and F' : C — & be a functor into a bicomplete
category &.

(a) Compute the left and right Kan extension of ' with the (co)limit formula.

(b) Determine the natural transformations n : F' = Lang FK and € : Rang FFK = F and show
that the pairs (Lang F,n) and (Rang F) €) have the universal property of the left and right
Kan extension.

Exercise 29: Consider the categories

e A with a single object 0 and 1j as the only morphism,
e 3 with two objects, 0 and 1, and only identity morphisms 1, and 14,
e C with two objects, 0 and 1, identity morphisms 1y, 1; and a morphism d : 0 — 1.

Construct a left Kan extension that is not pointwise.

Exercise 30: The comma category F | G for functors F' : C — D and G : £ — D is the
category with

e triples (C, E, f) of C' € ObC, E € Ob€ and a morphism f : F'(C') — G(F) as objects,
e pairs (¢, e) of morphisms ¢ : C — C" and e : E — E’ with G(e)o f = f' o F(c) as
morphisms from (C, E, f) to (C', E', f').

(a) Show that the categories H | D and D | H for a functor H : C — D are special cases of
comma categories F' | G.

(b) Show that the categories cone(H) and cocone(H) for a functor H : C — D are special cases
of comma categories F' | G.

Exercise 31:

e A directed graph I' = (E, V| s,t) consists of sets £,V and maps s,t: £ — V.

e A morphism of directed graphs ¢ = (¢g, ¢y) : I' — I" is a pair of maps ¢p : E — F’
and ¢y : V — V' with t' o ¢ = ¢y ot and s’ 0 pp = ¢y 0 s.

e G denotes the category of directed graphs and morphisms of directed graphs.

e C denotes the category with ObC = {I,T'} and two non-identity morphisms o,7:1 — T

I—=T
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(a) Show that the functor categories Set®” = Set® are isomorphic to G.

(b) Determine the comma category y | I' for I' € ObG and the covariant Yoneda embedding
y : C — Set®”. Interpreting its objects as vertices and its morphisms as edges yields a
directed graph constructed from I" whose edges and vertices are partitioned into two sets.

(¢) Determine the left Kan extension Lan,F for a functor F': C — Set that corresponds to
(i) a graph with a single edge connecting two distinct vertices,
(ii) a graph with a single vertex and no edges.

Exercise 32: Let C be a small category. Determine the left Kan extension of the covariant
Yoneda embedding along itself:

Y op
C Set’
P 7
7
Y Un _ /Lanyy
Set¢™

Exercise 33: Let F': C — Cat be a functor.
The Grothendieck construction is the category C [ F', where

e objects are pairs (C, X) of objects C' € ObC and X € ObF(C),

e morphisms from (Cy, X;) to (Cy, X3) are pairs (f, g) of a morphism f : Cy — C5 in C and
a morphism ¢ : F/(f)(X1) = Xy in F(Cy),

e composition of (f1,¢91) : (C1,X1) — (Co, X2) and (fa,¢92) : (Ca, Xo) — (Cs, X3) is given
by (f2,92) o (f1,91) = (f2 © f1, 92 © F(f2)(91))-

(a) Show that any natural transformation u : F' = F’ between functors F, F’ : C — Cat
induces a functor C [pu:C [F —C [ F".

(b) Show that a functor G : C [ F — D into a category D corresponds to the following data:
e a functor G¢ : F(C) — D for every C' € ObC,
e a natural transformation G : G¢, = G, for every morphism f : C; — Cy in C, such
that G, =idg, and Gy,op, = Gy, o Gy, for all composable morphisms f, f,.
(c) Let N, H be groups and ¢ : G — Aut(N) a group homomorphism. Show that there is a
functor /' : BH — Cat with F'(e) = BN and that the associated Grothendieck construction
is the category B(N x4 H).

Exercise 34: Let F': C — D and G : D — C be functors. Show the following: If (G,7n) is a
left Kan extension of id¢ along F' and F' preserves this left Kan extension, then F' is left adjoint
to G' with the unit of the adjunction given by 7.

