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Abstract

We study the different model category structures on the simplicial objects over a model category C,
with a goal of constructing a simplicial model category structure on this category. We first consider the
Reedy model category structure, which fails to make the category into a simplicial model category. By
restricting our view to complete and cocomplete pointed model categories in which every object is fibrant,
we are able to define a model category structure, called the E? model category structure that makes
simplicial objects over C into a simplicial model category. For both the Reedy and the E? constructions
we compute the structure in the example of chain complexes over a ring R.

Contents
1 Introduction
2 Model Categories

2.1 Definition of a Model Category . . . . . . . . . . . .
2.2 Example: Topological Spaces . . . . . . . . . . . . e
2.3 Properties of Model Categories . . . . . . . . . . . e
2.4 Another Example: Chpr . . . . . . . . . . . e

Simplicial Objects

3.1 Definitions . . . . . . ... e

3.2 Simplicial Sets . . . . .. e
3.2.1 A Couple of Results about Simplicial Groups . . . . . . . .. .. ... ... ... ...

3.3 Simplicial Categories . . . . . . . . . L

The Reedy Model Category Structure

4.1 Definition of the Reedy Structure . . . . . . . . . ... .

4.2 Example: sChgi and Double Chain Complexes . . . . . . . . . . .. ... ... .. ......
4.2.1 SChR .............................................
4.2.2 Double Chain Complexes . . . . . . . . . . .. i

4.3 Simplicial Structure . . . . . .. L

The E? Model Category Structure
5.1 Definition of the E2 Structure . . . . . . . . . . . . . ...
5.2 Example: sChg and Double Chain Complexes . . . . . .. .. ... ... ... ... .....

24
24
28
29
30
30



1 Introduction

in 1967 Daniel Quillen introduced a category-theoretic construction which made it possible to define ho-
motopy on a category; he called the construction a model category structure. A model category structure
is defined to be three classes of morphisms — called fibrations, cofibrations and weak equivalences — that
satisfy several properties analogous to conditions ontheme maps in topological spaces. Any model category
structure on a category C yeilds a homotopy theory; for example, on topological spaces there are two such
structures, one producing the standard homotopy theory, and one producing rational homotopy theory.
These structures are also helpful in proving that certain model structures are equivalent; for example, one of
the connections that model category structures make clear is the equivalence between the homotopy theory
of topological spaces and that of simplicial sets.

In addition to simplicial sets, we can look at other kinds of simplicial objects. We can consider a simplicial
object over a category C to have an object in every dimension (corresponding to the “n-simplices” of the
simplicial object) and maps between them that satisfy the same relations as the face and degeneracy maps
of a simplicial set.

A simplicial category is a category along with a notion of a “mapping space.” Instead of the morphisms
between objects being represented as just the set of maps between them, the mapping space is a simplicial set
that encapsulates the idea of homotopies between the maps, so that, in particular, the connected components
of the mapping space between two objects X and Y represents the homotopy classes of maps X — Y. It
turns out that if C is closed under arbitrary limits and colimits then sC is automatically a simplicial category,
although not necessarily a model category.

If a category C is both a simplicial category and a model category, we can ask if these structures are
compatible. For example, we want the map induced on mapping spaces by a fibration X — Y to also
be a fibration. This kind of compatibility condition is encoded in an extra axiom, called “Axiom SM7.”
A category that satisfies SM7 is called a simplicial model category. Note that a category that is both a
simplicial category and a model category is not necessarily a simplicial model category.

Now suppose that C is a model category. Can we then define a model category structure on sC that is
related to the model category structure on C? In an influential but unpublished paper, Reedy constructed
such a model category structure, where in particular the weak equivalences were simply the dimensionwise
weak equivalences. If C itself is a simplicial category then sC inherits a simplicial structure that is compatible
with the Reedy model category structure, and therefore makes sC into a simplicial model category. However,
the Reedy model category structure is not compatible with the standard simplicial structure defined on sC.
Thus with this structure sC becomes both a simplicial and a model category, but not a simplicial model
category.

In order to remedy this, in 1992 Dwyer, Kan, and Stover introduced a different model category structure
on sC, called the E? model category structure. This structure is related to the Reedy structure, but has
a larger set of weak equivalences (and correspondingly smaller classes of fibrations and cofibrations) that
makes sC into a simplicial model category.

This paper has four parts. In the first part we give a short introduction to model categories and the
homotopy theory associated to them. In the second, we do a quick overview of simplicial sets and simplicial
categories. Then, in the third part, we proceed to construct the Reedy model category structure on sC, and
compute the structure on sChpg, simplicial chain complexes over a ring R. Lastly, we will construct the E?
model category structure, and also compute it for the example of sChg.



2 Model Categories
2.1 Definition of a Model Category

When studying topological spaces (and distinguishing them) there are commonly two invariants that are
considered: homotopy and (co)homology. Both of these work in similar fashions: they take a geometric
object, define an equivalence of two of these objects and an operation on them, and consider the group that
is formed modulo the given equivalence. In general, there are many objects other than topological spaces
that such operations are applied to: chain complexes, groups, etc. We therefore attempt to generalize this
construction to a general categorical construction.

This is done through the introduction of a model category structure.

Definition 2.1. A model category structure is a category C, closed under finite limits and colimits, together
with three classes of maps, which we will call cofibrations, fibrations, and weak equivalences. These classes
must satisfy the following four axioms:

MC1: If f: A— Band g: B — C are maps in C, and two of f,g,gf are weak equivalences, then so is the
third.

MCQC2: If f is a retract of g and g is a fibration, cofibration, or weak equivalence, then so is f.

MC3: In the following diagram, if 4 is a cofibration, p is a fibration, and at least one of ¢ and p is a weak
equivalence, then there exists a map h : B — X that makes the diagram commute.

A—— X

X
.l 3// l
2 , D

B——Y

MC4: Any map f : A — B can be factored into a cofibration followed by a fibration, where either the
cofibration or the fibration is also a weak equivalence.

We will call a fibration that is also a weak equivalence an acyclic fibration and a cofibration that is also
a weak equivalence an acyclic coFibration. We adopt the following notation:

~

C > > >

cofibration fibration weak equivalence

Notice that since C contains all finite limits and colimits it must contain both an initial object @ and a
terminal object *.

Definition 2.2. We call an object X of C fibrant if X — x is a fibration. We call it cofibrant if @ — X is
a cofibration.

Examining the axioms governing fibrations, cofibrations, and weak equivalences we notice that if C has
a model category structure then C°P has the opposite model category structure with the fibrations and
cofibrations switched. Thus in particular if we can prove something about cofibrations based only on the
axioms then we get the dual statement about fibrations “for free.”

It turns out that axioms defining the maps are actually somewhat redundant: only two of the three sets
of weak equivalences, fibrations, and cofibrations are required to construct the third.

Definition 2.3. Let & be a class of morphisms of C. A map f: A — B has the left lifting property (LLP)
with respect to o if for any commutative diagram

A— s X

fl P

B——»Y
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with p € o7, there exists a map h : B — X, that makes the diagram commute.
Similarly, a map g : A — B has the right lifting property (RLP) with respect to <7 if for any commutative
diagram

X ——

p

UU?;B

Yy —
with p € o there exists a map h: Y — A that makes the diagram commute.
Proposition 2.4.
1. The set of cofibrations is exactly the set of maps that has the LLP with respect to the acyclic fibrations.
2. The set of acyclic cofibrations is exactly the set of maps that has the LLP with respect to the fibrations.
3. The set of fibrations is exactly the set of maps that has the RLP with respect to the acyclic cofibrations.
4. The set of acyclic fibrations is exactly the set of maps that has the RLP with respect to the cofibrations.

Proof. Note that if we can show the first two statements then we are done, as we obtain the last two by
dualization. In addition, notice that the forward directions are obvious by MC4. Thus it simply remains to
show that a map can be characterized by the maps that it has lifting properties with respect to.

Suppose that f : X — Y has the LLP with respect to the acyclic fibrations. Factoring f into a cofibration
followed by an acyclic fibration, we get the following commutative diagram:

X;Z,f/

S
id

Y——Y

Since f has the LLP with respect to all acyclic fibrations, amap g : Y — Y that makes the diagram commute
exists. In particular, this means that f is a retract of 4, meaning that f is a cofibration.

Now suppose that f : X — Y has the LLP with respect to the fibrations. Factoring f into an acyclic
cofibration followed by a fibration gives us (by an analogous argument to the one above) that f must be an
acyclic cofibration. So we are done. O

In particular, this implies that cofibrations are preserved under pushouts and fibrations are preserved

under pullbacks.

2.2 Example: Topological Spaces

We will show that we can define a model category structure on Top, the category of topological spaces and
continuous maps. In particular, we will call a map f: X — Y € Top

e a weak equivalence if it is a weak homotopy equivalence, meaning that f induces an isomorphism of
groups m, (X, x) — m, (Y, f(z)) for all n > 1, and is a bijection when n = 0,

e a fibration if it is a Serre fibration, meaning that it has the RLP with respect to the inclusions
D™ — D"+ and

e a cofibration if it has the LLP with respect to the acyclic fibrations.

Theorem 2.5. With the above structure Top becomes a model category.



Proof. We follow the proof in [3].
Axiom MCI is clear from the definition of weak equivalence. MC2 is clear for weak equivalences, as ,
is a functor. Now suppose that f: A — B is a retract of a cofibration f’: A" — B’. Given a diagram

A— X

fl le
B——»Y

we can extend this to the left by the retract diagram for f, obtaining

A—r A — s+ A—+ X

R,

B——»DB ~—+B——>Y
where a lift exists because f’ is a cofibration; this clearly allows us to construct a lift B — X that will make
the diagram commute. The fibration case follows analogously.
We will first prove MC4; then we will apply it to prove MC3. In order to prove MC4 we need to show
that any map X — Y € Top can be factored into X = X’ LY where i is a weak homotopy equivalence
with the LLP with respect to the fibrations, and p is a fibration.

To prove this, let F be the set of maps {D"® — D"*1}. Let Z — Y € Top; then S, Z is the set of
D" ——~ 7

diagrams l l We define S(Z) to be the pushout of the diagram

Dn+1 .Y

711110 — [ [ o™

n>0 SnZ n>08,Z

Note that there is a canonical map SZ — Y. This construction adds a cylinder to Z along one end for
each commutative square with the left-hand side in F; thus it is a deformation retract, and therefore a weak
homotopy equivalence. The map Z — SZ is also clearly a cellular map. We define

X' =1limS"X.

n

Then the map ¢ will be a weak homotopy equivalence that has the LLP with respect to the fibrations (by
definition). It remains to show that p is a fibration. Consider a commutative square

Dn g X/

Lk

Dn-‘rl .Y

Since D is compact there must be an integer k such that ¢ factors through S*X, so that we get a diagram

/
p" e 87X — SMIX —» X

N

-

Dl .Y Y Y

Notice that the left-hand diagram would have been in the construction for S"*!X, so by construction the
lift shown by the dashed line exists; thus p has the RLP with respect to all of the maps in F, showing that
it is a fibration.

The cofibration-acyclic fibration case is done analogously, only with F being the set of maps S"~1 — D™,
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Lastly we prove MC3. Notice that if p is an acyclic fibration the statement is obvious by the definition
of cofibration. We now simply need to show that if the cofibration is acyclic then there is a lift. Suppose we
have a diagram

A— X

4 b

B——Y
Factor 7 as an acyclic cofibration 4’ that has the LLP with respect to all fibrations followed by a fibration p’.
By MCI1 the fibration will also be a weak equivalence. Thus we have a diagram

Z‘/

A, A

iZI le’

B prm e B
By definition, a lift exists in this diagram. So, in particular, i is a retract of ¢/. Since i’ has the left lifting
property with respect to all fibrations, ¢ must also. So we are done. O

2.3 Properties of Model Categories

An important notion in distinguishing different maps between topological spaces is that of homotopy equiv-
alence. A homotopy equivalence between maps f,g : X — Y is usually defined as a map from X x [ to Y,
where X x {0} - Y is f and X x {1} — Y is ¢g. In particular, such a map is an interpolation between two
given maps. So if we could define what such an “interpolation object” was, and what “restrictions” were,
we could define a homotopy equivalence to be a map from such an interpolation object into the given space.
We can rephrase the restriction condition by asserting that the following diagram commutes:

X x1

| ™

XoX ——Y
flg
In particular, we state what the map must be on the two boundary copies of S™. For a homotopy equivalence
to exist all that is required is for a factoring through an “interpolation object” to exist.

Notice that if we can define X x I in a category-theoretic fashion we would then have a passable definition
of homotopy equivalence on objects defined on a category. In Top, what is X x I7 In the above context it
is a cylinder which is homotopy equivalent to X which can have two disjoint copies of X embedded in it. In
particular, it does not matter that we precisely crossed X with I; this is just a particularly nice case in Top.
Thus in a general category we can define X x I to be an object such that the following diagram commutes:

X x1I

a
N
XX — X
idITid
Note that (at least in the case of topological spaces) we encode both the fact that we have an inclusion of
X II X and that X x [ is weakly equivalent to X.
Thus we have come up with the following definition:

Definition 2.6. We define a cylinder object for A to be an object A x I such that the following diagram
commutes:

Ax]T

N
AIT A - -
idITid



We call two maps f,g : A — X left-homotopic if there exists a cylinder object A x I that makes the
following diagram commute:

AxIT

|

ATl A X
J1g

If f and g are left homotopic we write f S g.

In general, f £ ¢ is not an equivalence relation. However, if we only look at maps out of cofibrant objects,
it becomes an equivalence relation.

Proposition 2.7. If A is cofibrant then £ is an equivalence relation on Hom(A, X) for any objects X .

Proof. We follow the proof in [3]. Note that if A is cofibrant then it can be defined to be its own cylinder
object. Thus f L f. The following diagram shows symmetry:

AHA<—3A AxIT

NS

A, ATTA—
ng

Thus it remains to show transitivity. Consider the following commutative diagram:

g—— A Ax]T

; AN
io " NS
O
A ATA ———— A
i1 id I id
Notice that igi and 14 are both acyclic cofibrations. (They are weak equivalences by MC1 because jipi = id,

which is a weak equivalence.)

Suppose that we have f B g, with homotopy H : Ax I — X and g £ h with homotopy K : Ax I' — X.
so that we have the following two diagrams:

AxT AxT
\\1 \\1
\4
AITA X ATA ———M
f1lg T glh

Let jo,j1 be the two maps A — A x I and kg, k; be the two maps A — A x I'. In particular, we know
that
pjo=f pr=9 phko=g  pki=h

ky
Notice that if we define A x I"” to be the pushout of the diagram A x I Jo A — Ax I we get the

following picture

Jo

Ae—"— s AX]T




where L is the desired homotopy. Notice that A x I" is a cylinder object for A, since A x I"” — A is a weak
equivalence by MCI1. O

Thus we have a notion of “homotopy equivalent” maps for cofibrant objects. However, our definition
of homotopy equivalence is not the same under dualization as cofibrant objects map to fibrant ones. Since
the model category structure is closed under dualization it should really be the case that the definition of
homotopy equivalence should also be closed under dualization. This induces us to look at the dual definition
of homotopy:

Definition 2.8. We define a path object B to be the object that makes the following diagram commute:

BI
¢/ \\\
/ N
B————— BxB

id x id
Two maps f,g : X — B are right homotopic if there exists a path object B! such that the following

diagram commutes:

BI

)

X Bx B
Ixg

Thus we also get the dual proposition:
Proposition 2.9. If B is fibrant then ~ is an equivalence relation on Hom(X, B) for all objects X .
Proof. Simply take the dual of the proof for the first version of the proposition. O

We now have two different statements about homotopy equivalence. In particular, we would like to
compare these notions on the hom-sets on which they are both equivalence relations; if the definitions work
out the way we want them to, they would be equivalent on the sets where they are both equivalence relations.
(Indeed, on topological spaces they are equivalent: if we have a homotopy f: X x I — Y it is “equivalent”
to a homotopy g : X — Y by letting g(z)(t) = f(x,t).)

It turns out that this is indeed the case:

Proposition 2.10. If A if cofibrant and B is fibrant, and f,g: A — B then
14 r
frg=Ff~y

Proof. We follow the proof in [3]. Note that it suffices to show that f £ g implies f <~ g (we get the other
direction by dualization).

q
SincefrégwehaveahomotopyH:A><I—>XsuchthatHi:ng. Let X —~» X1 £ X % X be
a construction of a path object. We want to find a homotopy K : A — X! such that pK = f x g. Notice
that we can apply MC3 to

qf

A X!
Ax T — X xX
fixH

to get a map K : A x I — XT. We claim that Kii, is exactly the map we want. From the definition of H
we know that Hiig = f and Hii; = g. Thus

pKiiy = (fj x H)iiy = f X Hitig = f X g
as desired. Thus f 3 g = f ~ g. By duality, we get the converse. O
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Notice that the proof of the proposition implies the following corollary:

Corollary 2.11. Let f,g: X =Y. If f L g then for any choice of path object YT, f ~ g with respect to

that path object. Dually, if f ~ g then for any choice of cylinder object X x I, f £ g with respect to that
cylinder object.

So, for maps between cofibrant and fibrant objects we can define a simple notion of “homotopy equiva-

lence”: f ~ g when f S g and f ~ g. In addition, we only need one “cylinder object” and one “path object”
for every object, as the set of homotopies with respect to those objects is the same as the set of homotopies
for all path/cylinder objects. This definition is also unchanged under dualization, which is consistent with
the fact that the opposite of a model category is also a model category.

Now consider Cop, the full subcategory of C consisting of only the cofibrant and fibrant objects. On
this subcategory, homotopy equivalence between maps, and homotopy equivalence of compositions are well-
defined.

Definition 2.12. The homotopy category HoC is the category whose objects are the cofibrant fibrant
objects of C and where the morphisms are homotopy classes of maps in C.

Now we come to the major theorem of model categories: that the homotopy category exists, and that
any functor mapping weak equivalences to isomorphisms can be factored through it.

Theorem 2.13. The category HoC exists for all model categories C. There exists a functor v : C — HoC
which sends an object to a cofibrant fibrant approximation, and any weak equivalence to an isomorphism. In
addition, any functor C — D that sends weak equivalences to isomorphisms factors through -y.

For a proof of this theorem see [3].

2.4 Another Example: Chp

Definition 2.14. We define Chp to be the category of nonnegatively graded chain complexes over a ring
R.
We call amap f: M — N € Chp

e a weak equivalence if it induces an isomorphism Hy (M) — Hy(N) for all k > 0,

e a fibration if it is an epimorphism in dimensions strictly greater than zero, and

e a cofibration if the map fi : My — Ny is injective with projective cokernel for all k& > 0.
Theorem 2.15. The structure above is a model category structure on Chpg.

Proof. We follow the proof in [3].

Axiom MCI1 is obvious. Axiom MC2 follows from the fact that H is a functor, and the fact that in the
category of modules over R, a retract of a monomorphism or an epimorphism is also a monomorphism or
epimorphism (respectively), and that a retract of a projective module is projective.

Now consider axiom MC3. Consider a diagram

A
zf P

B—Y

g

—~ » X

~

We know that py is an epimorphism for £ > 0. Notice that pp must also be an epimorphism, as p induces
an isomorphism in 0-th homology. Since p is onto we can put it into a short exact sequence

0—K-—X-"2v —o,

with the homology of K trivial in each dimension.



We construct the required map h : B — X by induction. We know that By & Ay ® Py, where P is
projective. Thus we can define hg to be equal to gg on Ay and to be a lift of Py — Y to X on Py (which
exists because P is projective). Now suppose that we have a lift h up to dimension n— 1. Then we can write
B, 2 A, ® P,, and we can use the same construction as for the zero case to make a function h,, : B, — X,,.
Notice that h, makes the diagram commute in level n, but does not necessarily commute properly with the
differential 9,,_1. Let ¢ : B,, — X,,_1 be the map 0,_1h,, — hp0n_1. We want € to be the zero map. Note
that 9,,_2¢ = 0, p,_1¢ = 0 and €i,, = 0, since the map was a chain map up to h,_1 and as the horizontal
maps commute with the differential. But this means that € induces a map

E:By/in(An) 2 Py — K,y

whose image will consist only of cycles. Since K is acyclic 9,1 will be an epimorphism onto the image of
£, which means (as P, is projective) that there will be a lift £ : P, — K,,, which then gives us a map
" B, — X,,. The map h,, — &" is the desired map, completing the induction.

Before we prove the second half of MC3 we will prove a lemma.

Lemma 2.16. We define D,,(A) to be the complex that is 0 in every dimension except for n and n—1, and
is equal to A in those dimensions (with 0 being the identity).
Let P € Chg be acyclic and such that each P, is projective. Then each module ker Oy is projective, and

P @Dk(ker 8}671).

E>1
Proof. We define a complex P* by
P, ifn>k—1
PF={ imop_, ifn=k-1
0 otherwise

Since P is acyclic we know that P*/P**1 2 Dy (ker Oy o). Py is projective, and there exists an isomorphism
P = P!~ P23 D (ker d,).

But then P? is a complex that satisfies the conditions of the lemma and is 0 in degree 0. Proceeding by
induction we can construct maps

P" = Pt g D, (ker 0, _»),
giving us the result desired. O

Now consider a diagram

Since 4 is a cofibration (and thus dimensionwise a monomorphism) we have a short exact sequence
0—A—B—P—0

with P, projective for all n. Notice, in addition, that since i is a weak equivalence P must be acyclic. But
then we can write B 2 A @ P, and, since each D,,(A) is projective (in the sense that for any epimorphism
X —'Y we can lift the map Hom(D,,(A), X) — Hom(D,,(A),Y)) we can define a map B — X by letting it
be g on the A factor and any lift on the P factor.

It remains to show MC4. Notice that the argument in section 2.2 is easy to generalize to chain complexes,
with the two sets of maps being {0 — D"} (for the factorization into acyclic cofibration-fibration) and
{S§"=1 — D"} (for the factorization into cofibration-acyclic fibration). O
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3 Simplicial Objects

An important example of model categories arises in the category of simplicial objects over a category C.

3.1 Definitions

Homotopy groups are notoriously difficult to compute. How does one compute all maps from a sphere to a
space? And when are two such maps homotopic? In topological spaces, this is a very difficult question. It
turns out, however, that it is possible to create a combinatorial approximation to a topological space, based
on the idea of simplicial complexes.

A simplicial complex is a collection of simplices glued together at the boundaries. All the structure that is
imposed on the complex is that every n-simplex must have n+ 1 boundary simplices which are also included
in the complex. In addition, there are certain consistency constraints on simplices that are the boundaries of
n-simplices, as these must be glued together along n — 2-simplices. The fact that these objects are simplices
is irrelevant; we can simply define them to be sets and simply impose constraints on the boundary maps.
This reasoning leads directly to the definition of a simplicial set:

Definition 3.1. A simplicial set is a collection {K,,}22, of sets together with maps d; : K,, — K,,_1 and
si + Ky — K41 for 0 < i < n, satisfying the following conditions:

didj = djfldi diSj = Sj,1d7; if 4 <jJ
dij =0j415; = id SiS5 = Sj4+15i if 4 S]
diSj = dei—l ifi>j+1

The maps d; are called the face maps and the maps s; are called the degeneracy maps.

It is not difficult to see that the conditions on the commutativity of the maps are the same as the reverse
of the conditions on the commutativity of maps between ordered finite sets. Thus we have the following
equivalent characterization of simplicial sets:

Lemma 3.2. A simplicial set is a contravariant functor from the category A°P of finite ordered sets to Sets.
This lemma motivates the following definition.

Definition 3.3. A simplicial object in a category C is a contravariant functor A°® — C. The category of
such functors is denoted by sC.

Now we will take a more detailed look at the category of simplicial sets.

3.2 Simplicial Sets

We first introduced the idea of simplicial sets as a combinatorial approximation to topological spaces. In
order to better develop this analogy we first make some constructions about the structure of simplicial sets,
and the basis of their equivalence with Top.

Consider a simplicial set K € sSets. For each n > 0 it has a set K,, of the n-simplices of the simplicial
set; the elements of the set K are called the vertices of K. We call an element k € K, non-degenerate if
k # s;k’ for any 0 <i <n and k' € K,,_1. We write that k¥’ is a face of k if k' = d;k for some i.

First we describe a simplicial map (natural transformation between the functors defining simplicial sets)
combinatorially.

Definition 3.4. A simplicial map f between K, L € sSets is a collection of maps f, (n > 0) such that
fndi = difny1 and fry18; = s;f for all i, n.

It turns out that for many general results about simplicial sets it suffices to consider only a very small
class of simplicial objects, namely the standard n-simplices, their boundaries and horns.

11



Definition 3.5. The simplicial set A™ (the standard n-simplex) is the simplicial set where
Ki :{(a(]a'“aai)lao <a < Saia {a07"'7ai} c {0,...,71}},

the simplicial complex A™ completed by degenerate simplices. The i-th face map removes a; from a tuple;
the i-th degeneracy map repeats a; in a tuple.

The simplicial set 0A™, the boundary of A™, consists of the subcomplex of A™ where the subset condition
above is replaced by strict containment. This will be the usual boundary of A™, completed by degenerate
simplices.

The simplicial set A} is the largest subcomplex of OA™ where K,,_1 does not contain the tuple (0, 1,..., k—
1,k+1,...,n). This is the k-th n-horn.