8.4 Exercises for Chapter

Exercise 35: Show that every natural transformation v : F' = G with F;G : C? xC — &
defines a dinatural transformation v/ : F=G with v, = vo o : F(C,C) — G(C, O).
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Exercise 36: Show that a (co)limit of a functor ' : C — D can be expressed as a (co)end of
an appropriate functor G : C? x C — D:

cec
/ G(C,C) = lim F / G(C,C) = colimF.
cecC

Exercise 37: Let ' : C? x C — D be a functor with an end and a coend. Prove that there
are natural isomorphisms

Homp(D, | F(C,C)) = / Homp(D, F(C, C))

ceC eC

Homp( / “F(c.0). D)= / Homp(F(C.C). D)

Exercise 38: Let D be a small category, C the discrete category with ObC = ObD and only
identity morphisms and K : C — D the inclusion functor. Let F': C — & be a functor into a
bicomplete category £.

(a) Determine the end and coend of a functor H : C? x C — £.

(b) Compute Lang F(D) and Rang F'(D) for D € ObD with the (co)end formula.

(c¢) Determine the functors Lang F, Rang F' : D — £ on the morphisms and the natural trans-
formations 7 : F' = (Lang F)K and € : (Rang F)K = F.

Exercise 39: Let R be a ring and F' : R-Mod — Set the forgetful functor.

(a) Determine LangF : Set — Set with the coend formula.
(b) Show that LangF = Homge (R, —) : Set — Set and verify the universal property of the left
Kan extension.

8.5 Exercises for Chapter
Exercise 40: Give a combinatorial simplicial complex that describes the cylinder [0, 1] x S*.

Exercise 41: Give the canonical factorisation for the following morphisms in A.

T[] = [n+1],0—ifor 0 <i<n,

o< In+ 1) = 2] with () 1(0) = {0,1,....,i — 1}
-

o

—

4 = [5],0—2,1,2+ 3, 3+ 4,
0020083002 :[3] — [3].

Exercise 42: Consider the simplicial set A™ = Hom(—, [n+1]) : A% — Set for n € Ny. Show
that there are exactly ”+m+1) simplicial maps a : A" = A™. Give explicitly the 10 simplicial
maps « : Al = A3 and visualise them with standard n-simplexes in Top.
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Exercise 43: Consider the simplicial set A” = Hom(—, [n + 1]) : A% — Set.

(a) Determine the non-degenerate elements in the sets A? = Hom([k + 1], [n + 1]) for & € Np.
(b) Determine the geometric realisation of A" with Theorem [5.3.3]

Exercise 44: Denote by A;,; C A the subcategory of A with the same objects and only
injective monotonic maps as morphisms and by ¢ : A;,; — A the inclusion functor.

o A functor S : A, — Set is called a semisimplicial set and a natural transformation
i : F'= F' between such functors a semisimplicial map.

e We denote by sSet = Set™ini the category of semisimplicial sets and maps.

The fat realisation of semisimplicial set is the left Kan extension Fat = Lan,(7") : sSet — Top
of the functor T : Ay,; — Top along the covariant Yoneda embedding y : Aj,; — sSet

Ainj T TOp
P 7
x Zﬂz “Lany (Tt)=Fat
sSet

(a) Show that every ordered combinatorial simplicial complex K C P(V') defines a semisimpli-
cial set s : Aj,; — Set with

Sp = {(vo,...,vn) | {vo,...,on} € Kyvg < ... < v}
d" sy = Sn_1, (Vo,. oy 0) = (Voy .oy Vi1, Vigdy - -+ Un) 0<i<n.

where we take di as the empty map, if s, = ().

(b) Give a description of the fat realisation analogous to the one for the geometric realisation in
Proposition 5.3.2. Show that every point in Fat(s) for a semisimplicial set s is represented
by a unique pair (s, x) with s € s, x € A™.

(—,[n+1]) : A" — Set for n € N and

(c) Describe the semisimplicial sets A" = Homa o

visualise them for n = 0,1, 2, 3.
(d) Describe the right adjoint of Fat : sSet — Top.

inj

Exercise 45: Let > : G x X — X be an action of a group G on a set X and X//G the
associated action groupoid with

e elements of X as objects,
e clements g € G with g > = = 2/ as morphisms from z to z’.

Determine the nerve of X//G.

Exercise 46: Let (J, <) a poset and S : A’ — Set the simplicial set given by

Sn:{(.]()?:.]n) |j07a]n€ JWlthJO j]l j j]n} nENO
d;(]Oavjn) = (j07'"7ji—1aji+17“'7jn) n e N(),O <i1<n
SZn(jO? cee 7]71) = (j(]) cee 7ji717ji7ji7ji+17 cee )jn)

Determine its homotopy category h(.S).
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Exercise 47:  Consider the injective standard n-simplex A" = Homa,,, (—, [n+1]) : AfY; — Set

inj

and denote by UA™ = Up_ Ap = Up_(Homa, ([k + 1], [n + 1]) the set of all elements of A™.