Recall that a singular n-simplex on a space X is a continuous map
n
Ap={(to,. . tn) [t: 20, Y t; =1} - X.
i=0

Notice that we have a functor Sing : Top — sSets, which takes a topological space to the set of singular
simplices on that space. We can define face and degeneracy maps on a simplex 7 by defining

51' : An—l - An 5’i(t05 s atn—l) = (t07' .. 7ti70ati+la s atn—l)

and
oi: Dpy1 — Ay 5i(toy . stny1) = (toy .oy ti Ftigt, oo tny1);

and writing
d;ir =70 8;T =T 00;.

Definition 3.6. Let X € sSets. Define A | X to be the category of morphisms A" — X for n > 0
(with morphisms the obvious commutative triangles). Then we define the geometric realization functor
|| : sSets — Top by
| X[ = lim |A"].
AlX

Lemma 3.7. | -| is left adjoint to Sing.

Proof. We follow the proof in [4]. Notice that

X = lim A",
ALX

as A is a small category (and therefore X is a colimit of representable functors). In addition, it is pretty
clear that |A™| = A,,. Therefore there are isomorphisms

Homrop (| X|,Y) = lim Homop (|A™],Y)
ALX
= lim Homggets (A", SingY")
ALX
>~  Homggets(X, SingY’)

where the second line follows because Homrop (A4, Y) = (SingY'),. O

In order for simplicial sets to be useful as a combinatorial approximation to Top we want to construct
a model category structure on simplicial sets that is equivalent to the model category structure on Top. In
particular, we would like to develop a notion of homotopy groups of a simplicial set, and a notion of what it
means for two maps to be homotopic.

Unlike in the topological space case, however, it turns out that it’s easier to define a homotopy group
first, and to allow the definition of simplicial homotopy to follow from the model category structure.
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Definition 3.8. We call n + 1 n-simplices
Loy ey Th—1yLh41y-+ 5 Tntl

compatible if d;x; = d;j_1x; when @ < j, 4,7 # k.

A simplicial set K is said to satisfy the extension condition or to be a Kan complex if, for every compatible
collection of n+1 n-simplices zq, ..., Tx—1, Tk+1,-- -, Tnt+1, there exists an n+ 1-simplex z such that d;z = x;
for i # k.

For example, any simplicial set in the image of Sing is a Kan complex. Notice that the extension condition
is equivalent to the simplices being in the image of a simplicial map AZH — K. Since |AZ+1| is a deformation
retract of A, (it is just 7 + 1 of the n + 2 sides of the simplex) any continuous map |A7*!| — X can be
extended to a map A,y — X, which means in particular that SingX will be a Kan complex.

We now define the homotopy groups of a Kan complex K in terms of the extension condition.

Definition 3.9. Let K be a Kan complex and z,2’ € K,,. We write z ~ 2’ if there exists y € K, 11 such
that
dpy =2 dpi1y =2’ diy = Sp_1d;x = sp_1d;x’ if 0 <4 < n.

y is called a homotopy from z to z’.
Lemma 3.10. ~ is an equivalence relation on K, .

Proof. We follow the proof in [6]. Notice that ~ is clearly reflexive, since, taking y = s,z we see that y is
a homotopy from x to itself. It thus suffices to show that if x ~ 2’ and x ~ 2’ then ’ ~ z”. Let 3/ be a
homotopy from z to 2/, and let y” be a homotopy from x to z”’. Note that

diy' = sp_1dix’ = sp_1diz = diy”
so we see that the n + 2 simplices
dOSnSn!F/, cee dn—lsnsnx/7 y/7 y//

satisfy the extension condition. Thus from the extension condition there exists a z such that these simplices
are the boundary (except missing one simplex). But notice that d;d,i122 = s,_1d;2’ if 0 < i < n and
dpdpyoz = 2’ and dpy1dyi02 = 2. Thus d,i22 is a homotopy from 2’ to 2", so we see that z’ ~ x”, as
desired. O

We now define homotopy groups of a Kan complex. In topological spaces, we consider the n-th homotopy
group to be the homotopy classes of images of the n-sphere in the space. Since an n-sphere can be considered
to be an n-cell with a point attached, we define homotopy groups of a Kan complex to be equivalence classes
of simplices whose entire boundary is contained in a point.

Definition 3.11. Any point * € K, generates a subcomplex of K where the i-th dimension is {sg - - - sg*}.
We will write * for the image of * € Ky in any dimension.
Then
(K, %) ={z € K, |dix =%, 0<i<n}/~.

mo(K, %) is called the set of path components of K.

Proposition 3.12. Let o, 8 € m, (K, %), with [x] = «, [y] = 8. Then the n + 1 n-simplices *,..., %z, _,y
are compatible, so there is a homotopy z from x to y. We define

af =d,z.

With this multiplication, m, (K, *) is a group for n > 1, and is abelian for n > 2.
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Proof. We follow [6]. By an argument analogous to that of the proof that ~ is an equivalence relation it is
not difficult to show that multiplication is well-defined.

Notice that if we let 5 = [*] then the definition of multiplication becomes exactly analogous to the
definition that two simplices are homotopic. Thus [«] is the identity.

We will construct a left inverse for x; a right inverse can be constructed analogously. Notice that the
n + 1 simplices *,...,*,_, x,y are compatible, so there is a z such that d;z = % for i <n — 1, d,z = = and
dn+1z =y. Then by definition we have [d,,_1z]a = (; letting B = [*] shows that inverses exist.

Lastly we prove associativity. Pick a, 3,7 € m, (K, %), with representatives z,y, z. Let wy,_1, Wp i1, Wnyo
be the simplices used for computing a3, ay, 37, respectively. Then by the extension condition we can choose
au € K,i9 to extend

¥y ooy ¥, Wn—1, Wn41, Wn+2-
Then
(046)’)/ = [dnwn—l]’y = [dn—lwn+1]’7 = [dnwn-l-l] = [dndnu] = a[dnwn+2] = O‘(ﬁ’}/)'

It remains to show that m, (K, *) is abelian for n > 2. Let w,x,y,z € K,. This proof relies on three
facts, which are proven analogously to the proof above:

1. Suppose that v satisfies
dv=+x0<i<n-—2 dpnov=w dp_1v=2 dyv=y dps1v=x.
Then [y]fu] = [+].
2. Suppose that v satisfies
div=x0<i<n—2 dpov=w dp_1v=% dyv=Y dpp1v=2.
Then [u][y] = [2]

3. Suppose that v satisfies

div=x0<i<n-—2 dpnov=w dp_1v=2 dyv=y dpp1v==2.
Then [w] ™ [z][z] = [y]
Let 2 = x. Then [w] ![z] = [y]. Applying (1) to the v from (3) we find [y] = [z][w]~!. Thus for all =
[2][w] ™! = [w] ] O

Now we have two ways of defining a model category structure on sSets. The first of these would simply

be to define it through the functor |- |, defining a map to be a weak equivalence, fibration or cofibration if its
image under | - | is. On the other hand, we can define the following model category structure on simplicial
sets:

Definition 3.13. We define a map f: X — Y € sSets to be a

e weak equivalence if it induces isomorphisms on the groups m,(Sing|X|,v) — m,(Sing|Y|, fv) and a
bijection 7o (Sing| X |) — mo(Sing|Y|),

e fibration if it has the RLP with respect to all inclusions A} — A", and
e cofibration if it has the LLP with respect to all acyclic fibrations.

It turns out that these two definitions of the model category structure are equivalent, in that they yield
equivalent homotopy categories. (For a proof of this, see [4], chapter I.)

Theorem 3.14. The structure defined above is a model category structure on sSets. In addition, the
functors Sing and | - | induce an equivalence of categories Ho Top and Ho sSets.

14



We omit the proof of this theorem because it would take us too far afield. For a proof of this, see [4].

However, we can also define simplicial homotopy analogously to the definition in Top: since Al is a
simplicial set with |A!| = I it makes sense to try and define homotopic maps through a construction similar
to that of topological spaces.

Definition 3.15. Let K, L € sSets. We define
(K x L), =K, X L.

Now suppose that we have two maps f,g : K — L. We say that f and g are simplicially homotopic if
there is a map H : K x A' — L that makes the following diagram commute:

K x A°
idXdol f
H
K x Al L
idXd1I
g
K x A°

In this case we write f = ¢g. The map H is the simplicial homotopy between f and g.

Later, when we discuss simplicial categories, we will see that this notion is equivalent to that of a model
category-theoretic homotopy, as K x Al will be a cylinder object for K.

3.2.1 A Couple of Results about Simplicial Groups

In this section we will prove a couple of results about simplicial groups that will be used later in the paper,
when constructing the E? model category structure. We include them here because they are good, simple
examples of computing with simplicial sets, and because they fit better into the theme of this section.

Lemma 3.16. The underlying simplicial set of any simplicial group is fibrant.

Proof. We follow the proof in [4]. To prove this we need to show that any simplicial group H satisfies the
extension condition. We will prove this by induction on the number of compatible n-simplices.

First, notice that when we only have one simplex x (which is automatically compatible) the simplex sz
has dy(sox) = z, so the simplicial group satisfies the extension condition for 1 simplex. Now suppose that for
any m compatible simplices (zg,...,Zk—1,%¢,...,Ty) the simplicial group satisfies the extension condition
(where m =k +n — ¢+ 1). Consider m + 1 compatible simplices

(1'07 vy Th—1, L1, L4y - -+ 7xn)‘

Applying the induction hypothesis to all but z,_; we get a simplex y € H,, ;1. Notice that the m simplices
(1,...,1,2¢_1de_1y~ 1, 1,...,1) (where the first 1’s are spaces 0, ...,k — 1 and the last ones are /,...,n) are
compatible, and in addition d;(s¢_2(z¢_1de_1y~')y) = x; for i < k—1and i > £—1. So the simplicial group
H satisfies the extension condition for m 4+ 1 simplices, completing the induction. O

This lemma easily yields the following corollary:
Corollary 3.17. A map of simplicial groups is a fibration if and only if it is surjective.
Proposition 3.18. Ch is equivalent to sAb.

Proof. We follow [6]. This proof consists of on two steps. First we will show that there is an isomorphism
between the homotopy of a simplicial abelian group and the homology of the groups considered as a chain
complex. Second, we show that there is a pair of functors Ch < sAb that compose to the identity and that
map chain homotopies to simplicial homotopies (and vice versa).
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Let G € sAb. We write A(G) for G considered as a chain complex with differential 9 = Y~,(—1)’d;. We
claim that m,(G) — H,(A(G)) is an isomorphism for all n. Define the chain complex

N,.(G)=G,NkerdyN---Nkerd,_;.
The differential on this complex is (—1)"d,. We define a filtration of A(G) by
Fo(G) ={z € A(G) |diz =00 < i <min(n,p)}.

Thus we see that F1(G) = A(G) and ), F,(G) = N(G). We will write i, : [},41(G) — F,(G) for the
inclusion of F},1; into F,,. We can define a map f, : F, — Fp11 by

p\T) = x — spdpr if x € F,(Gp), n>p

Notice that fpip is the identity, and that Jf, = f,0. Thus all we need to do now is to show that there is a
chain homotopy between i, f, and id. We define the homotopy tp to be

b () 0 if x e F,(Gn), n<p
PRI (FD)Pspr if x € Fp(Gy), n>p.

A simple calculation shows that 0t,(z) + t,0(x) = © — i, fp(x), as desired.

Thus we see that 7,(G) — Hyp(A(G)) is an isomorphism. We will use this to construct the functors that
will show the equivalence of sAb and Ch. In the previous paragraph we constructed a functor NV : sAb —
Ch. Now we will construct a functor I' : Ch — sAb and prove that it has the desired properties. We define
NX), =X, ® @f:ol Gj_r 05Xy, (where o, ---0j, X, is the abelian group composed of elements of
the form o, , ---0;2 for x € X,) for all sequences of the form j,—, > --- > ji. In particular, I'(X),
consists of the nondegenerate part (X,,) and the degenerate part (everything else). We define d; to be zero
on X, if i # n and to be 0 otherwise, and to be defined by the simplicial relations on the degenerate part.
The degeneracy maps are defined in the obvious fashion.

Then we claim that N and I' satisfy the desired properties. In order to see that NT' = lcp and 'V = 1,ap
notice that A(G) = N(G) ® D(G), where D(G) is the chain complex generated by the degenerate elements
in A(G). Notice that if we define ¢ = --- 04, o ---4g (this is well-defined in every dimension since it is
eventually the identity on any dimension) and f =---o f,, o--- o fy, then fi is the identity on N(G). Thus
A(G) = N(G) @ ker f, and it is clear that ker f = D(QG).

Thus it remains to show the condition on homotopy. If we have a homotopy h between maps f,g: G —
G’ € sAb, we can define the map s = > (—1)'h; on A(G,,). Then s is a homotopy between A(f) and A(g)
and it is clear that s induces a chain homotopy between N(f) and N(g) (as N(G) is the quotient of A(G) by
D(@G)). Similarly, let s be a chain homotopy between maps f,g: X — X’ € Ch. We can define a homotopy
h between I'(f) and I'(g) by the following:

1. if x € X,, then h,(x) = snf(z) — spsd(x) — s(x), hp_1(x) = sp—1f(x) — spsd(x), and h;(z) = s, f(x)

ifi <n-—2.
2. onoj 05T
o -o) = { Pl o) e e
A simple computation shows that this is a homotopy, as desired. O

In particular, the proof of this theorem shows that the homotopy theory of simplicial abelian groups is
equivalent to the homology of chain complexes.
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3.3 Simplicial Categories

In a model category C we defined a notion of homotopy equivalence between two morphisms. Thus for any
X,Y € C we can construct a graph whose vertices are the elements of Home (X,Y) and whose edges are the
homotopies between maps. We can therefore define a functor from the sets of morphisms between cofibrant-
fibrant objects of a model category to sSets that takes the hom-sets to simplicial sets. As a generalization
of the we can try to define such a functor from C°? x C — sSets that will, in the case C is a model category,
encode this information. In this section, we will first look at categories that have such a functor in general,
and then develop a notion of when such a functor is compatible with the model category structure on a
category.

Definition 3.19. A category C is called a simplicial category if there exists a functor
Hom(:,) : C°? x C — sSets
with the following properties:
1. Hom(A, B)g = Hom¢ (A, B).

2. The functor Hom(A4,-) : C — sSets has a left adjoint A ® - : sSets — C such that there is a natural
isomorphism

AQ(KXxL)2(A® K)® L.
3. The functor Hom(-, B) : C°? — sSets has a left adjoint B" : sSets — C such that
Hom,gets (K, Home (A, B)) = Home (A, BY).
In order for the category to be a simplicial model category it needs to be consistent with the notion of
homotopy imposed by the model category structure. For example, we would like moHome (4, X) = [4, X]c.

Definition 3.20 (Axiom SMY). A simplicial category C which is also a model category is a simplicial
model category if, for all cofibrations ¢ : A — B and fibrations p : X — Y we have that

Home (B, X) "%

Hom¢ (A, X) XHome(a,y) Home(B,Y)
is a fibration of simplicial sets, which is acyclic if either i or p is acyclic.

In this section, we will first prove some statements about simplicial categories, culminating with a theorem
about conditions on a category C that guarantee that sC will be a simplicial category. Then we will direct
our attention to simplicial model categories to derive an equivalent condition to axiom SMT.

First, a couple of lemmas following from the definitions of a simplicial category.

Lemma 3.21.

1. For a fized K € sSets there exist adjoint functors

Ko :CsC: XK.

2. For all K, L € sSets, and for each B € C there exists a natural isomorphism
BKX L [a] (BK)L .

3. For alln >0,
Hom¢ (A, B),, = Home (A ® A", B).

Proof. We follow [4].

17



1. Notice that for fixed K € sSets, A € C we know that A ® K represents the functor
Homggets (K, Home (A4, -)) : C — Sets.

Then if we have a map f € Hom(A, A’) we get a map on representing objects A® K 1oL g ® K, which

gives us the functor - x K. We can obtain the functor -X analogously. Adjointness follows because

Home (A ® K, B) 2 Homggets (K, Home (A, B)) = Homeor (B, A) = Home (A, BY).

2. This follows from the adjointness proven in the first section and the fact that there is a natural
isomorphism
(AR K)® L2 A® (K x L).

3. Note that
Hom¢ (A, B), = Homggets(A", Home (4, B)) = Home (A ® A", B)

where the second part follows from the definition of A ® -.

O

Notice that we can define a composition pairing on Hom-simplicial sets. Let f € Hom¢ (A, B) and
g € Homg (B, C). In particular, this means that f: AQ A” — B and g : BQ A™ — C. Then we can define
gf to be the composition

A A" 2 g Ang A I B Am L,
Notice that this is associative, reduces to ordinary composition in degree 0, and has a unit, in the sense that
id x Hom¢ (A, B) =———= Homc¢ (A, B)
|
Hom¢ (A, A) x Hom¢ (A, B)
commutes. From this construction we immediately get
Lemma 3.22. In a simplicial category C we have the following adjointness isomorphisms:
1. Homggets(K, Hom¢ (A, B)) 2 Home (A ® K, B).
2. Homggets (K, Home (A, B)) = Home (A, BX).
This construction gives us a way to construct examples of simplicial categories.
Proposition 3.23. Let C be a category. Suppose that there exists a functor
-®-:C x sSets — C
such that
1. if K € sSets, - ® K : C — C has a right adjoint -¥,
2. for a firted A, A® - : sSets — C commutes with all colimits and A ® *x = A, and
3. there exists an isomorphism A® (K x L) 2 (A® K) ® L, which is natural in A, K, L.
Then C is a simplicial category with

Hom¢ (A, B),, = Hom¢ (A ® A", B).
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In particular, this proposition says that if we have a definition of a tensor product that satisfies all of the
conditions of a simplicial category, it is enough to define the simplicial structure. It follows that sSets is a
simplicial category (as it really ought to be) with the definition

AR K =Ax K.

Proof. Notice that Hom¢ (A, B)g = Home (A, B) because A @ * = A.
Now we prove that the second part of the definition. We can write K as the coequalizer

[Ta™=]]a™ - K.
q P
Applying A ® -, we get a coequalizer
[[aea™ =][AvA™ - A K.

q p

But this means that we have an equalizer diagram

Home (A ® K, B) — Home (A ® (]_[ A”P) ,B) = Hom¢ (A ® (H A”") . B),

P q
which this is equivalent to the equalizer diagram
Hom,sets (K, Homc (A, B)) — Homgsets(] [ A", Homc (A, B)) = Homgsets(] [ A, Home (4, B)).
P q

Thus Hom is right-adjoint to A ® -, as desired.
The last part of the definition follows analogously to the second part, using the fact that A® - has a right
adjoint. O

Consider the conditions in the above lemma. The conditions only depend on the construction of the ®
functor. Notice that, as long as we can define a functor - ® - on a category it will be a simplicial category.
The graded structure of simplicial objects in sC are well-suited to this context.

Theorem 3.24. Suppose that C is a category which is complete and cocomplete. Then sC is a simplicial
category, with - ® - defined by
(Ao K),= ][] 4n

keK,

and face and degeneracy maps induced by the maps in K. Then we can define
Homy(A, B),, = Homs (A ® A", B).

Proof. We follow the proof in [4]. Since * has only one element in each dimension, it is obvious that A®x = A.
Notice that from the above construction we automatically get a natural isomorphism

A9 (KxL)= (A2 K)® L.

Thus it suffices to show that, for K € sSets, the functor - ® K has a right adjoint.
Define the functor Fy : C°? — Sets by Fy (A) = Home¢(A,Y). Then the functor

A +— Homyggets (K, Fy (A))n, = Homgets(K,, X A", Homyc(A,Y))
will be representable, as we can write K x A" as the coequalizer of

HA”q :HA% — K x A"
p

q
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which implies that the representing object is determined by the equalizer diagram
10, =Y, = 07
q P

Taking this construction for all n we get an object Y* and a natural isomorphism of sets
Hom,e (A, YY) 2 Hom,gets (K, Hom,e (A, Y)),
which produces an equivalence of functors
Fyx () 2 Homggets (K, Fy (+)).

From this we see that Homye(X,Y) is in one-to-one correspondence with the natural transformations
Fx — Fy (which we will denote by Nat(Fx, Fy)). Thus if K € sSets and X € sC we can define

Fx @ K : C°? — sSets

to be (Fx ® K)(A) = Fx(A) x K.
We will now show that Nat(Fxgk, Fy) = Nat(Fx ® K, Fy). Consider a natural transformation ® :
Fx ® K — Fy. Notice that

(Fx ® K)(X,), = H Home (X, X,,).
keK,

Thus for all k¥ € K, there is a map ®(1); : X,, — X,,. We can assemble them into a complex so that
fn(X ® K)n = ek, Xn — Ya, so we get a simplicial map f: X ® K — Y. Then ® — f is the desired
isomorphism.

Now notice that

Hom,e (X, V) 2 Nat(Fx, Fyx) = Nat(Fx, Hom,gets (K, Fy)).
However, the set on the right-hand side is exactly equal to
Nat(Fx ® K, Fy) 2 Nat(Fxgk, Fy) 2 Hom, (X @ K,Y).
Thus there is a natural isomorphism
Homge (X, YH) = Homye (X ® K,Y)
as desired. O]

Note, in addition, that in a simplicial category we can define homotopic maps even if the category is not
a model category by analogy from the definition of simplicial homotopy in sSets.

Definition 3.25. Two maps f,g : X — Y € sC are simplicially homotopic if there exists a map H :
X ® A' — Y that makes the following diagram commute:

X o A°

dol X

X @ Al

o

X @ A°

Y

The map H is called a simplicial homotopy between f and g.
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In later sections we will be constructing simplicial model category structures on sC, so as a prelude to
that we will now develop some theory of when a category is a simplicial model category. In particular, we
will show that instead of checking all pairs of a cofibration and a fibration in SM7 it is possible to check a
statement for a class of maps containing only a subset of the cofibrations.

For the rest of this section, unless otherwise stated, C will refer to a simplicial model category.

Lemma 3.26. Let q: X — Y be a fibration. Then for cofibrant B
¢« : Hom¢ (B, X) — Home¢(B,Y)

is a fibration. Analogously, if j : A — B is a cofibration and X is fibrant then
7% : Home(B, X) — Home (A4, X)

s a fibration.

Proof. Axiom SMT reduces to the first statement if we let A = @. SM7 reduces to the second statement if
we let B = x. O

It turns out, in fact, that axiom SM7 encodes some of the properties of the model category structure on

C.
Lemma 3.27. Aziom SM7 implies axiom MCS.
Proof. We follow [4]. Consider a diagram

—  » X

p

o~ i

— > Y

where one of ¢ and p is acyclic. Notice that this diagram is a vertex in
Hom¢ (A, X) XHome(4,y) Home(B,Y),
the maps A — X and B — Y that agree on A. The diagrams that have lifts B — X are the ones that are
in the image of the map
Home (B, X) %) Home (4, X) @tome (4.y) Home(B,Y).

We know that this map is an acyclic fibration since one of i and p is acyclic. However, the acyclic fibrations
in sSets are surjective, so a lift exists. O

Lemma 3.28. Let j: K — L € sSets. If A € C is cofibrant then id® j: A® K — A® L is a cofibration;
if X € C is fibrant then id? : X* — XX is a fibration. If j is acyclic, then id ® j and id’ are, also.

Proof. We follow [4]. For the first claim, we will show that id ® j has the LLP with respect to the acyclic
fibrations. Suppose that we have a diagram

ARK — X
|
AL — Y
Using the fact that A ® - is adjoint to Home (A4, ) we get the diagram
K — Hom¢ (A, X)
P4
L
L Hom¢(A,Y)

where the right-hand map is an acyclic fibration by axiom SM7. Notice that if j is acyclic we could use an
analogous argument to show that id ® j is an acyclic cofibration.
The second part is proven analogously. O
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Consider the simplicial set Al. Its geometric realization is that of the unit interval, so that in Top we
use it to construct cylinder objects. It it reasonable, therefore, to expect that we could use A' to construct
cylinder objects.

Proposition 3.29. Letting q : A' — % be the map to the terminal object. Then for all A € C the map
idRg¢g: AQA - A®«
is a weak equivalence,
AT A Ao Al

is a coftbration, and
ATA — AQA' — A= A®«

s the map id I1id.

In particular, it follows from this proposition that A ® A! is a cylinder object for A. (And, as we
mentioned earlier, this means that for a simplicial set K, K x Al is a cylinder object for K, implying that
simplicial homotopy is equivalent to the model category-theoretic homotopy.) Notice, too, that this means
that in a simplicial model category homotopic maps are simplicially homotopic, and vice versa, so that the
definition of simplicial homotopy is consistent with the model category definition of homotopy.

Proof. We follow [4]. Notice that the map A® — A! is an acyclic cofibration. Then by proposition 3.28 we
know that
ARA? 5= A Al

is a weak equivalence. Since the identity is also a weak equivalence, by MC1 we know that
id®q

must also be one.

The map AII A — A® Al is a cofibration using proposition 3.28, since AII A = A ® OAL.

Lastly we need to show that (1 ® q)d; = (1 ® q)dp = id. However, this is clear as this is A ® - applied to
the composition O9A! — Al — %, which is the fold map. O

We now state two dual statements that will be used to prove two restatements of Axiom SM7.
Proposition 3.30. Let C be a simplicial category and a model category.
1. Aziom SM7 holds if and only if for all cofibrations i : K — L € sSets and j : A — B € C, the map
(A L)llagx (B®K)— B® L
is a coftbration, which is acyclic if i or j is.
2. Aziom SM7 holds if and only if, for all fibrations q: K — L € sSets andp: X — Y € C, the map
Xt — XK @y YT
is a fibration, which is acyclic if q or p is.