(a) Show that UA™ has the structure of a poset.

(b) Denote by N™ : A% — Set the nerve of the poset category for UA™. Describe the sets
NDyp C N} of non-degenerate elements in N}

(c) Relate the sets ND} from (b) to the barycentric subdivision of an affine simplex and
draw the associated barycentric subdivision of an affine 2-simplex.

(d) Show that the sets NDj} C N} define a functor B : A;,; — sSet with B([n + 1]) = ND".

(e) Define the barycentric subdivision functor B’ : sSet — sSet for general semisimplicial sets.

Remark:

e The barycentre of an affine k-simplex w = [wo, ..., wx] is b(w) = =75 (wo + . .. + wi).

e The barycentric subdivision of w is given by the k-simplexes [b(fo),-..,b(fr)], where
b(f;) is the barycentre of the i-face f; of w with fo C f1 C ... C f.

Exercise 48: Determine the classifying spaces of the following categories:

(a) the category with two objects I,T and two non-identity morphisms o,7: [ — T,
(b) the category with three objects Cy, C1, Cy and two non-identity morphisms f; : Cy — C
and f2 : CO — 02.

Exercise 49: Let X be a topological space and S := Sing(X) : A’ — Set the associated
simplicial set with

Sy = Homrpep (A", X))z = {7 : A" — X continuous}
d,=S(8"): S, — Sp1, T TOf"

s, =8(0y,1): Sp = Spt1, T TOS],

where f': A" ! — A" and s? : A" — A" are the affine linear face maps and degeneracies.
Determine the homotopy category h(S).

Exercise 50: Let k& be a commutative ring. Consider the sets and maps

S, = {7 :[n+ 1] = [4] | 7 monotonic and not surjective}  n € Ny (52)
d;:Sn—>Sn_1,Tr—>TO(5; n €N
SzLISn—>Sn+1,Tl—>TOO'ZL+1 n € Np.

a) Show that this defines a simplicial set .S : A°? — Set and describe its geometric realisation.
p g

(b) Let S" : A — R-Mod the associated simplicial module with S/, = (S, )g and face maps
and degeneracies given by . Determine its normalised chain complex NS..

(¢) Compute the homologies of NS.
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Hint: The proof of Proposition tells you how to compute N.S..

Exercise 51: Let k£ be a commutative ring. Let C be the category with two objects I,T
and two non-identity morphisms 0,7 : I — T and C,.(C, k) the associated chain complex from
Example [5.5.6, 2. Compute its homologies.

Hint: Use Proposition and the associated normalised chain complex.

8.6 Exercises for Chapter [6]

Exercise 52: Let X C R"” with the standard topology and
CX ={(tz,1-t)|te€(0,1],r € X} cR"™  OX'={(tz,1-t)|t€[0,1],2 € X} C R*".

Show that C'X is homotopy equivalent to X and that C' X’ is contractible.

Exercise 53: Let X be a topological space and f : S* — X and ¢ : D"*!' — X continous
maps with g|gpn+1 = f. Show that for any ¢ € S™ the map f is homotopic to a constant map
relative to {q}.

Exercise 54:
In this exercise, we show that m;(S™) is trivial for 0 < k < n via the following steps:

1. C° maps are homotopic to C! maps: Let h : R¥ — [0, 00) be

i) of compact support supp(h) := {x € R* | h(z) # 0},
ii) continuously differentiable,
i) with [, h(z)de = 1.

(a) Show that the convolution hxf : R* — R, hxf(z) := [o. h(z —y) f(y) dy of a continuous
function f :R* — R of compact support with & is continuously differentiable.

(b) Show that he(x) := e *h(z/e) with € € (0,1] has the same properties i)-iii) as h and
that hex f(x) depends continuously on e, uniformly in x € R*,

(c) Show that lim._,o he* f(z) = f(z), uniformly in 2 € R*.
Remark: Applying (a)-(c) to the components yields analogous results for continuous maps

f : R¥ — R™. By using partitions of unity one can thus homotope continuous maps between
manifolds to continuously differentiable maps.