Proof. We follow the proof in [4]. Notice that these statements are duals of one another, so we will only
prove the first; the second is shown analogously.
First, suppose that Axiom SM7 holds. Let ¢ : K — L € sSets and j : A — B € C. We want to show
that
(A® L)Magx (B K) — B® L

is a cofibration, and is acyclic if ¢ or j is. Let p: X — Y be a fibration. A diagram

(A L)Uagr (B®K) — X

B®L
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implies, by adjointness, a diagram

K > Hom (B, X)
e
L — HOl’nc(B,Y) XHomc(A,Y) Homc(B7Y)

in which a lift exists if 4 or j is acyclic, or if p is acyclic, so there is a lift in the first diagram, as well. In the
first case, we see that (A® L) gk (B® K) — B ® L must have been an acyclic cofibration (since p could
be any fibration); in the second, it will be a cofibration (as then p would have to be acyclic).

The other direction is done analogously, with the lift existing in the first diagram implying a lift in the
second one. O

Using the above proposition we can construct equivalent statements of Axiom SM7:
Theorem 3.31. Leti: K — L € sSets, and let p: X - Y € sC . Then the following are equivalent:
1. Aziom SM7

2. (Aziom SM7a)
XA” SN X@A Xy an Y@Aﬂ

is a fibration (and is acyclic if p is), and
)(Al — Xe Xye YAI
is an acyclic cofibration for e =0, 1.

3. (Aziom SM'7b)
(A® A™) Hagoar (B® O0A™) — B® A"

is a coftbration (and is acyclic if i is), and that
(A AY 1l g, (B®e) — B® A
is an acyclic cofibration for e =0, 1.

Proof. We follow [4]. We will prove that (1) is equivalent to (3) using the first part of proposition 3.30; the
proof that (1) is equivalent to (2) will follow analogously from the second part of the proposition.

First, notice that (1) clearly implies (3) by proposition 3.30. It suffices to show that (3) implies the
condition in proposition 3.30. Consider any cofibration ¢ : K — L € sSets. Since K is a colimit of a
diagram involving only A™’s; the condition

(A® A™) agoar (B®IOA™) — B A"
is a cofibration if j is implies that
(A® L) 4o (B®K) - B®L

is a cofibration that is trivial if j is.
The second condition follows because fibrations in simplicial sets can be defined as the maps having the
RLP with respect to the maps

(A'® OA™)II ({e} ® A™) — Al x A"

for e =0, 1.
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4 The Reedy Model Category Structure

In the previous section we saw that by taking advantage of the simplicial construction of sC, sC becomes
a simplicial category if C is complete and cocomplete. The natural next question to ask is whether sC can
inherit some kind of model category structure from C; ideally, this model category structure would also make
sC into a simplicial model category. The Reedy model category structure, which can be defined on sC for
any model category C makes sC into a model category. Also, although it does not make sC into a simplicial
model category under the standard construction, if C itself is a simplicial model category then the Reedy
structure inherits the simplicial structure from C that makes sC into a simplicial model category.

4.1 Definition of the Reedy Structure
First, a couple of definitions.

Definition 4.1. Let A, be the category of finite ordered sets of cardinality at most n + 1. Define s,C
to be the category of contravariant functors A?S] — C. The functor R, : sC — s,C composes a functor
X : A°"? — C with the inclusion A, — A.

We define the skeleton functor sk, to be the left adjoint to R,,, and the coskeleton functor ck, to be the
right adjoint to R,,. We define the n-th latching object L, X to be sk, _1(Rn—1X)n, and the n-th matching
object M, X to be ck,,—1(Rp—1X)n.

We first develop alternate, more computationally simple, definitions of the latching and matching objects.

Proposition 4.2.
L, X = lim Xj M,X = lim Xj.
[n]—[¥] (1] =[]
k<n ji<n
Proof. First, consider the case for the latching object. sk, _; is the left adjoint to the restriction functor, so
that
Hom(X, R,_1Y) = Hom(sk,_1 X,Y).

For k < n, this simply means that sk,,—1(X); = Xj;. In the n-th dimension this means that sk, _1(X), is
the object such that any map into a Y that commutes with degeneracy maps on dimensions less than n must
commute with degeneracy maps out of the n-th dimension. In particular, any map X — Y for all k < n
must extend to a map sk, _1(X), — Y, that commutes with the degeneracy maps. But this exactly means
that sk, _1(X),, is the colimit of all of the degeneracy maps out of X,,, subject to the constraints that define
degeneracy maps. In particular, it means that if we take D to be the category whose objects are maps in
A™ that will map to degeneracy maps, and whose morphisms are the commutative triangles between them,
L, X will be the colimit of the obvious functor D — C. This is exactly the definition given above.

The matching object case is done analogously. O

Notice that there are natural maps L, X — X,, and X,, — M, X, as there are maps X — X,, (for the
former) and X,, — X} (for the latter) with the face and degeneracy maps commuting properly.
We now use these constructions to define a model category structure on sC.

Definition 4.3. The Reedy model category structure on sC defines a map X — Y € sC to be a
e weak equivalence if for all n > 0 X,, — Y, is a weak equivalence.
o cofibration if for all n > 0, X,, lI; x L,Y — Y, is a cofibration.
o fibration if for all n > 0, X,, — Y, X, v M, X is a fibration.

It will be useful to have a more direct characterization for acyclic Reedy fibrations and cofibrations. It
turns out that such a characterization, completely analogous to the fibration and cofibration definitions,
exists.

Proposition 4.4.
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1. A Reedy fibration is acyclic if and only if
Xn — MnX XM, Y Yn
is an acyclic fibration for all n > 0.

2. A Reedy cofibration is acyclic if and only if
Xn HLnX LnY — Yn
is an acyclic cofibration for all n > 0.

Before we prove this, we will introduce generalized matching and latching objects, which will make it
possible to prove properties of Reedy fibrations and cofibrations by induction. For greater detail, see [4].

Proposition 4.5. Let K € sSets. Then the functor -®@ K : C — sC has a right adjoint My . For a fived X,
the map K — Mg X is a functor which has a left adjoint (and therefore preserves limits).

Proof. We know that
Homye(Z @ K, X) = Hom,e(Z, X5).

Thus, as for constant Z € sC, Homy¢(Z,Y) = Home(Z,Y)), we can define Mx X = (X%)y and satisfy the
adjointness condition.
In addition,

Home(Z, Mg X) = Homye (Z @ K, X)
= Homssets (K7 HomsC(27 X)) = Hom,getsor (HomsC(Z7 X), K),

so the left adjoint exists. O

Proposition 4.6. Let J be a small category with a functor F : J — A. The functor Ly : sC — C defined by

L;X =lmXoF
J

has a right adjoint.

Proof. Notice that Home(L X, Z) & Homes (X o F, Z) (where we consider Z to be a constant diagram).
But the right-hand side is equal to Home(X, F'Z), where F' is the Kan extension functor, so L;X does
have a right adjoint. U

Definition 4.7. The generalized matching object of X with respect to a simplicial set K is Mg X. The
generalized latching object of X with respect to a small category J is L;X.

The definitions of Mg X and L ;X quickly yield the following lemma:

Lemma 4.8.
MA’ILX g LAnX g Xn

Now we are ready to prove the characterization of acyclic Reedy fibrations and cofibrations.
Proof of proposition 4.4. We follow [4].

1. We define A™* to be the set d°’A™ U ---Ud*A™. Clearly, A"~ ! = @ and A™" = JA". Notice that
there is a pushout diagram of sets

Anfl,k: Anfl

_—

An,k An7k+1

25



Taking matching objects, we get a pullback square (where we denote Man,x by My, i)
Mn,kJrl I anl
Mn,kX e Mnfl,kX

which in turn yields the pullback square

1Y Mn,kJrlX anl

| |

Yo Xty Mp X —— Yo 1 X,y M1 6 X

Yn XM

n,k+

Now suppose that f : X — Y is an acyclic Reedy fibration. We will prove by induction that X, —
Y, X,y M, X is an acyclic fibration. When n = 0, this map is just Xo — Yp; this is a fibration
because f is a fibration, and a weak equivalence because f is a weak equivalence. Now suppose that
forall -1 <k<n-1

Xn—1 = Yno1 X,y y Mp—1xX

is an acyclic fibration. Then the right-hand side vertical map in (1) is an acyclic fibration, which means
that for all —1 < k <n — 1 we know that

Y, Xum My g1 X — Yy X, vy Mp o X

n,k+1

is an acyclic fibration. In particular, we get the following diagram:

Xn — Yo X1,y Mn,nX - Yo Xum

n,n n

~ ~J
n-1Y Mn,n—lX s Yn

The composition of all of these maps is f,, which we know is a weak equivalence because f is a weak
equivalence. Thus by the two-out-of-three axiom we see that X,, — Y, x s, v M, X must be an acyclic
fibration, as desired. This completes the induction.

Notice that this argument works in the reverse direction, as well. We use induction to get the analogous
diagram whose composition is f,, except that in this case every fibration will be a weak equivalence, so
that the composition will also be a weak equivalence. Thus f will be a weak equivalence and therefore
an acyclic Reedy fibration.

. This part is done analogously to the first part, except that partial latching objects are used instead of
partial matching objects.

O

Theorem 4.9. For any model category C, the above definitions give a model category structure on sC.

Proof. We follow [9]. We need to check the four model category axioms.

First, we know that a weak equivalence is simply a weak equivalence in every dimension. Since a map in
sC is simply a collection of maps in C that are composed dimensionwise, MC1 follows immediately from the
model category structure on C.

Checking that a retract of a weak equivalence, fibration, or cofibration is another such map is similarly
easy. For example, for the cofibration case it is a simple diagram chase to show that if f : X — Y is a
retract of g : X’ — Y, which is a cofibration, then for each n > 0 X, I}, x L,Y — Y, is a retract of
X, U x L,Y' — Y, which shows that f is also a cofibration. The other two cases are done similarly.

Now we will show that this satisfies MC3. Suppose that we have a diagram like this:

A— X

I
B—Y
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where either ¢ or p is acyclic. We will construct the lift degree-wise by induction. Restricting the above
diagram to degree 0, and noting that the definitions of (acyclic) fibrations and cofibrations means that in
the diagram

Ag — X,

of

By — Y,

ig and pg are a cofibration and a fibration, respectively, and one of them is acyclic. Thus a lift By — X
exists.

Now suppose that a lift £ : B — X exists up to degree n—1. By induction, for each map ¢ : [n] — [k] € A
(for k < n) we have a map B — X, defined by X (p)of. Therefore there is a map f : L, B — X,,. Similarly,
for each map [k] — [n] € A (for k < n) we have a map B,, — X}, given by £ o B(yp). Therefore there is a
map g : B, — M, X. Using these definitions, we have the following commutative diagram:

L,A— A,

Xn

B, Y, — M,Y

where the maps L,B — B, and X,, — M_,X are the canonical maps. By taking the pushouts of the
upper-left and lower-right corners of the diagram, we get the following:

L,BIj aA, Xn
q o
Bn Yn XMnY MnX

where i, and p. are a cofibration and a fibration, respectively, and one of them is acyclic (as these maps
are exactly the maps in the conditions for ¢ and p to be cofibrations/fibrations). Thus we see that a lift
B, — X, exists that makes this diagram commute. In particular, from its construction we see that it forms
a component of the lift B — X so that it now works up to degree n. Continuing, we see that we can make
a lift B — X that makes the original diagram commute, as desired.

Lastly we need to show MC4. We first construct the acyclic cofibration - fibration factorization. Consider
amap X — Y € sC. We construct the factorization inductively.

When n = 0 we simply factor Xy — Yj into

Xo ——=—— Z(0) Yo
Now suppose that we have a factorization
Rn_lX = Z(TL - 1) > Rn—1Y

(where in this diagram the cofibrations and fibrations mean that they satisfy the cofibration/fibration con-
dition up to dimension n — 1). Let 7, : $,C — s,_1C be the restriction functor. Then if we let 7* be the left
adjoint to r, and r' be the right adjoint to r,, we see that

P*Ry_1X = Rusk,_1 X  and  7'R,_1X = R,ckn_1X,
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since the image of r, in dimensions less than n will be the same as the image of R,, in dimensions less than n.
Now consider the morphism 7,7* Z(n—1) — Z(n—1). By adjointness it gives us a map r*Z(n—1) — r'Z(n—1)
so that the following diagram commutes:

Ry X — 17" Z(n—1) — 7' Z(n—1) — r'R,_1Y

| |

R, X » R,Y

Looking in just dimension n, we obtain

LoX — L,Z(n—1) — M,Z(n—1) — M,Y

| |

X - Y,

Note that, since L, X and M, Y only depend on R,,_1X and R, _1Y, respectively, from our original factor-
ization we get a map L,Z(n—1) — L,Y — Y, and a map X,, —» M,X — M,Z(n — 1) that make the
diagram commute. In particular, this means that in the above diagram we get a map in C from the pushout
of the left-hand side to the pullback of the right-hand side,

Xn HLnX LTLZ(TL - 1)

MnZ(n — 1) XM,LY Yn

Factor this map as

X, HLnX LnZ(TL—l)  ~ 7 > MnZ(n—l) XM, Y Y,

Define Z(n) by Z(n)r = Z(n — 1) for k < n, and Z(n), = Z'. Notice that the only thing we need to check
is that in the map

R, X = Z(n) - R,)Y
the face and degeneracy maps between the n-th and n — 1-st dimensions work properly. (The cofibra-
tion/fibration conditions work from the definition of Z’.) However, from the same argument as in MC3, we
see that because the maps L,Z — Z' — M, Z work correctly, and because the face and degeneracy maps
work correctly with relation to X,, and Y,,, this will in fact be a morphism in s,C.

Thus if we define Z,, = Z(n),, we will have a factorization

Xe——>~ .7 - Y

Notice that the cofibration-acyclic fibration factorization proof works completely analogously, with only
the change that each factorization in C must be a factorization into a cofibration followed by an acyclic
fibration. So we are done. O

4.2 Example: sChir and Double Chain Complexes

We construct the model category structure on sChpg. Since this category is equivalent to double chain
complexes over R (as we can see by normalizing the simplicial groups in each dimension) the equivalence
gives us a model category structure on double chain complexes. When discussing simplicial chain complexes
we will picture a simplicial chain complex as a lattice in the first quadrant, where every column is a chain
complex and the i-th row represents the i-th dimension of every chain complex in the simplicial chain
complex. Thus an element of sChp, is a lattice of modules, where every row forms a simplicial module over
R and every column forms a chain complex over R.
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4.2.1 sChg
We will first develop some results about latching and matching objects in this category.

Proposition 4.10. Let X € sChg. We define

n—1
X, = @ 8 Xn—1,
1=0

the module of degenerate simplices in X,,. Then L, X = )?n

Proof. We know that L, X = sk,_1(X),. The sk,_; functor is the left adjoint to the restriction functor
from sChpg to s,—1Chg. In particular, notice that sk, _1(X) merely removes all nondegenerate simplices
from the set Xy, for k£ > n—1. Thus in the n-th dimension it will have exactly all of the degenerate simplices,
which are exactly the images of X,,_; in X. Thus L, X = X,,, as desired. O

Proposition 4.11. Let X € sChg. Let PA™ be the category whose objects are the elements of the sets
in the simplicial set OA™, and whose morphisms are the maps d; and s;. We define Maps(OA™, X) to be
Hom(R,_1(0A™),R,_1X). Then

M, X = Maps(0A™, X).

Proof. We know that M, X = ck,,_1(X),. ck,—1 is the right adjoint to the restriction functor; in particular,
this means that ck,_1(X) is the smallest module which is consistent with any simplicial chain complex that
can map into the restriction to the lowest n dimensions of X. In the n-th dimension, this means that we
must have enough objects so that they are consistent with 0A™’s that are mapping into X from simplices in
the other complex. However, this is exactly the definition above: we need an object for every possible map
of a OA™ into X. O

We now consider the Reedy model category structure on sChp. First, the weak equivalences are clearly
dimensionwise weak equivalences; thus they are the maps that are isomorphisms in vertical homology. Now
consider the fibrations. We know that a map f : X — Y is a fibration if the map X,, — M, X xXu,v Yo
is a fibration in Chg for each n > 0. Notice that since fibrations are epimorphisms we can consider each
chain complex dimensionwise. In particular, we can look at the simplicial groups X, and Y, that consist
only of the k-th dimension elements of each chain complex. In order for f to be a fibration we need
(Xi)n — Ma(X}) X, vy (Yy)n to be an epimorphism for all n and & > 0.

M, X; = Maps(0A", X)) and M,Y, = Maps(0A",Y}). We will write the element of M, X; that comes
from an element z of X}, by Z. In particular, we know that

MnX]Iq X]W,LY,; (Y]é)n = {(3/79) | g e Maps(aA”,X,;),ﬂz fng}

The map that we are considering is the pullback of two maps: f, and ~. Thus in particular the image in
My X} X, y; (Yi)n s going to be of the form

{(, )|y = fu7}.

In order for this to be a fibration it needs to be an epimorphism. In particular, every ¢ € Maps(OA™, X}.)
s.t. there is a y s.t. ¥ = fre must have some z such that * = . Thus all cycles in homology which are
boundaries in (Y}),, and are in the image of f,, must also be boundaries in (X},),,. Then we have a lifting in
every diagram of simplicial sets

DA™ — X,

f |7

N

implying that f, is an acyclic fibration of simplicial sets. In particular, we see that a map f is a fibration
in sChp if it is an acyclic fibration of simplicial sets on each “row”. Since a fibration of simplicial groups is
simply a surjective map, the fibrations are the surjective maps that are isomorphisms in horizontal homotopy
in all but the first row.
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4.2.2 Double Chain Complexes

Now we will translate the above model category structure to the category of double chain complexes, dChp.
A double chain complex X is a set modules indexed by pairs (m,n) with m,n > 0 with maps d, , : X —
Xm—1,n and d}n)n : Xmn — X n—1 wherever these are well-defined, with the property that

Qi ad, = db i

m,n m—1,n"m,n*

The functor sChpg
rightarrowdChpg acts by normalizing each row.

After the normalization, the class of weak equivalences does not change: these are the weak equivalences
in vertical homology. The fibrations were acyclic fibrations on each row. As we saw in the proof of proposition
3.18, the homotopy groups of a simplicial abelian group map to homology groups in the chain complex. Thus
we see that the condition for a map being a Reedy fibration in dChp, is that it is an acyclic fibration in each
row: it needs to be a surjective isomorphism in homology in each row.

Thus we get the following Reedy model category structure on dChg. A map is

e a weak equivalence if it is an isomorphism in vertical homology,
e a fibration if it is surjective and an isomorphism in horizontal homology above the first row, and

e a cofibration if it has the left lifting property with respect to the acyclic fibrations.

4.3 Simplicial Structure

We now consider the question of a simplicial structure on sC that would make it into a simplicial model
category with the associated Reedy model category structure.

First, suppose that C is in fact a simplicial model category. Then we can construct a simplicial structure
on sC by simply “inheriting” the structure of C: we define

(XOK), = X;0K  (X¥),=XK  Hom,(X,Y), = Hom, (X @ A" Y),

where ® is the the product that we are defining, distinguished from the ® that is implied by theorem 3.24
because the category is simplicial objects over C.

Proposition 4.12. The above structure makes sC into a simplicial model category.
Proof. We follow [4]. We want to show that for any fibration g,
XA 5 XA xoan Y,
is a fibration that is acyclic if ¢ is, and also that
XA X xye YA

is an acyclic fibration for e = 0, 1.
Let Z = X92" xyoan Y,. A map X — Z is a fibration if, for all n, X,, — M, X X M, z Zn is a fibration.
This map is a fibration if ¢ is, and is acyclic if ¢ is. Thus we want to show that

Xm — MmX XMmnZ Zm
is a fibration for all m. Expanding Z, we see that we want to show that

oA"

XA" = My (X)A" x n (X2 xyoan Yy)
m m M, (X)0A XMm(Y)aA"M""Y” Yyoa n)m

is a fibration for all m.
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To do this it suffices to show that M, (YX) = M, (Y)X, as the rest follows from the fact that this will
be a pullback of fibrations. This is true because we have that for any A € C
Home (A, M, (Y5)) = Homu(A®IA™, YF) = Home((A® OA™)BK,Y)
Hom,e ((ARK) ® OA™,Y) = Hom,e (ADK, M,Y)
Home (A, (M,Y)"),

1%

Il

where the second line follows because
@ @ A
(A® OA™MBK),, = ]_[A ®K~]_[A®K (ARK) ® OA™.

O

This is called the internal simplicial model category structure on sC.

Notice, however, that the standard simplicial structure on sC does not turn sC into a simplicial model
category with the Reedy model category structure. In particular, consider the map id®dy : ZQA? — Z@A!L
For this to be an acyclic cofibration we need

(Z @ A% Uy, (zon0) Ln(Z @ AY) = (Z @ AY),
to be an acyclic cofibration. In the case n = 0 this is
Z —(Z1U2Z).
If Z is cofibrant this will be a cofibration but not, in general, an acyclic one.
However, we do have the following proposition:
Proposition 4.13. Let j: K — L € sSets be a cofibration.
1. Ifi: A— B € sC is a Reedy cofibration then
(X@L)lixgr (YO K) —Y®L
is a Reedy cofibration which is acyclic if i is acyclic.
2. If p: X =Y € sC is a Reedy fibration then
X XK xyx YE
if a Reedy fibration which is acyclic if p is acyclic.

Proof. First, notice that these two statements are adjoint to one another. We will present the proof of the
first; the second is proven analogously.
Notice that as L, K is the degenerate simplices in K, (by the analogous argument to 4.10), we can easily
see that
LyXeK)= [] L.X.
keL, K
Thus we can compute that

(X ® Lllxex Y ® K), <HX>HH Xn(]_[ Yn>: I x.u]] v

LeLy, keEK, EELW,\Kn keEK,
and
Ly = :
(X®Lllxgx Y @ K) = <]_[ L X) Uy oo ( 11 LnY> I z.xu J] L.v
teLnL k€L, K €L, L\L, K €L, K

Thus in particular we see that the condition for the map X @ Lllxgx Y ® K — Y ® L to be an (acyclic)
cofibration is equivalent the condition for f to be an (acyclic) cofibration. Thus we see that if f is an (acyclic)
cofibration, then this map will be, too, as desired. O
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5 The E? Model Category Structure

In the previous section, we constructed a model category structure on sC that was related to the model
category structure on C, but with one major flaw: with the standard simplicial structure on sC it did not
impose a simplicial model category structure on sC. To solve this problem we construct another model
category structure on sC that is consistent with the simplicial structure; this structure is the E? model
catgory structure, first introduced by Dwyer, Kan, and Stover in [2]. Unfortunately this structure is not as
general as the Reedy model category structure, and requires several extra conditions on C.

5.1 Definition of the E? Structure

Definition 5.1. We define a pointed model category C, to be a model category in which the initial and
terminal objects are equal.

In this section, we require C. to be pointed, complete, cocomplete, and have every object fibrant.

Recall that in topological spaces, a weak equivalence is a map that is an isomorphism for all homotopy
groups, meaning the homotopy classes of maps from spheres into the space. In constructing the E? model
category structure we first construct an analogue of spheres that we will base our model category structure
on.

Definition 5.2. A cofibrant cogrouplike object is a cofibrant object M, together with a homotopy class of
maps M — M II M, such that this class imposes a group structure on [M,Y] for any Y € C..

The n-th suspension object "M of M is defined as follows. XM = M. Given X" M and a factorization
of ¥"M — x into "M < CL"M —S» x we define X" M through the following pushout:

"M —— CYX"M

.

CY"M < "1

Notice that in the case of topological spaces, if we let M = S! then X" M = S"*! and CE"M = D"*2, the
cone on X" M. The following lemma, easily follows from the definition; it is an important way of constructing
infinitely many cofibrant cogrouplike objects.

Lemma 5.3. If L is cofibrant then XL is a cofibrant cogrouplike object.
Corollary 5.4. If M is a cofibrant cogrouplike object, then so is ¥ M for all j > 0.

Definition 5.5. The E? model category structure on a category sC, is given by the following. A map
X —Yin sC, is a

e weak equivalence if for each j > 0 the induced map of simplicial groups [L/M, X] — [S/M,Y] is a
weak equivalence of simplicial groups (i.e. it is a weak equivalence of the underlying simplicial sets).
(The simplicial groups are formed by taking, for each n, [%/M, X,,] € C, and then using the induced
maps X, — X,,_1 and X,, — X,,+1 to construct these into a simplicial group.)

e cofibration if it is a retract of an M-free map. A map X — Y is M-free if for each n > 0 there exists a
cofibrant Z,, € C, and an index multiset I,, C Z such that Z,, — Wier, Y'M and a map Z, — Y, such
that

(X, Uy, xL,Y)I1Z,—Y,

is an acyclic cofibration.

e fibration if it is a Reedy fibration and for every j > 0 the map [¥/M, X] — [%/M,Y] is a fibration of
simplicial groups (i.e. is a fibration of the underlying simplicial sets).

Although this definition is not obviously related to the Reedy model category structure, there are several
important connections:
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Proposition 5.6.

1.
2.

The set of E? weak equivalences contains the Reedy weak equivalences.

The set of Reedy cofibrations contains the set of E? cofibrations. The set of E? acyclic cofibrations
contains the set of acyclic Reedy cofibrations.

The set of E? fibrant objects contains the set of Reedy fibrant objects. The set of acyclic E? fibrations
contains the set of acyclic Reedy fibrations.