2. m,(S™) is trivial for 0 < k < n:

(a) Let Q := [0,1]** C R* and ~ the equivalence relation that identifies the points of 9Q).
Show that Q/~ is homeomorphic to the sphere S*.
(b) To show that m(S™) is trivial, prove that S™ is path-connected if n > 0.

(c) Let f:S* — S™ be continuously differentiable. Show that f is not surjective.
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(d) Use (c) and stereographic projection

Byt S\ fensi) >R, D(z) = — <> (53)

1 — $n+1 iE‘n

to show that f is homotopic to a constant map S¥ — S".

(e) Using Part 1 and the Remark, show that every continuous map g : S¥ — S™ is homotopic
to a continuously differentiable map f : S* — S™.

Exercise 55: Let C = R-Mod. Show that for all simplicial objects S,T : A% — C being
simplicially homotopic is an equivalence relation on Homeacr (S, T). Proceed as follows:

(a) Show that being simplicially homotopic is reflexive.

(b) Show that for all simplicial homotopies h : « =  and A’ : o/ = [’ there are simplicial
homotopies k: —a = —fand ¥ : a4+ o' = 4+ 5.

(c) Show that being simplicially homotopic is symmetric and transitive.

Exercise 56: For a simplicial set S : A’ — Set we consider the simplicial sets

e CS: A% — Set with C'S,, = Sy for n € Ny and C'S(a) = idg, for all morphisms « in A%,
e PS: A — Set with PS,, = S, and PS(6%) = S(0},,,) and PS(o}) = S(aiﬂ) for all
neNy, 0<i<n 0<5<n—1.
(a) Show that v, = S(60,,0...067) : Spp1 = So and p, = S(oYo...000.1) : So = Sni1
define simplicial maps v : PS = CS and p: C'S = PS with vp = id¢g,
(b) Construct a simplicial homotopy A : py = idps.

Exercise 57: Let C # () be a small category. Prove the following:

(a) If C has an initial or terminal object, BC is contractible.

(b) If C has binary products or coproducts, BC is contractible.

Hint: in (b) consider the functor C' x —: C — C for a fixed C' € ObC.

Exercise 58: Let f,f' : G — H be group homomorphisms and Bf, Bf' : BG — BH the
associated functors.

(a) Show that natural transformations 7 : Bf = Bf’ are in bijection with elements h € H
such that f'(g) = hf(g)h™! for all g € G,

(b) Determine the simplicial homotopy N(h) : N(Bf) = N(Bf’) induced by a natural
transformation as in (a) by specifying its components N(h)! : G*X" — H*(+1),

(c) Determine the induced chain homotopy he : Co(f,Z) = Co(f',Z) between the chain maps
Co(f,Z),Ce(f',Z) : Co(G,Z) — Co(H,Z) from Example 5.5.6, 3.
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8.7 [Exercises for Chapter

Exercise 59: Consider the simplicial set 9A™ : A°? — Set. Show that
(0A™), ={a: [k + 1] = [n+ 1] | @ monotonic and non-surjective}

and that QA™ is isomorphic to the (n — 1)-skeleton of A™ = Hom(—, [n + 1]) : A°? — Set.

Exercise 60: Let S : A”? — Set be a simplicial set.

(a) Show that simplicial (n — 1)-cycles 8 : JA™ = S are in bijection with (n + 1)-tuples
(20, ..., ) With 2; € S,y and &, (x;) = &~} (2;) for i < j.

(b) Show that for every y € S, the element d,(y) = (d2(y), ..., d"(y)) is a simplicial (n—1)-cycle.

(c¢) Show that OA™ is the coequaliser

OA" = coequ (H0<Z’<j<nAn_2 = H0<Z’<nAn_1) y

where w0 1;;(1) = 1; 06" ;o7 and vo (1) = 1,00 o7 forall 7: [k +1] = [n — 1].

Exercise 61: Lete:x — vy, f:y — 2z and g : £ — 2z be morphisms in a quasicategory
X such that g ~ f oe. Show that there is a t € Xy with dy(t) = (f,g,e), witnessing g as a
composite of f and e.

Conclude that two morphisms f, g : x — y in a quasicategory X are homotopic, if and only if
there is an h € X, with dy(h) = (1,, £, 9).

Exercise 62: Let X,Y, Z be simplicial sets.

(a) Show that ev: X x Map(X,Y) = Y is natural in X and Y.

(b) Show that for all simplicial sets X, Y, Z there are simplicial isomorphisms

Map(X x Y, Z) = Map(X, Map(Y, Z)).
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