Proof.

1.

3.

Let f: X — Y be a Reedy weak equivalence, so f, is a weak equivalence for all n. By definition, a
weak equivalence is something that induces isomorphisms on homotopy groups in C. Thus when we
have a map of simplicial groups

e [YM, X ] — [YM, X — [STM, X ] — -

fnt10 fnol fn—lol
T [Ejnyn-‘rl] - [EJMy)/TL] - [Z]Ma Yn—l] —_—

each of the vertical maps is an isomorphism. Since each vertical map is an isomorphism, we must have
an isomorphism in simplicial homotopy for all n, so that we see that f is also an E? weak equivalence,
as desired.

Let i : X — Y be an E? cofibration; we will show that it is also a Reedy cofibration. Note that it
suffices to show that any M-free map is a Reedy cofibration, since Reedy cofibrations are closed under
retracts. Since X — Y is an M-free map that means that there exist Z, such that h is an acyclic
cofibration.

o< - Zn ~ [ =M

l i€l,
g

Xn HL,,LX LnY\(—> (Xn HLnX LnY) IT Zn

ey

In order for ¢ to be a Reedy cofibration we need to show that the dashed map is a Reedy cofibration.
Notice that g is a cofibration as it is the pushout of a cofibration; thus the dashed map is the composition
of two cofibrations, and is therefore a cofibration. Thus ¢ is a Reedy cofibration, as desired.

Now consider an Reedy acyclic cofibration f : X — Y; we want to show that it is an E? acyclic
cofibration. Note that since we already showed that any Reedy weak equivalence is an E? weak
equivalence, it suffices to show that this is an E? cofibration. Let Z, = & (which is cofibrant, as any
isomorphism is a cofibration). Then we have the following diagram:

g9
Xn HL,,,X LnY > Xn HLnX LnY [SaS Yn

where the map to Y, is an acyclic cofibration by the definition of a Reedy acyclic cofibration. Thus f
is an E? cofibration, and therefore an E? acyclic cofibration, as desired.

Suppose that we have a Reedy fibrant object X. In order for it to be E? fibrant it suffices to show that
[$IM, X] — [XI M, «] is a fibration of simplicial groups for all j. Since [¥7M, «] is a trivial group for
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all j all that is necessary is to show that [X7 M, X] is a fibrant simplicial group. However, all simplicial
groups are fibrant, so X is also E? fibrant.

Lastly, we want to show that a Reedy acyclic fibration is also an E? acyclic fibration. Once again,
we know that any Reedy weak equivalence is an E? weak equivalence, so it suffices to show that any
Reedy acyclic fibration is an E? fibration. But in particular we know that any Reedy weak equivalence
is an isomorphism on [¥/ M, X] — [%7M, Y], so we see that it will be a fibration of simplicial groups.
Thus any Reedy acyclic fibration is an E? acyclic fibration, as desired.

O

Before we go on to the proof that this structure induces a simplicial model category structure on sC we
will prove a statement about simplicially homotopic maps.

Proposition 5.7. Suppose that f,g: X — Y are in the same connected component in Hom(X,Y). Then
if f is an E? equivalence then so is g.

Proof. Tt suffices to show this for simplicially homotopic maps. A simplicial homotopy between maps f
and g can be viewed as a set of combinatorial data relating f, and g,. In particular, when we apply
the functor [¥/M, ] to the maps the combinatorial data still holds. This means that the induced maps
50" [¥M, X] — [XIM,Y] are also simplicially homotopic. But since simplicial sets are a model category
this means that f* and g* are homotopic. Since f* induces an isomorphism of simplicial groups, so does g*,
and therefore g must also be an E? weak equivalence. O

Corollary 5.8. For any map AP — A? € sSets and any X € sC, the induced map X @ AP — X @ A? € sC
is an E? weak equivalence.

Proof. Notice that if K — L is a simplicial homotopy equivalence in sSets then the induced map X @ K —
X ® L must also be a simplicial homotopy equivalence, as the combinatorial data stored in the homotopy
equivalence is preserved after applying the functor X ® -. Therefore X ® K — X ® L is an E? weak
equivalence.

We know that A® — AP is a simplicial homotopy equivalence. Then in the triangle

X o A°
¢/ \Q

< N
X ® AP X ® A

the two diagonal maps are E? weak equivalences. But then by MC1 we know that X ® AP — X ® AY must
also be an E? weak equivalence, as desired. O

Now we are going to prove the main result of this section: that the model category structure defined
above is indeed a model category structure, and that this structure is compatible with the simplicial structure
on sC.

First, a few lemmas that will be used in the proof of the model category structure. In particular, we will
first prove two lemmas constructing factorizations of arbitrary maps in sC.

Lemma 5.9. We can factor any map into an acyclic E? cofibration that has the left lifting property with
respect to all E? fibrations followed by a map which induces a fibration of simplicial groups.

Proof. We follow [2]. Consider the map ¢; : /M @ A — $IM @ A", induced by A® — A", the inclusion
of the 0-th vertex into the n-simplex. We let

P(j,n)=CSMIl,, S'M @ A",

Then for any Y € sC, we can define

py= J[ PG.n)

(4,m,a,b)
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where ¢ : C¥'M — Yy and b : XM — Y, are maps in C, such that the inclusion of Z7M into CX7 M
followed by a is equal to b restricted to the O-th vertex.

Consider the map * — PY’; we will show that this map is an acyclic E? cofibration that has the left lifting
property with respect to all E? fibrations. Note that it suffices to show all of these for each P(j,n), since PY is
simply a coproduct of all P(j,n). P(j,n) is defined as the pushout of S/ M @A™ & SIM QA — CYI M@ AL.
Note that the map ¥/ M @ A™ — P(j,n) will be an E? cofibration, as it is the pushout of an E? cofibration.
Since ¥/ M ® A™ is cofibrant we see that P(j,n) must also be cofibrant. The map CX/M @ A® — P(j,n)
is a simplicial homotopy equivalence, as it is the cobase change of the simplicial homotopy equivalence
YM ® A — ¥Im ® A™. In order to show that this map has the LLP with respect to the E? fibrations it
suffices to show that the maps * — /M ® A" and * — OX/ M ® A® have this property. Let X — Y be an
E? fibration. The following two diagrams show this,

X YYMgA"

DN

SIM @ AR5 CYM @A — X
’ ~

|- | 5

YM®A" — Y * Y

as the liftings that are obtained in the diagrams using the maps /M ® A} — %7/ M @ A™ (where the diagram
on the right is simply the case n = 0) clearly make the desired squares commute. Thus x — PY is a map as
desired.

Now consider the map ¢ : PY — Y given by a and b on each of the P(j,n) in the coproduct. This
map induces, for each j > 0, a fibration of simplicial groups [¥/M, PY] — [¥/M,Y]. Consider any map
f:XIM,— Y,,. This map is the index is in the index of some copy of P(j,m), so there is a map >/M — PY
that is mapped onto f. Analogously, for any map C¥/M — Y there also exists a lift C¥/M — PY. Thus
the map [¥/ M, PY] — [£7M, Y] is onto, so it is a fibration of simplicial groups (by corollary 3.17).

Now we can factor the map * — Y into an acyclic E? cofibration that has the left-lifting property with
respect to all E? fibrations, followed by a map which induces a fibration on all simplicial groups. Thus if we
have a map f: X — Y € sC, then

l g l I
X o~ xupy 112y

where g is an acyclic E? cofibration because it is the pushout of an acyclic E? cofibration (and therefore
also has the LLP with respect to all E? fibrations), and f II ¢ induces a fibration of simplicial groups
[YLIM, X I PY] — [Y7M,Y], as desired. O

Lemma 5.10. We can factor any map X — Y € sCy as an E? cofibration X — Y followed by a map
Y — Y that induces an acyclic fibration on the simplicial groups [/ M,Y]| — [/ M,Y].

Proof. We follow [2]. We will first prove the above statement for constant simplicial complexes. Then we
will use a diagonal argument to show that we can extend this to all simplicial objects.

In this section, we write 7; for the inclusion of YJM in C¥IM. We construct a functor V : C — C by
defining VX to be the pushout

H H (ST M)pr, — H H (CLIM)),

j=>0 heHom(CXiM,X) 720 h€eHom(CXiM,X)
' '
1T 11 (X9 M) - VX

§>0 feHom(S9 M,X)
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Now consider a map A — B between constant simplicial objects; we will factor this map as A — W B,
where W, is a non-constant simplicial object.

We will now define a functor W : (A | C) — (A | C). For amap A — X, define WX = AIIVX. Let
€ : WX — X be the natural map that sends a component (/M) of VX into X by f, (CX/M);, into X
by h, and A into X by the map A — X. Let 8: WX — W2X be the natural map that sends ($/M); into

the copy of X/ M that is indexed by the inclusion S/ M % V2X, (C¥I M)y, into the copy of C¥/ M that is

indexed by the inclusion C’E]M 2, V2X, and A into itself. Then (W €, 3) forms a cotriple. Thus - we can
define a simplicial object W by W = W"*!B; we claim that A — W is an B2 cofibration, and that W —B
is an E? weak equivalence.

First we look at the map A — W. Consider VX. We can select a factor in the coproduct forming this
by choosing, for each map f € Hom(X%/ M, X) for which there exists an h € Hom(CY/ M, X) with hr = f
exactly one h € Hom(C'¥/ M, X) that satisfies this equation. Then this subcomplex will be weakly equivalent
to x, while the quotient of VX by this subcomplex will be weakly equivalent to a coproduct of ¥ M’s. Since
VWn 1 has the homotopy type of a coproduct of ¥ M’s, we can let Z,, = VWn 1 in the definition of an
E? cofibration. We need to show A - Wn is an acyclic Reedy cofibration. However, since A is constant,
L,A = A and therefore A, Iy, 4 L, W= L, W so it suffices to show is that L, il VWho1 — Wn is an
acyclic cofibration. From an argument analogous to the argument in section 4.2, we see that Ly, is a term in
the coproduct forming W, consisting of all of the maps that can factor through W,,_;. Using a an analogous
argument to that found in ([10], section 2) we see that this map will be an E? cofibration.

Now consider the map W — B. We want to show that for all j > 0 [S9M, W] — [S7M, B] is a weak
equivalence of simplicial groups. Notice that the higher homotopy groups of [¥7M, B] are all trivial, as the
maps between dimensions are the identity. Analogously to the argument given in ([10], section 2) we see
that if there is a map f : 39 M — W, which has d; f = 0 for all i < n there will be a map ¢ : S/ M — W41
such that d; f = 0 for i <n and d,, .19 = f. In particular, this means that 7;[%7 M, /W] = 0 is trivial, so that
the map above will, in fact, be a weak equivalence of simplicial groups.

So now we have constructed a factorization A — W — B of any map A — B between constant objects
in sC into an E? cofibration followed by an E? weak equivalence. We will use this to show that we can factor
any map between X,Y € sC into an E? cofibration followed by a map which induces an acyclic fibration of
simplicial groups -

[¥ M, diag W] — [¥ M, Y].

We know that we can factor X,, — Y,, into a map X,, — WX,L — Y, with X — Z an E? cofibration and
7 — Y an E? weak equivalence. This means that given a map X — Y € sC. we have a factorization of
double simplicial complexes X — WX — Y where the double simplicial complexes X and Y are constant
in one direction. We know that for maps in that direction the factorization is into a E? cofibration followed
by a weak equivalence. .

Now we define a complex Z with Z,, = (WX,), (so we restrict to the diagonal in the above double
complexes). We claim that the factorization X — Z — Y € sC, will have the first map an E? cofibration
and the second induce an acyclic fibration of simplicial groups [%/M, Z] — [%/M,Y]. The first map is
clearly an E? cofibration because the condition for X,, — WXW, to be an E? cofibration will be independent
of X, and will be dependent on lower dimensions of Z only by the latching object, which will be dependent
only on the diagonal. The second map induces a fibration of simplicial groups by construction, as any map
YM — Y will appear in Z by construction. It will also induce a weak equivalence of groups by the result
of [8]. Thus the second map induces an acyclic fibration of simplicial groups, as desired. O

Now we are ready to prove the main theorem of this section.

Theorem 5.11. The E? model category structure given above induces a simplicial model category structure
on SCi.

Proof. We need to check the model category axioms for this structure.

The first two axioms are easy. MC1 is clear from MC1 in simplicial groups. MC2 is clear from MC2 of
C, the Reedy model category structure, and MC2 in simplicial groups.

We will now construct factorizations to satisfy MC4. For the acyclic cofibration-fibration factorization,
we use lemma 5.9 to factor the map X — Y into an acyclic E? cofibration followed by a map which induces
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a fibration on [X/M, X] — [X/M,Y]. Factor the latter map into a acyclic Reedy cofibration followed by a
Reedy fibration. The fibration must induce a fibration on simplicial groups. Thus we have the following
diagram:

i
)? C— )? !
/ \ lp
X Y
where i is an acyclic E? cofibration because every Reedy acyclic cofibration is an acyclic E? cofibration, and

where p is an E? fibration because it is a Reedy fibration that induces a fibration [%7M, X'] — [£9M,Y].
Thus we have a factorization

X2 X' — Y
as desired.
In order to construct the cofibration-acyclic fibration factorization, we do the analogous argument using

lemma 5.10 as the initial factorization.
Lastly we consider MC3. Suppose that we have a diagram

A— X

S
B——Y
We want to show that there is a lift B — X. First, notice that from the definitions of E? cofibration and

Reedy fibration, and the fact that C is a model category, there is a lift in the 0-th dimension. Consider the
following diagram:

skoA — -+ —> sk, A — sk, 44— -+ X
’io lzn lin+l zlp
skoB — -+ — sk, B — sk, 1B — -+ Y

If, given a lift sk,, B — X we can construct a lift sk, 1B — X that is consistent with the previous lift, we
will be able to take the colimit of the left-hand side of the diagram and construct a lift B — X that will
make the diagram commute. This is equivalent to getting a lift for the map

skp+1A4 gk, 4 sknB — sky41B.

Below the n + 1-st dimension this is an isomorphism; in the n 4 1-st dimension this is exactly An41 7, 4
Lyp+1B — B,11. Consider the diagram

(An+1 HLnJrlA Ln+1B) I Zn+1 Xn+1

| l

Bn+1 Mn+1X XMnJrlY YnJrl

where the right-hand vertical map is an E? fibration because X — Y is a Reedy fibration. We know that
a lift exists in this diagram. In particular, this means that a lift exists in the original diagram, by similar
arguments as when we constructed lifts in theorem 4.9. So we have completed the induction, as desired.

Now consider a diagram with an acyclic E? cofibration i and an E? fibration p. We factor i into an
acyclic E? cofibration ¢ followed by an acyclic Reedy cofibration ¢’ and an E? fibration p’ as we did in the
proof of MC4 above. By MC1 p’ must be acyclic. Thus we have the following diagram:

g _ ¢ _ ¥
A, A L A S5 B
Reedy
X - Y
p
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Notice that ¢ has the RLP with respect to all E? fibrations by construction, and ¢’ has the RLP with respect
to all E? fibrations because it is an acyclic Reedy cofibration, and these have the LLP with respect to all
Reedy fibrations (and therefore with respect to all E? fibrations). Thus it suffices to show that i is a retract
of qq’, as _this will imply that ¢ must also have the LLP with respect to the E? fibrations. Notice that in
A A

{ le there is a lift h : B — A’ that makes the diagram commute. But this means that we can

B B ) .
construct the following diagram

A=——A=—=A

2{7, 4K}
p

B—»A/—$>B

where ph = idpg, so i is a retract of qq’, as desired.
Now it only remains to prove that this structure makes sC, into a simplicial model category. In order to
do this we first prove two lemmas:

Lemma 5.12. Any E? cofibration is a retract of a composition gh, where g is an acyclic Reedy cofibration
and h is “strongly M-free”, where a map X — Y 1is “strongly M-free” if for each n > 0 there is a Z,
weakly equivalent to a coproduct of X9 M ’s with a map Z, — Y, such that (X, Uy, x L,Y)I1Z, =Y, is an
isomorphism.

Proof. Consider an E? cofibration X — Y. We can factor this into an E? cofibration followed by a map that
induces an acyclic fibration on simplicial groups [/ M, X] — [£/M,Y], as in proposition 5.10. Factor this
second map into an acyclic Reedy cofibration followed by a Reedy fibration. By MC1 the Reedy fibration
must be an acyclic E? fibration. Thus we have a diagram

__ Reedy
X W=, X

2=

However, by MC3, this means that we have a lift ¥ — X '+ in particular, this means that X — Y is a retract
of X — X'. Note that by construction the map X — W is strongly M-free. So we are done. O

Lemma 5.13. Any acyclic E* cofibration is a retract of a composition fgh, where f and h are acyclic Reedy
cofibrations and g is a homotopy equivalence.

Proof. We can factor any map X — Y into an acyclic E? cofibration X — X II PY followed by a map
X I PY — Y that induces a fibration of simplicial groups as in 5.9. Notice that the map X — X II PY can
be factored into a map X — X II D — X IT PY where D is the coproduct over all pairs (a,b,n,j) (as in the
definition of PY') of CX/M @ A®. Then we have a diagram

Reedy
X—~.xup-% xupry

L

Notice that if we factor the map X I PY — Y into an acyclic Reedy cofibration X IT PY — Y~ followed by a
Reedy fibration (which will be an E? fibration) Y’ — Y there will be a lift Y — Y” that means that X — Y
is a retract of X — Y’. But X — Y” is a composition of exactly the right form (as X 11D — XIT PY is a a
simplicial homotopy equivalence since it is the cobase change of a simplicial homotopy equivalence), so we
are done. O
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Leti: K — L € sSets and f: X — Y € sC. We will denote the induced map
XQLlxgrg YK —Y QL

by f ®i.
We are going to show that SM7b holds. If f ® i is an E? cofibration then every diagram

X@Lllxog Y ®K — E
f®il le
Y@L B

has a lift. By adjointness, this means that f must have the LLP with respect to all maps

X EL

1

Y — XK xyx YE

(with the obvious modification if we want f ® i to be acyclic). Thus in particular notice that if we can show
that a composition of maps satisfies these lifting properties, then the map itself does.

First, suppose that f is an E? cofibration. We know that we can write f as a composition gh with g
an acyclic Reedy cofibration and h a strongly M-free map. Notice that since p is a Reedy fibration, from
proposition 4.13 we know that p’ is a Reedy fibration, and that therefore g, the acyclic Reedy cofibration,
has the left lifting property with respect to it. Thus it remains to show that this holds for a strongly M-free
map. We know that the map

(X, U, x L, Y)1Z, — Y,

is an isomorphism. Consider the following diagram, analogous to the diagram we considered in the proof of
MC3:

skoX — -+ —> sk, X — sk 1 X — -+ F
ho l hn lhm-l P l
sk — -+ — sk, Y — sk, Y — -+ B
By analogous reasoning we can reduce this problem to the problem of constructing a lift for the map

Skn+1X Hsk"X SknY — Skn+1Y.

Below the n + 1-st dimension these maps are isomorphisms, so the lift exists by assumption. At the n 4 1-st
dimension this is exactly the map

Xn+1 HLn_HX Ln+1Y — Yn+1-

Since Y11 & (Xp41 Oz, x L,+1Y) Il Z, 11, this map is the cobase change of the map * — Z,11 ®
A"TL/9A"TL, Thus it suffices to show that

(Zn+1 ®An+1/aAn+1) QK — (Zn+1 ®An+1/aAn+1) ® L

is an E? cofibration, which is acyclic if 7 is. Note that this map is clearly an E? cofibration, since it is a
coproduct of Z,1’s going to a coproduct of Z, 1’s. If i is one of the maps A” — Al (the only acyclic
cofibrations we need to check to show SM7b) it is an E? weak equivalence by corollary 5.8. Thus f ®1 is an
(acyclic) E? cofibration, as desired.

Now it remains to show that f ® i is an E? weak equivalence if f is an acyclic E? cofibration. We know
that we can factor f into fogh where fy and h are acyclic Reedy cofibrations, and g is a simplicial homotopy
equivalence. Thus it suffices to show that a lift exists in the above diagram for g, which clearly works since
it is a simplicial homotopy equivalence. So we are done. O
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Notice that the above theorem shows that it is possible to slightly modify the Reedy model category
structure, in particular by making the class of weak equivalences larger, that makes sC, into a simplicial
model category. However, this structure has many more limitations than the Reedy model category structure:
we needed C to be pointed, to have arbitrary limits and colimits, and for all objects to be fibrant.

However, these conditions are not as strong as they seem at first glance. They work for simplicial
topological spaces, for example, and they also work for the example that we have been looking at: simplicial
objects over Chg.

5.2 Example: sChi and Double Chain Complexes

Notice that in Chg everything is fibrant (since fibrations are surjections, and any map to the trivial chain
complex is a surjection). Chpg is pointed, as the chain complex with only trivial modules has exactly one
map into and from every other chain complex. In addition, as the category of modules over R has arbitrary
limits and colimits, Chpr will also have arbitrary limits and colimits. Thus we see that there exists an E?
model category structure on sChpg, and thus also on the category of double chain complexes.

First, we need to choose a cofibrant cogrouplike object M that will be the basis for the E2 model category
structure. Notice that, in sTop,, if M = S* then ¥/ M = S9+! and [¥/M, X] = 7;(X); in particular, the
weak equivalences are the ones that are weak equivalences on the simplicial groups 7;(X) for each j. With
this motivation we want to choose an M that is analogous to S': a cycle in the 1-st dimension, where each
suspension will simply make the cycle a dimension higher.

Proposition 5.14. The chain complex M with R in the 1-st dimension and 0 in all others, along with the
homotopy class of the diagonal map 7 : M — M & M is a cofibrant cogrouplike object.

In this section we will only construct one type of homotopy between maps M — X. Since M is cofibrant
and X is fibrant, this will be enough to show that two maps are homotopic.
Before proving the proposition, we prove a lemma.

Lemma 5.15. Let f, f' : M — X be two maps, and let 0,0’ be the cycles they pick out in Xy. Then f ~ f’
if and only if [o] = [0/] in H1(X).

Proof. Suppose that f ~ f’; that means that we have a cylinder object M x I such that the following
diagram commutes:

M x T
— MM —+
doid O o

First, consider the left triangle. The vertical map from M @ M picks out two cycles in M x I. Since the
composition with the weak equivalence on the left is an isomorphism in homology, and the two cycles map
to the same cycle in M, they must have been homologous in M x I. In particular, this means that ¢ and o’
must be homologous in X.

Now suppose that [0] = [0’]. This means that there is a 7 € X5 such that dr = o —o’. Let M x I be a
chain complex with R@® R in the first dimension, and R in the second; the image of the second dimension is
the difference of the two generators in the first; this clearly defines a cylinder object, where the map into the
cylinder object maps the two cycles in M @& M into different generators. Map the generator of the second
dimension of M into 7. This construction produces a left homotopy equivalence between f and f’. O

Proof of proposition. First, note that M is clearly cofibrant, as it is a free module over R. Thus it suffices
to show that 7 induces a group structure on [M,Y] for all Y € Chg. This group structure is defined by

[f1 19l = [(f & 9)7]-

Notice that the definition of the operation on [M,Y] is simply addition of cycles in Hy. In particular,
from lemma 5.15 we see that replacing maps by homotopic maps is simply equivalent to replacing cycles by
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homologous cycles, which we know makes addition of cycles well-defined. Then the group axioms are all
clear from the fact that homology is a group.
O

As both fibrations and weak equivalences rely on [%7M, X], our next step in computing the model
category structure is to compute the suspensions of M, as well as the simplicial groups [X/ M, X]. It is a
simple computation to show that /M has R in the j + 1-st dimension and 0 everywhere else. Notice that
in light of proposition 5.14 we know that each ¥/ M is a cogrouplike object. In addition, notice that a proof
analogous to the proof of proposition 5.15, proves the following corollary:

Corollary 5.16. For all j,n >0, [Y/M,X,] = Hj1(X,,).

In order for a map X — Y € sChpg to be a weak equivalence, we need the induced map [¥/M, X] —
[$9M,Y] to be a weak equivalence of simplicial groups for all j > 0. From our computations above, we see
that in fact this means that H;(X) — H;(Y') should be a weak equivalence of simplicial groups for all j > 1.

Now consider the E? fibrations. Every E? fibration is a Reedy fibration, meaning that it is a surjective
map that is an isomorphism in horizontal homology above the first row. In addition, we must have, for each
j >0, a fibration of simplicial groups [%7M, X] — [S7M,Y]. Then for each j > 0 we have H;(X) — H;(Y)
a surjection. However, since the Reedy condition already implies this, we see that the fibrations are the
maps that are surjective and isomorphisms in horizontal homotopy above the first row, and are surjective in
homotopy on the first row.

After normalization, simplicial groups in the rows become chain complexes. In particular, the condition
that after taking vertical homology the map is a weak equivalence of simplicial groups becomes the condition
that a weak equivalence must be an isomorphism in “homology of double chain complexes”, where we take
vertical homology first and then horizontal homology. The E? fibrations become simply maps that are
surjections and isomorphisms in horizontal homology above the first row, and surjections in the first row.

Thus we see that the E? model category structure on double chain complexes is that a map f : X —
Y € dChgy is

e a weak equivalence if it induces an isomorphism on HfH]l(X) — HfHJl (Y) for all 4,5 > 0,

e a fibration if it is a surjection and an isomorphism in horizontal homology above the first row and a
surjection in horizontal homology in the first row, and

e a cofibration if it has the LLP with respect to the acyclic fibrations.
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